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The advent of the LHC era

LHC:

® Large Hadron Collider at CERN, /s = 14 TeV, start 2007

Long and Hard Calculations (for theorists)
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The advent of the LHC era

LHC:

® Large Hadron Collider at CERN, /s = 14 TeV, start 2007

Long and Hard Calculations (for theorists)

webjura.jpg (JPEG Image, 704576 pixels) web.cem i -_coord_weblj

What will we see?

® nothing — extremely disturbing/interesting!

® Higgs boson + nothing — asks for high precision checks (ILC!)

® Higgs boson + something — investigate "somthing” in SM background!
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Higgs sector and beyond

® LEP: Nonabelian structure and loops important = bounds on M, log(Mpr)
® Tevatron Run | & II: SM and nothing else!
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Higgs sector and beyond

® LEP: Nonabelian structure and loops important = bounds on M, log(Mpr)
® Tevatron Run | & II: SM and nothing else!

® Higgs sector not yet confirmed
V(H)=1+MZ%H?+ X3 H> + \y H?

SM: Ay = A3/v =3 M% /v?

® SM Higgs boson = 114.4 GeV < mpy < 200 GeV (!)
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Higgs sector and beyond

LEP: Nonabelian structure and loops important = bounds on M., log(Mp)
Tevatron Run | & II: SM and nothing else!

Higgs sector not yet confirmed
V(H) =M% H? + X3 H3 4+ Xy H*

SM: Ay = A3/v =3 M% /v?

SM Higgs boson = 114.4 GeV < mp < 200 GeV (!)

SM C MSSM C SUSY GUT C Supergravity C Superstring C M-Theory
SM C "Extra Dimensions”, "Little Higgs”, "Strong interaction” Model

BSM =- something around 1 TeV (?)

Hierarchy /finetuning problem not a convincing argument!
M3 phys = M3y |bare+ loop effects = m?; |pare + 1/€ + k MEyp log(ME )
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Discovery potential of the Higgs boson at the LHC

Signal significance
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LHC designed to find the Higgs boson up to myg ~ 1 TeV

2myz < mp <1 TeV “gold plated mode” H — Z7 — it

myg ~ 1 TeV perturbative approach ceases to be valid
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Nothing seen at LHC...

...due to undetectable invisible matter?
® H — singlet matter and missing energy signal completely washed out
® Scalar singlets generic objects, Cold Dark Matter candidate
® Look for excess from PP — H + 2jets — H + 2jets

® F Background control crucial
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...due to undetectable invisible matter?
® H — singlet matter and missing energy signal completely washed out
® Scalar singlets generic objects, Cold Dark Matter candidate
® Look for excess from PP — H + 2jets — H + 2jets
® F Background control crucial
...due to heavy Higgs/no Higgs scenario?
® Higgs physics non-decoupling!
®  Tree-level unitarity, Lattice studies, 1/N expansion = mpy <~ 1 TeV
® mpy — oo: Look for excess in Wi, Wi — Wi W7y, scattering

® Background control crucial
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Nothing seen at LHC...

...due to undetectable invisible matter?

H — singlet matter and missing energy signal completely washed out
Scalar singlets generic objects, Cold Dark Matter candidate
Look for excess from PP — H + 2jets — H + 2jets

F Background control crucial

...due to heavy Higgs/no Higgs scenario?

Higgs physics non-decoupling!
Tree-level unitarity, Lattice studies, 1/N expansion = my <~ 1 TeV
mpy — oo: Look for excess in W, W — W W/, scattering

Background control crucial

Immediate questions:

What are the invisible decay channels?

What fakes a light Higgs boson in the precision observables?

Conclusion: Nothing@LHC = Manifestation of New physics!
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Higgs boson + nothing...

Signal:
® Decays: H — vy, H — Ww o — z220) H — 71—
® PP _. H+0,1,2 jets Gluon Fusion .
w2l 0(pp-— H+) [pb]
® PP — Hjj Weak Boson Fusion Vs=14Tev
T M, = 174 GeV
® PP H+tt ® CTEQ6M
¢ PP—>H+W,Z ! \\Ii:\\ _ ~~~~~~ e
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Higgs boson + nothing...

h

Signal:
® Decays: H — vy, H — Ww o — z220) H — 71—
® PP _. H+0,1,2 jets Gluon Fusion
ool olpp-HX) pb] ]
® PP — Hjj Weak Boson Fusion ' Vs=14Tev f
Ty M, = 174 GeV
® PP H+tt 10 ¥ ® CTEQ6M
® PP LH4+W,Z TENN e
4 0 ~HW  gg-Hgg e T
10 & T E
Backgrounds: 0°L e 99 - Hit
® PP —yy+0,1,2jets 9°F M. Spira R
® PP —-WWH* ZZ*+0,1,2jets ] A - A
0 200 400 600 800 1000
® PP —tt+0,1,2]ets My [GeV]
® PPV + uptoljets (V=~,W, 2)
°

PP - VVV +0,1jet
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Higgs boson + nothing...

After discovery of a Higgs like boson:

® measure Standard Model properties

® quantitative analysis of Higgs/Matter couplings

®  Crucial: reliable background control

® not all backgrounds can be measured: theoretical input necessary!
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Higgs boson + nothing...

After discovery of a Higgs like boson:

® measure Standard Model properties

® quantitative analysis of Higgs/Matter couplings

®  Crucial: reliable background control

® not all backgrounds can be measured: theoretical input necessary!

PP—- H+X —vyv+ X H—>WW—>l+l_—|—]éT
Kauer, Plehn, Rainwater, Zeppenfeld (2001)
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Higgs boson 4+ something...

All Standard Model processes are background to new physics!
New physics signatures:

/ % A,=0, tan=35, u>0
® 7’ easy © 1400
N
. =
® njets + Er £
®  multiparticle cascades 1200
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Tools for experimental analysis

Pythia
Herwig
Sherpa

® LO Matrixelements + parton shower + hadronization model
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Tools for experimental analysis

Pythia
Herwig
Sherpa

® LO Matrixelements + parton shower + hadronization model

® 2 — N Matrixelements: shapes, jet structure, well described after tuning

® LO absolute rates intrinsically unreliable!
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Example: 7y rate at Tevatron Run |l [hep-ex/0412050]

® DIPHOX: NLO code for vy, y7°, 7970 production (including fragmentation)

® http://lappweb.in2p3.fr/lapth/PHOX_FAMILY /diphox.htm|
[T.B., J.P. Guillet, E. Pilon, M. Werlen]

M-~ distribution A¢~~ distribution
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DIPHOX (solid), RESBOS (dashed), PYTHIAXx2 !!! (dot-dashed)
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Parton model and scale uncertainties

do(HiH2 — ¢1+...¢n + X) = Z/dfcld@fg’/ﬂl (1, uF) f1)H, (T2, F)
7>l
X dé(parton (1 P1) + parton;(x2 P2) — 1 + ... N, as(i), uF)
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Parton model and scale uncertainties

do(HiH2 — ¢1+...¢n + X) = Z/dfcldanfj/Hl (1, uF) f1)H, (T2, F)
7>l
X dé(parton (1 P1) + parton;(x2 P2) — 1 + ... N, as(i), uF)

) ] Midcone and inclusive k ; agorithms
Example: 3 jet cross section at NLO 5

E ‘ ‘\\ T ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT g

0 = \Lo br>20Gev & <2 3
[Z. Nagy, Phys.Rev. D68 (2003)] =\ 2.pr > 175GeV e
E Qus=2_pr/3 ;

o 30 = [R = g = p —
O 3
s - .
a0 -
10 i’ —— Midcone algorithm i

= --- Inclusivek, agorithm =

; (\ [ ‘ [ ‘ [ ‘ [ ‘ [ ‘ [ ‘ [ ‘ [ ‘ [ 3

02 04 06 08 10 12 14 16 18 20
1/Qxs

Higher order QCD calculations are mandatory to soften scale dependence !!!
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Framework for NLO calculations

0 «
Mio: m MNLO,virtual: m MNLO,real m

o = /dPSN (|MLO|2 + as [MLOMltILO,V + MfoMnro,v + /dP51 |MNLO,R|2D
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Framework for NLO calculations

"o 56566\ .
Mro: m MNLO virtual: m MNLO real: lwﬁ‘i
RO 0

o = /dPSN (\MLO\Q + as [MLOMltTLO,V + MfoMnro,v + /dP51 |MNLO,R|2]>

ete~™ — partons: IR divergences cancel

® PP — partons: remaining collinear divergences absorbed in "bare” pdfs
® treelevel LO, NLO contributions technically unproblematic

® treatment of IR divergences e.g. Dipolmethod a la Catani/Seymour

Bottleneck: virtual corrections
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Status QCDONLO for LHC:

2 — 2 : everything you want
2 —3: PP — 33, Vjj, vvj, Vbb, ttH, bbH, jjH, HHH, (tt7)

2 — 4 : everything remains to be done !
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Status QCDONLO for LHC:

2 — 2 : everything you want
2 —3: PP — 33, Vjj, vvj, Vbb, ttH, bbH, jjH, HHH, (tt7)

2 — 4 : everything remains to be done !

LHC induces a lot of very recent activity !

® 4 partons @ NLO Ellis/Sexton, 1985
® 5 g @ NLO Bern/Dixon/Kosower, 1993
Unitarity based and twistor space inspired methods

“Modern” Algebraic/Seminumerical techniques

® 6¢ @ NLO 2006
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Unitarity based / Twistor space inspired approach:

-Al—loop ~ % fdPSC’ E

® tree amplitudes gauge invariant

o
e

get loop amplitudes by sewing tree amplitudes using unitarity

M

&

N

W
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Unitarity based / Twistor space inspi

red approach:

o

-Al—loop ~ % fdPSC’ E

e

W

tree amplitudes gauge invariant

Bern,Dixon,Dunbar,Kosower-Theorem on cut-
Sufficient condition for cut.-con. is that tenso
[dPkER ) (k? — M?)N obey R < N — 2

get loop amplitudes by sewing tree amplitudes using unitarity

M

&

N

constructability:
r integrals

successfully applied for N' =1, N = 4 susy amplitudes
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Unitarity based / Twistor space inspired approach:

® get loop amplitudes by sewing tree amplitudes using unitarity
nepre FTE
C
RS

® tree amplitudes gauge invariant
® Bern,Dixon,Dunbar,Kosower-Theorem on cut-constructability:

Sufficient condition for cut.-con. is that tensor integrals

[dPkER ) (k? — M?)N obey R < N — 2
® successfully applied for N'= 1, N' = 4 susy amplitudes
® Revived by "Twistor space approach” [Cachazo, Svrcek, Witten (2004)]
® maximally helicity violating QCD tree amplitudes are lines in "Twistor space’.

. N-2 (ij) . '
Amnv ~ ig 12)(23)...(n—1,m)(nl) c y
J

°

novel perturbative expansion: MHV-vertices 4 scalar propagators ~ 1/P?

(ig) = (i713F), [i] := (T [57), [5F) defined by yj[5+) =0, [j7) = |;F)“
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Unitarity based / Twistor space inspi

red approach:

® BDDK: d = 4 cuts do not fully determine one

o

-Al—loop — % fdPSC’ ;E

-loop amplitude

T oaw

e

W

[Feng, Britto, Mastrolia (2006)]

N

cut constructible part of all 1-loop 6-gluon helicity amplitudes known
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Unitarity based / Twistor space inspired approach:

® BDDK: d = 4 cuts do not fully determine one-loop amplitude

e’

-Al—loop — Z fdPSC’ :Ezi:j + R
- '

N

W

® cut constructible part of all 1-loop 6-gluon helicity amplitudes known
[Feng, Britto, Mastrolia (2006)]

® “bootstrap” approach exists to evaluate R by collinear limits and “auxiliary
relations”, done for Agrj;fu_og_ [Bern, Dixon, Kosower (2006)]

® d-dimensional cut techniques under investigation

® Feynman diagrammatic approach by Chinese group [Xiao, Yang, Zhu (2006)]
R[Aét_"éluon] from tensor form factors.

® virtual part of 6g@NLO done!!!
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Unitarity based / Twistor space inspired approach:

® BDDK: d = 4 cuts do not fully determine one-loop amplitude

e’

-Al—loop — Z fdPSC’ Eﬁ + R
- '

N

® cut constructible part of all 1-loop 6-gluon helicity amplitudes known
[Feng, Britto, Mastrolia (2006)]

W

® “bootstrap” approach exists to evaluate R by collinear limits and “auxiliary

relations”, done for Agj;fu;;_ [Bern, Dixon, Kosower (2006)]

d-dimensional cut techniques under investigation
® Feynman diagrammatic approach by Chinese group [Xiao, Yang, Zhu (2006)]

R[Aét_"éluon] from tensor form factors.

® virtual part of 6g@NLO done!!!

formalisms mainly for multi-gluon amplitudes

® external quarks, massive internal particles (?), big issue: automation
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Unitarity based / Twistor space inspired approach:

® BDDK: d = 4 cuts do not fully determine one-loop amplitude

e’

-Al—loop — Z fdPSC’ :Ezi:j + R
- '

N

W

® cut constructible part of all 1-loop 6-gluon helicity amplitudes known
[Feng, Britto, Mastrolia (2006)]

® “bootstrap” approach exists to evaluate R by collinear limits and “auxiliary
relations”, done for Agrj;fu_og_ [Bern, Dixon, Kosower (2006)]

® d-dimensional cut techniques under investigation

® Feynman diagrammatic approach by Chinese group [Xiao, Yang, Zhu (2006)]
R[Aét_"éluon] from tensor form factors.

® virtual part of 6g@NLO done!!!

formalisms mainly for multi-gluon amplitudes

external quarks, massive internal particles (7), big issue: automation

Unitarity based/Twistor space inspired methods have good potential
further research necessary to establish a general method!!!
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Feynman diagrammatic approach:

A pymy) = 3 feIGH
{Ci}aa
oy d™k N A} N
R /iwn/2 (g7 —mi)... (a5 — m%) ZNM, ur INTT (B mg)

d"k kH1 .. kMR

in™/2 (qf —m?) ... (¢35 — mA)

® Passarino-Veltman: momentum space reduction — 1/det(G)%, Gij =21 -15

® Davydychev representations separates Lorentz structure:

[R/2] 1\ ™ N—1 {p1---nr} 5
preen= S () X ot e I (G- dRm2m)
m=0 jla"'ij—Zm:l

N
. . Zaq . Z A
IR0 dr) = (CONTV=D/2) [ a¥e(1-3 0w
=1
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Reduction of scalar integrals with trivial numerator

[T.B., J.P. Guillet, G. Heinrich, (2000)]

1 N
o(1 — 25
m = (—1)NF(N—g /sz 225=1%) s
0 —3 ,3157:3'937:563') ’
Sij = (ri—r;)?—mi—mj
Gij = 2r;-rj , T =p1+-+Dpj , n=4—2¢
det(G) +2
—(1+2)dt(S)I”
Iy = O(e)
0

Any N point integral can be represented by n—dimensional triangle functions and
(n+2) dimensional box functions. The latter are infrared finite.

N =4
N=5
N >6
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Five and six point functions

® Hexagons/pentagons are expressed by the functions I} and IZ’JFQ

® The isolation of infrared singularities is straight forward!!!

+ + +

+ + 4+ + +

(bibiz + babo1 )15 15 + (bib13 + b3bz1) I 13 + b1(bi2 + b1z + bra + bis) I}~

(b2bas + b3bs2) I3 o3 + (babas + babaa) I3 o4 + ba(ba1 + baz + baa + bas) [ 57

(bsbsa + babas)Is 34 + (bsbss + bsbs3) I3 35 + b3 (bs1 + b3z + bza + 535)12’32

(babas + bsbsa) I3 45 + (baba1 + bi1b1a)I5 14 + ba(ba1 + baz + baz + bas) I} 1~

(bsbs1 + b1b15) 13 15 + (bsbs2 + babas) I3 o5 + b5(bs1 + bs2 + bs3 + b54)12§2
{[b1(b12b123 + b13b132) + b2(b21b123 + b23bas1) + b3(b31b132 + b32b231)] I3 193 + 5 c.p. |
{[b1(b12b124 + b14b142) + b2 (b21b214 + b2ab2a1) + ba(barbai2 + baobaz1)] I3 104 + 5 c.p. }
{[b1(b13b134 + b1ab143) + b3(b31b314 + b3ab3a1) + ba(ba1ba13 + bazbaz1)] IF 134 + 5 c.p. |
{[b1(b13b135 + b15b153) + b3(b31b315 + b3s5bas1) + bs(bs1b513 + bszbsa1)] I3 135 + 1 c.p.}
{(b1b12 + baba1)(b123 + bi24 + bi2s + 5126)IZ]LQQ +5c.p.}

{(b1b13 + b3b31)(b132 + b13a + bizs + 5136)IZ]L32 + 5 c.p.}

{(b1b14 + babs1)(bra2 + braz + bias + 5146)IZ]LZ +2cp.}
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Reduction of scalar integrals with non-trivial numerators

1
Dy le) = (DNTWV = 5) [ aVas(1 -3 2)
0

R
Iv(lo,...,1 ZSZO}]{IMLZ oo le—1 g1, 0 lR)

N
+Z (N =n—R—DIF (1, ) = > S IRy (1, LR)
=1

Each N—point integral with a non—trivial numerator can be represented by scalar
integrals with shifted dimensions.

2
¢ I;?L 5"% drop out.

¢ I}fﬁQm (I”+2m 2 I;?Lle %) by scalar integral reduction — 1/ det(G).

Each N—point integral with non—trivial numerator can be represented by scalar
integrals 17", I, 1%, I72. But 1/ det(G) unavoidable!
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The GOLEM project

Evaluation of 1-loop amplitudes bottleneck for LHC@GNLO
Automated evaluation of one-loop amplitudes

Combinatorial complexity <— Numerical instabilities
= flexibility to switch between algebraic/numeric representations
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The GOLEM project

® Evaluation of 1-loop amplitudes bottleneck for LHC@NLO
Automated evaluation of one-loop amplitudes

Combinatorial complexity <— Numerical instabilities
= flexibility to switch between algebraic/numeric representations

G eneral

0 ne

L oop

E valuator for

M atrix elements

® The GOLEM team: T.B., A. Guffanti, J.Ph. Guillet, G. Heinrich, S. Karg,
N. Kauer, F. Mahmoudi, E. Pilon, T. Reiter, C. Schubert
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The GOLEM algorithm

Step 1: Amplitude organization

® Split amplitude into gauge invariant subamplitudes
— No compensations between subamplitudes

A(lps), ZAI p), €0, .)
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The GOLEM algorithm

Step 1: Amplitude organization

® Split amplitude into gauge invariant subamplitudes
— No compensations between subamplitudes

A(lps), ZAI p), €0, .)

Step 2: Graph generation

® generate Feynman diagrams
® project onto gauge invariant structures defined in step 1
A A
‘A(|pj>7€ja-°°> — ZQG(|pj>7€j7'°')
G
= > > Cralsir) Ti(lps),
I G

(sjr = (pj + Pr)?)

65\,...)
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The GOLEM algorithm

Step 3: Reduction to integral basis

® Choose integral basis {Ig} (see below)

® apply algebraic or semi-numerical reduction methods to map onto {Ig}

® semi-numerical reduction done with Fortran/C code

A(lpj), )—Y??CBIG (Sjk, - - -)IB,TIﬂpj)»E;\a"')
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The GOLEM algorithm

Step 3: Reduction to integral basis

® Choose integral basis {Ig} (see below)

® apply algebraic or semi-numerical reduction methods to map onto {Ig}

® semi-numerical reduction done with Fortran/C code

A(lpj), )—???CBIG (Sjk, - - -)IB,Z}(|pj>>€;\7°")

Step 4: Export/manipulate coefficients C'gr's (optional)

Denominator structure and size of Cgra's critical for numerical evaluation

® Export Cgrc to MAPLE/MATHEMATICA — simplification /factorization

® Export Cgrg to Fortran/C code — produce optimized output

A(lpj), er,...) = S‘S‘S‘smpllfy Crra(sjk,-- ) Is T1(lpj). €. ..)

— p. 23/50



Integral reduction

® Lorentz Tensor Integrals — Formfactor representation a la Davydychev, Tarasov

INVHER = N BR (g g g ™) T (G )
D/ . . N N c T
RG-dn) = DN =) [Taves0 -3 e
=1 2
S — (T"—'T')Q __Tng __Tng T ::Z”__F... +_Z)
(¥ ? J 1 70 %7 J
Gij = 2r;-rj “Gram matrix”
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Integral reduction

® Lorentz Tensor Integrals — Formfactor representation a la Davydychev, Tarasov

Iﬁrl.”'uR — ZTMl”'MR(lea-"7Tjrp7gm) ]]n\[+2m(j17"'7j7“)
D oe N Zii e 24
RG-dn) = DN =) [Taves0 -3 e
=1 2
Sij = (Ti—”’j)z—m%—m?>Tj:p1+"‘+pj
Gij = 2r;-rj “Gram matrix”

Differentiation by parts in parameter space and d = 4 kinematical identities =

® get rid of higher dimensional integrals for N > 4 (always possible!)
: i : 42

® reduce N-point scalar integrals for N > 4 algebraically to I}, I}

o

extraction of IR divergences trivial

integral basis without inverse Gram determinants: GOLEM basis
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N=5 rank 2 tensor form factors

I HH2 (S = {1,2,3,4,5}) = gM m2 BR2(S) + S w2 A (S)

112
l1,l0€S
1 " ,
B¥2(8) = =5 > by IFT(S\ {5})
JeSs
5,2 B

A, (S) =

Z (S_ljll blz + S_ljl2 bll - 2‘S_lh l2 bj + bj S{j}_lll lz) IZ+2(S \ {J})

JeSs

1 . | |
52 2 (ST ST #8710, SUITL RS\ {5, kD)
JES keS\{s}

® relatively compact formulae
® Algebraic separation of IR poles always possible
® massive/massless internal propagators

® 5-point case most complicated
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GOLEM Basis integrals

3 3
I?T)L(jl,...,jr) — —F(S_g) /011_1—[1 dzi(s(l—gzl) (_%Zz‘;lz_zjzg)3_n/2
n 13 3 .y
I32(h) = _F(Q_E)/O i_l_Ilei(S(l_;Zl) (_%Z.S.il_i5)2—n/2
n 1 4 4 Zii ... 25
20y, . g = F(3—§)/0 i_l_[ldzz-(su—l_zlzl) <—§z.§.z_§3)3—n/z
| 4 ) |
G = F(Z—g)/o i_Hldziéu—l_lel) (—%z.g.zl_zapn/?

(rmax = 3) and scalar integrals 2 I, Ig”LQ, IZ+2.
Three alternatives for evaluation:

1. algebraic reduction to “standard” basis 1 I, IZ”LQ (“Master integrals’)

2. semi-numerical reduction to scalar integrals
[1.&2. — Gram determinants ~ 1/ det(G)"]

3. direct numerical evaluation
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Numerical evaluation of basis integrals

1. Contour deformation in parameter space:
3-dimensional integral representations for box integrals — robust but slow

2. One analytical integration — Cauchy integration done, real /imag. part separated
2-dimensional integral representations for box integrals — fast

OE\ 0.1 E\‘\‘\‘\‘\‘E:\‘\‘\E
001 F- 0.00 it i
-0.02 E 008 i
~0.03 G007 e
~0.04 - B2 VY- YO EUR NN RN AN S 11 O S o
e both methods cross checked Coos /e
-006 F d 004 i
-0.07 ; ; 0.03 ; e
e basis integrals tested for large oo | oo PSR
Con Ell I I BN BN AN AN
Monte Carlo sample of LHC 0 07 0 o a0
X
i O ETTT g 00 T T T T TET T 3
phase space points -0005 [ G 00225 Fiii i
-0.01 i e i 0.02 ? i &
—0.015 [ FfF0.0175 i
~0.02 [ L3 0015
-0.025 [ ~J00125
-0.03 [ 001 i
-0.035 | ~40.0075 |
-0.04 [ 3 0005 [
0045 £ 100025 Froih
—0.05 E . 1 1 0 S I N IO B N -
107 10’ 16° 107 101 w0 197 16° 10 10l
1.) T.B., Guillet, Heinrich, Pilon, Schubert (2005) x x

2.) T.B., Heinrich, Kauer (2002) —
see also: Soper (2000); Ferroglia, Passera, Passarino, Uccirati (2002); z ~ /det(G)
Y. Kurihara, T. Kaneko, (2005); Anastasiou, Daleo (2005); Soper, Nagy (2006).
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Schematic overview of N-point tensor integral reduction

A

r-1, N-1

Y

Form factors

A5,r BS,T 05,7"
) )

AQZ.B4J’CﬂJ

A3,r BB,r
bl

I§(1|]1|.]17.]2)7
Ig(1|j1‘j17j2|j17j27j3)7 Ig+2(]‘|jl)
172 (151051, Gl i, g2, 33), T84 (1]51)
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Treatment of basis integrals:

B = |det(G)/ det(S)|

I8 (141, 2l g1, J2, ), T52(1]51)

explicit
functions

T2 141, daldn, G2y 93)s IT4(1]51)

numerical analytic
numerical analytic

Y
y
Y direct algebraic
direct algebraic evaluation reduction
evaluation reduction

13(1), I5(1), I3(1)

Numerical value

Numerical value

— p. 29/50



The g9 — W*W* — [vl'v amplitude

® missing background for gg — H — W*W*

[T.B., Ciccolini, Kauer, Kramer, 2005/2006. m, # 0, W's offshell.]
[Diihrssen, Jacobs, Marquard, van der Bij, 2005. m, # 0, W's onshell.]

®  On-shell amplitude known since a long time
[N. Glover, J.J. van der Bij (1989) m, = 0; C. Kao, D. A. Dicus (1991) m, # 0]
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® missing background for gg — H — W*W*

[T.B., Ciccolini, Kauer, Kramer, 2005/2006. m, # 0, W's offshell.]
[Diihrssen, Jacobs, Marquard, van der Bij, 2005. m, # 0, W's onshell.]

®  On-shell amplitude known since a long time
[N. Glover, J.J. van der Bij (1989) m, = 0; C. Kao, D. A. Dicus (1991) m, # 0]
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The g9 — W*W* — [vl'v amplitude

® missing background for gg — H — W*W*

[T.B., Ciccolini, Kauer, Kramer, 2005/2006. m, # 0, W's offshell.]
[Diihrssen, Jacobs, Marquard, van der Bij, 2005. m, # 0, W's onshell.]

® On-shell amplitude known since a long time
[N. Glover, J.J. van der Bij (1989) m, = 0; C. Kao, D. A. Dicus (1991) m, # 0]
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® single resonant graphs add to zero

® interference between Higgs signal and background also below WW threshold
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The g9 — W*W* — [vl'v amplitude

Helicity amplitudes '™+, I'T—, off-shell W's, mgq # 0, S/B interference

Fully algebraic reduction:

O A

|n—|—2

|n—|—2
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The g9 — W*W* — [vl'v amplitude

Helicity amplitudes '™+, I'T—, off-shell W's, mgq # 0, S/B interference

Fully algebraic reduction:

O A

|n—|—2

|n—|—2

box/triangle topologies — 27 Basis functions: I¢=%, 14=4, 1d=n 1.
Decomposition of amplitude by gauge invariant structures (9 independent)

® Coefficients at most 1/ det(G), 6 scales (s,t, s3, s4, M7, M?)

® Instability region: p2(W) = det(G)/s? < 0.01 GeV?, |s3,4 — M3Z,| > My Tw.
® Code available: http://hepsource.sf.net/GG2WW for mgq = 0, mq # 0

® Shortly: All gg — VV (V =+, Z, W) box processes
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Results

LHC (pp, /s = 14 TeV)

- 2 Massless Generations, 3 Generations

o(pp — W*W* — Lul'v') [fb]
gg 799.3gen 9 ONLO 9NLO+gg
9g99,2gen LO NLO 9LO ONLO
60.12(7) +54.9 +71 1.04
Otot 53.61(2) 7110 1.12 875.8(1) g~ 1373(1) "~ 1.57 104
29.79(2 20.0 27.5 :
Ostd S—g.85 1.15 270-5(1)J_r23.8 491-8(1)J—r32.7 1.82 %
25.89(1) " 00
1.416(3 0.42 0.01 :
oukg || oo | 102 | 48S3IGE 4793)I0 | 105 Lso
) —0.31

Mw /2 < piren fac < 2Mw (g@ — WW from MCFM by J. Campbell, R.K. Ellis)

standard cuts:  pr e > 20 GeV, |ng| < 2.5, pp > 25 GeV

search cuts: A¢r g0 < 45°, Mye < 35 GeV, 25 GeV < pr min, 35 GeV < pr max < 50 GeV
jet veto removes jets with: pr et > 20 GeV, |njet| < 3
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The g9 — W*W* — [vl'V cross section

4 ;signa1x5

dU/dA¢T,11 [fb/deg]

® = severe Higgs search cuts amplify ggW W contribution ~ 30%!
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The vy — ggg amplitude

[T.B., J.-Ph. Guillet, F. Mahmoudi, (2004)]

® Relevant for v+ -+ jet background for Higgs+jet production
[D. de Florian, Z. Kunszt, (1999)]

® Amplitude indirectly known from gg — ggg
[Z. Bern, L. Dixon, D. Kosower, (1993)]
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The vy — ggg amplitude

[T.B., J.-Ph. Guillet, F. Mahmoudi, (2004)]

® Relevant for v+ -+ jet background for Higgs+jet production
[D. de Florian, Z. Kunszt, (1999)]

® Amplitude indirectly known from gg — ggg
[Z. Bern, L. Dixon, D. Kosower, (1993)]

Independent helicity structures:
[+ttt Pttt Pt phet bt Pt Pt

All helicity amplitudes calculated by algebraic reduction
® Box, pentagon topologies, 5 scales
® One colour structure: ~ f@b¢

® Sorted by scalar integrals and gauge independent structures
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The g9 — HH, HH H amplitude

Cross sections for multi-Higgs production by gluon fusion
[T.B., S. Karg, N. Kauer|

gg — HH and effective amplitudes M7 — oo known since a long time
[N. Glover, J.J. van der Bij (1987/1988)]

® 99 — HHH recently calculated by T. Plehn, M. Rauch.
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The g9 — HH, HH H amplitude

® Cross sections for multi-Higgs production by gluon fusion
[T.B., S. Karg, N. Kauer|

® gg — HH and effective amplitudes M1 — oo known since a long time
[N. Glover, J.J. van der Bij (1987/1988)]

® 99 — HHH recently calculated by T. Plehn, M. Rauch.
Helicity amplitudes I't+, I't—, algebraic reduction:

- s
_ s
T s
i ’
~ /
7 ~ 7
N P N ,
e __. ___ _. ____
N
s N N
- 7 ~ N
R ~ N
-~ - N N
\\\ N

~
~
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The g9 — HH, HH H amplitude

Cross sections for multi-Higgs production by gluon fusion
[T.B., S. Karg, N. Kauer|

gg — HH and effective amplitudes M7 — oo known since a long time
[N. Glover, J.J. van der Bij (1987/1988)]

® 99 — HHH recently calculated by T. Plehn, M. Rauch.

Helicity amplitudes I't+, I't—, algebraic reduction:
- 5“./ \\\\\ \\\

® box/triangle/pentagon topologies, 7 scales (s12, s23, S34, S45, S51, M%I, M?2)

® Gauge invariant structures: tr(F1F2), p2.F1.p; p1-F2.pj, .7-—;-“/ — p"fe? — p?é‘?

® Basis functions: 1§76, 19=4, 19=", 1. Coefficients at most 1/ det(G)
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The g9 — HH H cross section

® perfect agreement with Plehn/Rauch

® Numerically stable result

® CPU time: 1 h for inclusive cross section on pentium 4 PC (2.8 GHz)

o(gg — 3H)
10 =
’ — all
7] my — OC
1 5 — pent_
' =%
7 Il
s T — pent,
§ 7 E— bOX+_
S 0.01 =
0.001 =
: tI‘i]. ~ >\4H
le-04 | | | | . 9
100 120 140 160 180 200 M2~ A3y

mH[G@V]

® — quartic Higgs coupling can not be tested at the LHC
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The g9 — HH, HHH cross section

® Lyp—ooo = 755 F 1, FHY @ log(1 + H/v) = gg + nH effective vertices

1ot [f]

effective vertices not a good description at LHC for n > 2

o(gg — 2H) o(gg — 3H)

my =00 — 5
25 2.5

2_

20
1.5

1ot [f]

15
1 -

10 4 0.5 o

my[TeV] my[TeV|
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The g9 — HH, HHH cross section

® Lyp—ooo = 755 F 1, FHY @ log(1 + H/v) = gg + nH effective vertices

® effective vertices not a good description at LHC for n > 2

o(gg — 2H) o(gg — 3H)
30 3
exact — exact —
_ mp =00 — 25 my = —
25 - R
2 -
E 20 E
3 = 1.5+
g 15 g
1 -
10 4 0.5 o
5 T T T — T T 0 T
0.1 1 3 0.1 1 3
my[TeV] my[TeV|

® cross section enhanced by BSM physics, 63 = (Asg. Bsam — A3H,sM ) /A3H, S M
® trilinear Higgs coupling not uniquely fixed at LHC (if at all)

o(gg — 3H) my = 160GeV

Ttot [ fO]
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The g9 — HH, HHH cross section

® amplification possible in two Higgs doublet models
® resonant amplification does, tan 3 amplification does not help
10 1

ol fb] o fb]

A ()

0.1 |
0.1 /
0.01 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
100 102 104 106 108 110 112 114 90 95 100 105 110 115 120
mp|GeV] mp|GeV]
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The g9 — HH, HHH cross section

® amplification possible in two Higgs doublet models
® resonant amplification does, tan 3 amplification does not help
10 1

ol fb] o fb]

A ()

0.1}
0.1 /
0.01 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
100 102 104 106 108 110 112 114 90 95 100 105 110 115 120
mp|GeV] mp|GeV]

® Higher dimensional operators = A3, Asp free parameters
o0 2\ 2+k
V = Gk (q)Tcp _ %)

2k
k=1 A
-1

---------------------------------------- 6
o« | - 4
L[] e 2
5 I it . 15
M 19 - - I —--135
N - 1
2_ \\ s ~ S S I 0-75
T 0.5

3 — o

302 -1 0 1 2 3
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The ¢¢ — ¢qq¢ amplitude (in progress)

® Contribution of PP — 4 jets, bbbb at NLO [0 ~ O(nb) at LHC!]
® Two helicity amplitudes needed: A+T+++++ A++++——

Other partonic contributions: gg — 9999, 99 — qg@gg, g9 — qgqq plus crossings
— accessible with twistor space inspired/unitarity based methods (?!)
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The ¢G — ¢gqq amplitude (in progress)

® Contribution of PP — 4 jets, bbbb at NLO [0 ~ O(nb) at LHC!]
® Two helicity amplitudes needed: A+T+++++ A++++——

® Other partonic contributions: gg — 9999, 99 — qqgg, 99 — qqqq plus crossings
— accessible with twistor space inspired/unitarity based methods (?!)
® algebraic reduction done — Masterintegrals
® semi-numerical reduction — Golem basis with Fortran 90 code “golem90 v0.2"
® Amplitude evaluation O(s), rank 3 6-point form factor ~ 40 ms
(Pentium4, 1.6 GHz)
°

Evaluation time of virtual corrections small compared to real emission corrections
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The ¢¢ — qgqq amplitude

Numerical results of hexagon diagram of helicity Amplitude AT+++++:

gs 1A

B
f4+"++“++"+<k1’...,k6) ZI;557§“—[—— +-—— +—C7%—C9(€ﬂ

(17 ]4]2F) (4T 1]37T) <6+|1|5+>€z’<b
\V/S$14824 /S14S13 /S15S516

Spinor lines closed by multiplying 1 =

Kinemtical point:

(
(
(
ks= (0.1917819, 0.1274118,0.08262477,
(
(
(

_ k0. Kl k2, k%)
= 0.5, 0., 0., 0.5)
o= 0.5, 0., 0., -0.5)

0.1171311)

ka= (0.3366271,-0.06648281, -0.3189379,-0.08471424)
ks= (0.2160481, -0.2036314,0.04415762, 0.05710657)
ke= (0.2555428, 0.1427024, 0.1921555,-0.08952338)

Up to phase/color factor:

Re(A) Im(A) Re(B) Im(B) Re(C) Im(C)

-5.313592  -1.245007 | -23.74344 -23.54086 | -14.37056 -96.23081
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Evaluation of rational terms a la GOLEM

[T.B., J.Ph. Guillet, G. Heinrich, hep-ph /0609054 |

* Unitarity and Twistor space inspired methods very
successful for extracting all D = 4 information from

(massless) amplitudes, i.e. logs, dilogs.

* Scattering amplitudes sensitive to ultraviolet behaviour
O(e/e) = “rational polynomials”.

* The GOLEM algebra packages contain all this information!
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Definition of “rational parts”

® Amplitude T" can be written a la Davydychev:

D= > Cln {aih {si me DI ({inds {51, ma})
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Definition of “rational parts”

® Amplitude T" can be written a la Davydychev:

= > Cn, LG} {sime DI L} {sig. me})

® Define rational part of the amplitude I' (assume IR finite) as:

RIC =D CMA, {ith {sij, mu DRINTZ™ (L, - - i {515, me})]

+(n—4) Y C'(4, LG} {sis mu}) PUNTZ" (L - - ¥ {515, ma})]

C'(4,{j},{sij, mr}) = %C(n, ik Asij, mi})

n=4 -

P is projector onto 1/¢ pole, C’ depends on renormalization scheme.
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Definition of “rational parts”

® Amplitude T" can be written a la Davydychev:

> Cn, ik {sigs mi DI L} {sig, ma})

® Define rational part of the amplitude I' (assume IR finite) as:

= Z C4,{j}, {Sij,mk})R[I;?LQm({jly e ) {Sij7mk})]

—4) > C"(4, LG} {si5, me ) PURT2™ (Lt - -} {545, mi})]

d

Cl(4> {jl}>{sz’j>mk:}) — %C(n, {jl},{sij,mk}) oy

P is projector onto 1/¢ pole, C’ depends on renormalization scheme.

® Reduction to master integrals using algebraic GOLEM codes:

1]73]+2m({jl}> = 201 n) I +ZCQ n) 13 +ZC3 n) I} +ZC4 In—|—2
Rlc(m)In] = c@)R[IN]+ (n—4)c (4)P[IN]
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Definition of “rational parts”

® Need pole/rational terms of scalar integral basis:

PULT?] =
R[] =

® second line is "definition” motivated by "cut-constructibility” argument for

triangles/boxes a la Bern, Dixon, Dunbar, Kosower ("BDDK Theorem").
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Definition of “rational parts”

® Need pole/rational terms of scalar integral basis:

Pl =0 , PUY=
RIIFT2] =0

® second line is "definition” motivated by "cut-constructibility” argument for

triangles/boxes a la Bern, Dixon, Dunbar, Kosower ("BDDK Theorem").

®  For one and two point functions use:

o I(1+¢€)

'(m?) = m m — m? log(m?)
IMs,m%,m3) = @ —/dxlog(—sx(l—x)—l—xm%—I—(l—x)m%)
0
m2
PUR(mA)] = T RIP@A))=m? , Plgl=- , R[F]=0
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Indirect definition of “cut-constructibility” for general amplitudes

® To avoid infrared trickery define cut-constructible part of I':

Cll'l= (11— lim R)[[smshen))

on-shell

® Need only to know pole and rational parts of off-shell tensor form factors (easy!)

®  on-shell limit of these terms exist
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Indirect definition of “cut-constructibility” for general amplitudes

® To avoid infrared trickery define cut-constructible part of I':
Cll'l= (11— lim R)[[smshen))
on-shell
® Need only to know pole and rational parts of off-shell tensor form factors (easy!)
® on-shell limit of these terms exist
® All rational parts of 1,2,3,4,5-point tensor integrals for massless 2 — 4
kinematics evaluated.
® Compact formulas, valid for general massive/massless kinematics
°

Result compared to Xiao, Yang, Zhu.
o R[Iéil,I:/;l,Illf'la.u'l,u27Igblalfblll'Zall'lll'QNB] — O

= Amplitudes with at most rank N—2 N—point functions have no rational terms !
= true for susy amplitudes ! (BDDK-theorem)
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Example 1: Gluon fusion g9 — H

Amplitude:

M = _gab my 93 / d"k tr(e1(q1 + m¢)(q2 + m¢)ea(k +my))
v (4m)n/2 ) jqn/2 (¢2 — m2)(¢2 — m2)(k — m2)
= IX(r1,72,0,m?,m?,m?)(—e1 -e2 +2¢e1 -paea -p1 +2mieq - €2)

n uv 2 2 2
+1, ¥ (r1,72,0,m3, mz, m3) (8e1puc2y —2€1 - €2 9uv)

Form factors:

(P +R)[B%?] = %
(P + RALE) = —(P + R = (P + R)AG] = — —

Rational part of gluon fusion amplitude (.7-";-“/ = p"f

v _ K VY.
€ 6jpj).

RIM] = 5ab Qg m% tr(F1F2)

> v S

— Method works for massive amplitudes !
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Example 2: Scattering of light-by-light v — ~~

Amplitude:
M S T )

= G(o1,02,03,04

n/2
(47) / oc€S,/Zy
B d"k tr(e1(q1 +me)e2(q2 + me)ez(qz + me)ea(k + me))
g(1727374) T o : 2 2 2

i mn/2 (ql _mg)(QQ _mg)(Q:g —mg)(k—mg)

Form factors, U/ = P + R: (only rank 4 shown)

1 1 5
UCH = 2=+ -
UBYl =U[By] =U[By' | =U[Bgy] = —U[By]=-U[By] =— ﬁ
U[AT}1,) = U[AS55] = i - Slu + 2,; . UIAT ) = U[ASsgs] = Qiu - 2,12
U[AT 5] = U[ATSs] = 2; — 2;& + 2,; . U[ATY5,] = UlAGs5] = 6;‘ 2,12
Ul = Ul = st e =g Ul = o - o
U[AT530] = UlAZ553] = Qit - Qiu - 21@ - UlA) = 6;5 i 6iu * #
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Rational term for vy — v

R[M’W—W’y] ~

§ tr(F1F2) tr(F3Fa)

3 S S

n § tr(F1F3) tr(FaFa) n § tr(F1Fa) tr(FaF3)

3 U U 3 t t

‘p1 p3-Fa-p1  64tr(F1F3)p1-F2-p3 p3-Fa-pi

64 tr(F1F2) pa - F3
HER

stu 3 U stu

64 tr(F1F4) p1 - Fo
4

3 t
_% tr(FoFa) p2 - F1

'P3 pa-F3-p1 _l_%tf(f2f3)p2-f1°p3 p3 - Fa-p1

stu 3 t stu

P8 pa-Fsopr | 64tr(FaFa)pa P ps prFo o ps

3 U
- F1-p3 p1

stu 3 S stu

- Fo-p3ps-F3-p1 p3-Fa-p1

11024 22
stu

Up to irrelevant phases:

stu

R[M-H—-H—] ~ R[M—H——I——] ~ R[M—I——l———] ~ 8a?
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Rational term for vv — ggg

M>\1>\2>\3>\4>\5 — qus fC3C4C5A>\1>\2>\3>\4>\5
Zﬂ
o + o+ ot
RIATHHH] = g+t = (B I (P P TS)
2534545535
B tr(FoF Fi e (FL Fa)ro _
At = 28 AT O gy P py— (4 5)]
$23545
S S S S S
C,__|__|__|__|_ _ . 15512 . 15 4 23 . ﬁ

5245835 535 5§24 5§34

Also evaluated ATTTT— R[A-—TTT] R[ATTT—7], RIA™TTT7] perfect
agreement with rational terms of full computation presented by
T.B., J.-Ph. Guillet, F. Mahmoudi, (2004)

tests five-point tensor form factors
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Rational term for vy — ~yyvyy

® Four independent helicity amplitudes: + + + + ++, ++++ ——, + ++ — ——
® Mahlon: M+F++++ =0, RMTFT++——"] =0

® We find by standard Feynman diagrammatic approach:

X

M =

X

M-

A
o O O O

M-

[
M-
R

]
] =
]
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Rational term for vy — ~yyvyy

® Four independent helicity amplitudes: + + + + ++, ++++ ——, + ++ — ——
® Mahlon: M+F++++ =0, RMTFT++——"] =0

® We find by standard Feynman diagrammatic approach:

RIMHTHHHH] =
M-

o O O O

]
] =
]

® All necessary rational form factors evaluated for 2 — 4 processes
® Rational parts evaluation by-product of GOLEM project

® Problem of automated evaluation of rational terms solved !
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Summary

® LHC phenomenology needs and deserves (!) NLO precision
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Summary

® LHC phenomenology needs and deserves (!) NLO precision

® The GOLEM approach for 1-loop multi-leg processes:
— formalism valid for arbitrary N
— massive and massless particles
— transparent isolation of IR divergences
— Gram determinants can be avoided
— Algebraic/semi-numerical /numerical evaluation methods

— Fortran 90 code: “golem90 v0.2"
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— massive and massless particles
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— Gram determinants can be avoided
— Algebraic/semi-numerical /numerical evaluation methods
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First applications for LHC:
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- g9g— HH HHH — Multi-Higgs physics
— qq — qqqq at NLO in progress — 4—jet rate prediction for LHC
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Summary

LHC phenomenology needs and deserves (!) NLO precision

The GOLEM approach for 1-loop multi-leg processes:
— formalism valid for arbitrary N
— massive and massless particles
— transparent isolation of IR divergences
— Gram determinants can be avoided
— Algebraic/semi-numerical /numerical evaluation methods

— Fortran 90 code: “golem90 v0.2"

First applications for LHC:
- gg — W*W?* — lvl'Y) — sizable Higgs background
- g9g— HH HHH — Multi-Higgs physics
— qq — qqqq at NLO in progress — 4—jet rate prediction for LHC

Automated evaluation of rational parts of amplitudes:

— Tested for gg — H, vy — vV, vy — 999G, VY — VYV
— Complementary to Twistor space inspired/unitarity based methods !!!
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