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Cross sections at high Q?

separate the short- and the long-range
interactions through factorisation
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NLO features

@ Jet structure: final-state collinear radiation

@ PDF evolution: initial-state collinear radiation

@ Opening of new channels

@ Reduced sensitivity to fictitious input scales: (g, UF

w predictive normalisation of observables

© first step toward precision measurements
¢ accurate estimate of signal and background
for Higgs and new physics

@ Matching with parton-shower MC’s:
MC@QNLO POWHEG




Jet structure

the jet non-trivial structure shows up first to NLO
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Is NLO enough to describe data ?

Inclusive jet P1 cross section at Tevatron
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Is NLO enough to describe data ?

b cross section in pp collisions at .96 TeV

do(pp — Hy X, H, — J/¢ X)/dpr(J/) CDF hep-ex/041207 |

1
10 ¢ T_-J T T

L B B .
X Data with total uncertaintiesé total x-sect is

— FONLL theoretical prediction 19.4 + O_B(Stat)t%é(syst) nb

.. ----- Theoretical uncertainty

FONLL = NLO + NLL

Cacciari, Frixione, Mangano,
Nason, Ridolfi 2003

good agreement
with data (with use
of updated FF’s by

15 20 Cacciari & Nason)
p(Jp) GeV/c
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Is NLO enough to describe data ?

di-lepton rapidity distribution for (Z,~*) production vs. Tevatron Run | data
pp ~ (Z77)+X
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Is NLO enough to describe data ?
Drell-Yan 11 acceptances at LHC with leptonic decay of the 11/

Cuts A — [n'®)

Cuts B — |?';'~"":'

Cuts A, no spin

Cuts B

Cuts B, no spin

LO LO+HW
0.5249 —7.77 (.4843
15.4%

0.5535

0.0585 +208% 0.1218
129%

0.0752

< 2.5, pi9 = 20 GeV, pi*) > 20 GeV

< 2.5, p) > 40 GeV, pi¥) > 20 GeV

NLO MC@NLO
0.4771 +1.5% 0.4845
17.0% 16.3%
0.5104 0.5151
0.1292 +2.9% 0.1329
116% 118%
0.1504 0.1570

S. Frixione M.L. Mangano 2004
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Is NLO enough to describe data ?
Drell-Yan 11 acceptances at LHC with leptonic decay of the 11/

Cuts A — || < 2.5, pt > 20 GeV, pi¥”’) > 20 GeV

Cuts B — |?',r'~":'| < 2.5, ;uf;"} > 40 GeV, pif"} > 20 GeV

LO LO+HW NLO MC@NLO
0.5249 —7.77% 0.4843  0.4771 +1.570 0.4845
|5.4% | 7.0% 16.3%
Cuts A, no spin | 0.5535 0.5104 0.5151
Cuts B 0.0585 +208% 0.1218  0.1292 +2.9% 0.1329
129% 116% 118%

Cuts B, no spin | 0.0752 0.1504 0.1570

Q IMC@QNLO — NLO| = O(2%) S. Frixione M.L. Mangano 2004
@ NNLO useless without spin correlations

Q Precisely evaluated Drell-Yan W, Z cross sections could be used
as standard candles” to measure the parton luminosity at LHC




Drell-Yan W acceptances at LHC with leptonic decay of the W

pT™ (GeV) A(NLO) A(NNLO)
20 0.487,0.488,0.489 | 0.497,0.492,0.491
30 0.379,0.378,0.378 | 0.379,0.376,0.377
40 0.127,0.125,0.122 | 0.161,0.155,0.152
50 0.0312,0.0295,0.0277 |0.0427,0.0397,0.0387

H = mw/2, mwy, 2mwy

K. Melnikov, F. Petriello 2006




Drell-Yan W acceptances at LHC with leptonic decay of the W

pT™ (GeV) A(NLO) A(NNLO)
20 0.487,0.488,0.489 | 0.497,0.492,0.491
30 0.379,0.378,0.378 | 0.379,0.376,0.377
40 0.127,0.125,0.122 | 0.161,0.155,0.152
50 0.0312,0.0295,0.0277 |0.0427,0.0397,0.0387

H = mw/2, mwy, 2mwy

@ AtLO, per < mw/2

Q@ NNLO corrections are large for pe. = 40, 50 GeV

but are at the percent level for pe 1 = 20, 30 GeV

K. Melnikov, F. Petriello 2006




PDF uncertainty on W, W H cross sections at LHC
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Is NLO enough to describe data ?

Total cross section for inclusive Higgs production at LHC

pp » H+X Cross section at LHC

MRST2001 pdfs contour bands are
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Is NLO enough to describe data ?

Total cross section for inclusive Higgs production at LHC

- H+X Cross section at LHC
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upper
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scale uncertainty
is about 107%

NNLO prediction stabilises the perturbative series




Higgs production at LHC

a fully differential cross section:

bin-integrated rapidity distribution, with a jet veto
C.Anastasiou K. Melnikov F. Petriello 2004

jet veto: require

soTen R=04
m; = 150 Gel i ‘p?r‘ < p%eto _ 40 Ge\/'

MRSTZ001 pdfs

(o= my
for 2 partons
Riy = (m —n2)* + (61 — ¢2)°

if Rio >R

veto

prl, Ip7| < PY
_ if Rio <R
- L pr +p7l <pr

1 2 3

¥
My = 150 GeV (jet veto relevant in the H — T/ 11/~ decay channel)




Higgs production at LHC

a fully differential cross section:
bin-integrated rapidity distribution, with a jet veto
C.Anastasiou K. Melnikov F. Petriello 2004

jet veto: require

Vg = 14 TeV R — 04
m, = 150 GeV

I J veto __
MRST2001 pdfs ‘pT‘ < pT - 40 Gev

o= my,

for 2 partons
Riy = (m —n2)” + (1 — ¢2)°
if Rio >R

prl, [P7| < PF°
if R <R

pr + p7| < PI

My = 150 GeV (jet veto relevant in the H — T/ 11/~ decay channel)

K factor is much smaller for the vetoed x-sect than for the inclusive one:
average |p7-| increases from NLO to NNLO: less x-sect passes the veto




World average of as(Mz)

as(My) = 0.1189 + 0.0010
S. Bethke hep-ex/0606035

Process g Mga ) excl. mean og(Mzo) | std. dev.
DIS [Bj-SR] 0.121 * Bona 0.1189 4 0.0008 0.3
T-decays 0.1215 +0.0012 | 0.1176 & 0.0018 1.8
DIS [v; xF) 0.119 * oon 0.1189 + 0.0008 0.0
DIS [e/y; Fal 0.1166 £ 0.0022 | 0.1192 £ 0.0008 1.1
DIS [e-p — jets] 0.1186 + 0.0051 |  0.1190 £ 0.0008 0.1
T decays 0.118 + 0.006 0.1190 4 0.0008 0.2
Q0 states _ 0.1170 £ 0.0012 | 0.1200 4 0.0014 1.6
ete™ [[(Z — had) 0.1226% Do 0.1189 + 0.0008 0.9
ete 4-jet rate 0.1176 £ 0.0022 | 0.1191 & 0.0008 0.6
ete~ [jets & shps] ' 0.121 + 0.005 0.1188 4 0.0008 0.4

Rightmost 2 columns give the exclusive mean value of Oés(Mz)
calculated without that measurement, and the number of std. dev.
between this measurement and the respective excl. mean
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NNLO corrections may be relevant if

the main source of uncertainty in extracting info from
data is due to NLO theory: s measurements

NLO corrections are large:
Higgs production from gluon fusion in hadron collisions

NLO uncertainty bands are too large to test
theory vs. data: b production in hadron collisions

NLO is effectively leading order:
energy distributions in jet cones




NNLO state of the art
@ Drell-Yan W, Z production

g,_r total cross section Hamberg, van Neerven, Matsuura 1990
Harlander, Kilgore 2002

w fully differential cross section Melnikov, Petriello 2006
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NNLO state of the art
@ Drell-Yan W, Z production

'F:.r total cross section Hamberg, van Neerven, Matsuura 1990
Harlander, Kilgore 2002

w fully differential cross section Melnikov, Petriello 2006
@ Higgs production
Harlander, Kilgore; Anastasiou, Melnikov 2002

b‘*-’-r tOtaI Cross section Ravindran, Smith, van Neerven 2003

w fully differential cross section
Anastasiou, Melnikov, Petriello 2004

Q@ eTe” — 3 jets

ba,,_, almost Comp|ete De Ridder, Gehrmann, Glover 2004-6




NNLO Drell-Yan Z production at LHC

Rapidity distribution for
an on-shell Z boson
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C.Anastasiou L. Dixon K. Melnikov F. Petriello 2003




d%o/dM/dY [pb/GeV]

NNLO Drell-Yan Z production at LHC

Rapidity distribution for
an on-shell Z boson
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30%(15%) NLO increase wrt to LO at central Y’s (at large Y’s)
NNLO decreases NLO by 1 — 2%

C.Anastasiou L. Dixon K. Melnikov F. Petriello 2003



NNLO Drell-Yan Z production at LHC

pp » (Z,7")+X

Rapidity distribution for
an on-shell Z boson
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Q@ 30%(15%) NLO increase wrt to LO at central Y’s (at large Y’s)
NNLO decreases NLO by 1 — 2%

Q@ scale variation: ~ 30% at LO; ~ 6% at NLO; less than 1% at NNLO

C.Anastasiou L. Dixon K. Melnikov F. Petriello 2003




Scale variations in Drell-Yan Z production

pp » (Zv )+X at Y=0

Vs = 14 TeV
M= Mg
MRST2001 pdfs
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C.Anastasiou L. Dixon K. Melnikov F. Petriello 2003



Drell-Yan 11/ production at LHC

pp - W+X
——

Rapidity distribution
for an on-shell

W~ boson (left)
W boson (right)
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()  distributions are symmetric in Y’

C.Anastasiou L. Dixon K. Melnikov F. Petriello 2003



Drell-Yan 1/ production at LHC

Rapidity distribution
for an on-shell

W~ boson (left)
W boson (right)

d%c/dM/dY [pb/GeV]

Vg = 14 TeV
M = M,y
M/2 2 éli*ll'd

o 2
Y

()  distributions are symmetric in Y’

&) NNLO scale variations are 1%(3%) at central (large) YV’

C.Anastasiou L. Dixon K. Melnikov F. Petriello 2003



NNLO cross sections

Hamberg, van Neerven, Matsuura 1990
Anastasiou Dixon Melnikov Petriello 2003

Q@ Analytic integration
1‘ first method

flexible enough to include a limited class of acceptance cuts
by modelling cuts as * propagators”




NNLO cross sections

Hamberg, van Neerven, Matsuura 1990
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Q@ Analytic integration
1‘ first method

flexible enough to include a limited class of acceptance cuts
by modelling cuts as * propagators”

Q Sector’ decomposition Denner Roth 1996; Binoth Heinrich 2000

Anastasiou, Melnikov, Petriello 2004

1‘ flexible enough to include any acceptance cuts

1‘ cancellation of divergences is performed numerically

=> can it handle many final-state partons !




NNLO cross sections

Hamberg, van Neerven, Matsuura 1990
Anastasiou Dixon Melnikov Petriello 2003

Q@ Analytic integration
1‘ first method

flexible enough to include a limited class of acceptance cuts
by modelling cuts as * propagators”

Q Sector’ decomposition Denner Roth 1996; Binoth Heinrich 2000

Anastasiou, Melnikov, Petriello 2004

1‘ flexible enough to include any acceptance cuts

1‘ cancellation of divergences is performed numerically

=> can it handle many final-state partons !

Q@ Subtraction

1‘ process independent

cancellation of divergences is analytic
can it be automatised !




NLO assembly kit

te~ — 3 jets

€

leading order | MEree|




NLO assembly kit

e'e — 3 jets

leading order | MEree|

NLO real

|M;clree|2




NLO assembly kit

— 3 Jjets

leading order | MEree|

NLO real

NLO virtual

d =4 — 2¢




NLO production rates

UZULO+0NLO:/dJT§L J. 4+ gNLO

m

o0 :/ da§+1Jm+1+/ dJX%Jm
m—+1

m

the 2 terms on the rhs are divergent in d=4




NLO production rates

Process-independent procedure devised in the 90’s

o= oO 4 oNLO _ / dafz S + o NLO

m

o0 :/ da§+1Jm+1+/ dJX%Jm
m—+1

m

the 2 terms on the rhs are divergent in d=4




NLO production rates

Process-independent procedure devised in the 90’s

Q slicing Giele Glover & Kosower
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NLO production rates

Process-independent procedure devised in the 90’s

Q slicing Giele Glover & Kosower
Q@ subtraction Frixione Kunszt & Signer; Nagy & Trocsanyi

¢ dipole Catani & Seymour
& antenna Kosower; Campbell Cullen & Glover

o= oO 4 oNLO _ / dafz S + o NLO

m
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the 2 terms on the rhs are divergent in d=4




NLO production rates

Process-independent procedure devised in the 90’s

Q slicing Giele Glover & Kosower
Q@ subtraction Frixione Kunszt & Signer; Nagy & Trocsanyi

¢ dipole Catani & Seymour
& antenna Kosower; Campbell Cullen & Glover

UZULO+0NLO:/dJTLr3L J. 4+ gNLO
m

O_NLO :/ dUT}}L+1Jm+1+/dUTYLJm
m-+1 m

the 2 terms on the rhs are divergent in d=4

use universal IR structure to subtract divergences

/ [daf;HJmH dJmHJ} /[da +/d fj;ﬁg] Tom
m-+1 m 1

the 2 terms on the rhs are finite in d=4




Observable (jet) functions

J, vanishes when one parton becomes soft or collinear to another one

I (D15 sPpm) — 0, if pi-p; — 0
» do? s integrable over |-parton IR phase space
Jm+1 vanishes when two partons become simultaneously soft and/or collinear

Jms1(P1y oy Pmy1) — 0, if pi-pjandpg-pr — 0 (i # k)

R andV are integrable over 2-parton IR phase space

observables are IR safe

Jn+1(P1s -, 05 = Ay -y, Pnt1) = In(P1, ooy Ppy1) i A —0
Jn—l—l(pla vy Piy s Py "7pn—|—1) - Jn(pla -y P, "7pn—|—1) if pi — 2P, Pj — (1—Z)p

forall n > m




NLO IR limits



NLO IR limits

collinear operator
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collinear operator

1 .
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NLO IR limits

collinear operator

1
Cirl My (i Prs )2 ¢ — (M1 (0) (Pirs - - N PE | Mo 41.(0) (i)

Sir
soft operator

S Moy )P x = 0)(.. )T - Tio| Momsr (0)(...))

r

1E£T

1
counterterm . (S: 5 Cir + Sr> Mo (pis prs )

performs double subtraction in overlapping regions




NLO overlapping divergences

C;»5, can be used to cancel double subtraction
Cir (Sr — CirSp) MY, 12 = 0
Sy (Cir — CinSp) [MP,12 =0




NLO overlapping divergences

C;»5, can be used to cancel double subtraction
Cir (Sr — CirSp) MY, 12 = 0
Sy (Cir — CinSp) [MP,12 =0

the NLO counterterm

T

A M2 =" [Z —Cyr + (s chs)} Mo i s - )

1£T 1£T




NLO overlapping divergences

C;»5, can be used to cancel double subtraction
Cir (ST - Cirsr) |M7(73)+2’2 =0
Sy (Cir — Cirsr) |M7(73:—2|2 =0

the NLO counterterm

1
A M2 =" [Z 5 Cir + (sr -3 cirsr)} M iy )P

T 1#Tr 1#Tr

- has the same singular behaviour as SME, and is free of double subtractions

-

Cir (1= Ay) MY 12 =0 S, (1— A MY 12=0




NLO overlapping divergences

C;»5, can be used to cancel double subtraction
Cir (ST - Cirsr) |M7(73)+2’2 =0
Sy (Cir — CinSp) [MP,12 =0

the NLO counterterm

1
A M2 =" [Z 5 Cir + (sr -3 CWST)} M iy )P

T 1#Tr

1#Tr
> has the same singular behaviour as SME, and is free of double subtractions
Cir (1= Ay) My =0 S, (1— A1) My [ =0

<) contains spurious singularities when parton s # r
becomes unresolved, but they are screened by J.,,




Collinear mapping
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Collinear mapping

1
1 —

—— 0 @), Py =

momentum is conserved

mapping a la Catani-Seymour, but all momenta but the
unresolved ones are treated simultaneously like spectators




Collinear mapping

1 1

(p! +p — iy Q"), P =
— gy 1—

1
g = 5 [y(z'fr)Q - \/y(zz'r)@ — 4y ] Yir

. =1 ~u 7
momentum is conserved  Pir T an =p; + Dy
n




Collinear mapping

1
1 —

~

—— 0 @), Py =

phase space factorises




Soft mapping
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Lorentz transformation that preserves total momentum
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Soft mapping

ﬁlfé — A,'L/L[Q, (Q - p'r)/)‘r](pryz/)\r) ; n#r

)\r — \/1 — YrqQ
2K + KK + K), . 2KH K,
(K 4+ K )? K?

Lorentz transformation that preserves total momentum

gy, —




Soft mapping

ﬁﬁz — A,'L/L[Q, (Q — p'r)/)‘r}(pqyz/)\r) ) n#r

)\7“ — \/1 — yrQ
2K + KK + K), . 2KH K,
(K + K )? K2

Lorentz transformation that preserves total momentum

phase space




NLO counterterm

1
A1|M£23|_2|2 — Z |:Z §Czr + (Sr - Z C’LT‘ST’):| |M£32|_2(piapra * . )‘2
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NLO counterterm

A1|M(O+2|2 Z |:Z Czr"‘ (S _ZC’LTS ):| (pupra“')‘Q

T 1£T 1£T

AL
dop s = dgmrr [dpr] AL M, 2

/ dop ™ = A1 MO 2@ I(m+1,¢)
1
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€3

et

double virtual

real-virtual % %
double real %«@ %
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two-jet production ¢4’ — qq', 97 — qq, 94 — 99, 99 — 99
C.Anastasiou N. Glover C. Oleari M.Tejeda-Yeomans 2000-01
Z.Bern A. De Freitas L. Dixon 2002

photon-pair production qq — y7v, 99 — VY

C.Anastasiou N. Glover M.Tejeda-Yeomans 2002
Z.Bern A. De Freitas L. Dixon 2002

ete” — 3 jets v — qqg
L. Garland T. Gehrmann N. Glover A. Koukoutsakis E. Remiddi 2002

V' +1 jet production ¢gg — Vg
T. Gehrmann E. Remiddi 2002

Drell-Yan V' production ¢qq — V

R. Hamberg W. van Neerven T. Matsuura 1991

Higgs production gg — H  (in the m; — oo limit)
R. Harlander 2001
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@ universal collinear and soft currents

() 3-parton tree splitting functions

R A S = ==

J. Campbell N. Glover 1997;S. Catani M. Grazzini 1998;A. Frizzo F. Maltoni VDD 1999; D. Kosower 2002
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@ universal collinear and soft currents

() 3-parton tree splitting functions

R A S = ==

J. Campbell N. Glover 1997; S. Catani M. Grazzini 1998;A. Frizzo F. Maltoni VDD 1999; D. Kosower 2002

L) 2-parton one-loop splitting functions

S o SR o S © SV

Z.Bern L. Dixon D. Dunbar D. Kosower 1994; Z.Bern W.Kilgore C.SchmidtVDD 1998-99;
D. Kosower P Uwer 1999;S. Catani M. Grazzini 1999; D. Kosower 2003

@ universal subtraction counterterms

L) several ideas and works in progress

D. Kosower; S.Weinzierl; A. De Ridder, T. Gehrmann, G. Heinrich 2003
S. Frixione M. Grazzini 2004; G. Somogyi Z.Trocsanyi VDD 2005

© but devised only for e"e™ — 3 jets
A.De Ridder, T. Gehrmann, N. Glover 2005; G. Somogyi Z.Trocsanyi VDD 2006
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NNLO subtraction

:/ d0m+2Jm+2 +/ dam+1Jm+1 +/ do Y Jom
m-+2 m-+1 m

the 3 terms on the rhs are divergent in d=4
use universal IR structure to subtract divergences

NNLO RR,A
m-—+2

takes care of doubly-unresolved regions,
but still divergent in singly-unresolved ones

+ / 1[dam+1jm+1 do fj};f*ljm}
m-—+

still contains 1/¢ poles in regions away from |-parton IR regions

b oy [aoie s [anin] g,
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2-step procedure

@ construct subtraction terms that regularise the
singularities of the SME in all unresolved parts of

the phase space, avoiding multiple subtractions
G. Somogyi Z.Trocsanyi VDD 2005

Q@ perform momentum mappings, such that the phase
space factorises exactly over the unresolved momenta
and such that it respects the structure of the

cancellations among the subtraction terms

G. Somogyi Z. Trocsanyi VDD 2006
G. Somogyi Z.Trocsanyi 2006
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@ construct the 2-unresolved-parton counterterm using the IR currents

AQ‘M(O+2‘2 ZZ{ Z [ Czrs + Z CZT]S + = Srs

T SFET 1F£T,S J#1,T,8

1
+§ ((:Sz'r;s T Cirs(Eir;s T Z Cir;js$ir;s>]

JF,T,S

1
T Z [(Eir;ssrs =+ Cirs <§ Srs T (Eir;ssrs)

15T,

1
+ Z Cir;js (5 Srs _ (Eifr;ssrs> ] }‘M(O+2‘2

JF#L,T,S
G. Somogyi Z.Trocsanyi VDD 2005




A» counterterm

@ construct the 2-unresolved-parton counterterm using the IR currents

AQ‘M(O+2‘2 ZZ{ Z [ Czrs + Z CZT]S + = Srs

T SFET 1F£T,S J#1,T,8

1
+§ ((Eir;s T Cirs(Eir;s T Z Cir;js$ir;s>]

JF,T,S

1
T Z [(Eir;ssrs =+ Cirs (5 Srs T (Eir;ssrs)

15T,

1
+ Z Cir;js (5 Srs _ (Eir;ssrs> ] }‘M(O+2‘2

JF#L,T,S
G. Somogyi Z.Trocsanyi VDD 2005

performing double and triple subtractions in overlapping regions
Cirs (1= Az) M, 5> = 0 Sre (1= Az) M) o =0
Cirjs (1= Ag) MY ,12 =0 Sirss (1= Az) IMU,17 =0
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Triple-collinear mapping
1

(Pt + pht + pt — s QM) ph = ph n#1i,r,s

TS 1 — Njrs

1
= . _ 2 — Aqy-
Njrs = 9 [y(zrs)Q \/y(if,ns)Q 4Yirs }

. ~ [l S M H H H
momentum conservation  Pirs T an =D; TP tPs + an
n n

phase space
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Double-soft mapping

ph = A[Q, (Q — pr — ps)/Ars| (D4 [ Ars) n#r,s

Are = 1= (W — Urs)

straightforward extension of NLO soft mapping

phase space




Double-collinear mapping

1
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Double-collinear mapping
ﬁfé{r’: 1_04'1_&' (plg_'_pq[f_oﬁrQ'uj)) ﬁ./]{g:
1
1 — Qg — Qs
1
Yjs = 5 {%‘s)@ - \/y(st)Q — 4yjs }

momentum conservation

S p
pn_ pn7

Pir +Pjs+ Y _Pn =i+ Dr +Dj +Ds + > _Pn
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Double-collinear mapping

1
TR TN R TR
pir—l—()éir_@js(pi_FpT @i QY),  Pje =
1

— Oy — ajs

n
Pn s




Soft-collinear mapping
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NNLO NNLO NNLO NNLO
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RR counterterm

needs a NLO-type subtraction
between the m+2- and the m+1|-parton contributions

NNLO _ _NNLO NNLO NNLO
o = Ofmt2t T Ofmi1y T O¢m}

NNLO  _ RR RR,A,
Olm+2y = / [d0m+2 2 = dop 57 I
m-+2

must be finite in = —dORR’Al 7 n dORR’A12 7
the doubly-unresolved regions m+2 < m+l m+-2 m

G. Somogyi Z. Trocsanyi VDD 2005-6

A takes care of the singly-unresolved regions and A, of the over-subtracting

RR counterterm = A, + A - A
doyit'? = dem [dpa] As| M, 2
dop ot = A [dpr] A M )2
dop 32 = Aoy, [dp1] [dp1] Aro] ML) o[




need to construct Ajs such that all overlapping regions in
| -parton and 2-parton IR phase space regions are counted only once
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need to construct Ajs such that all overlapping regions in
| -parton and 2-parton IR phase space regions are counted only once

Cir(A1 + Ay — Ap)| M2 = Cir M,

SH (A1 + Ay — Ap)|ML 2 =S, M),
Cirs(A1 + Ay — Ap) [ M, [2 = Cipg ML), 2
Cirjs(A1 + Ay — A12)’Mm—|—2‘2 — Cir;js’MerzP

CS;rs(A1 + Ay — A12)’M£21r2’2 = CSZ-T;S\M,,(SZLQ]Q
S,s(A1 + Ay — A12)’M£21r2’2 = Srs‘Mfgjl_QP

the definition of A5 is rather simple
A M), = AjAg M) 2

but showing that it has the right properties is non trivial, and requires considering
iterated singly-unresolved limits and strongly-ordered doubly-unresolved limits




|terated counterterms
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|terated counterterms

A M, ({p})]? Z[Z CreAsl M), (P}

t L kst

+ (stAzM% hHPP =3 ¢S, AQMi?LLg({p})?) ]

kAt

Crp Ay = Z [thcktr + thagkt;r — thcktragkt;r — CutCrit S
r#k,t

+ Z ( CrtCiriiet — thcir;ktaskt;r> + Crot St

1£r,k,t

and likewise for S, A, , C., S, A,
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built out of a composition of either the NLO collinear or the NLO
soft mappings, or of both

Q@ the treatment of colour in iterated singly-unresolved limits differs
for spin-correlated SME from that of colour-correlated SME

==




|terated counterterms

& the momentum mapping for each of the iterated counterterms is
built out of a composition of either the NLO collinear or the NLO
soft mappings, or of both

Q@ the treatment of colour in iterated singly-unresolved limits differs
for spin-correlated SME from that of colour-correlated SME

= no soft factorization formulae for simultaneously
colour-correlated and spin-correlated SME.
This was a no-go in the direction of generalised
dipole-type counterterms




NNLO NNLO NNLO NNLO
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NNLO NNLO NNLO NNLO
o = Ofm42} T Ofmi1y T Ofm}

NNLO RR,A,
Olm+2}y = / [d0m+2 Jmt2 = dop 57 I
m—+2

RR,A, RR,A,
—do Om+2 Jm+1 + do Om+2 Jm ]
d=4

sy = [ {[a e [ Aot
m-+

RV,A; RR,A; \ A1
G. Somogyi Z. Trocsanyi 2006 o {dam—kl + (Ad0m+2 ) }Jm}s:O




RV counterterm

A0 = [ {fars [arki ] g [ariih
m+

RV, A|

(faomis )™},

G. Somogyi Z.Trocsanyi 2006

(0| @@ | @0

ofo oo a]

RR,A| (RR,A()A

)@.L+...]




RV counterterm

T (| R ) P R O R P
m-—+ E=

G. Somogyi Z.Trocsanyi 2006




RV counterterm

g{NTSJI;(l)} — / {{dai\il—k/ daiﬁ’?l} Jm41— {da
m—+1 1

RR,A| (RR,A)A

kinematic singularities
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RV counterterm

daﬁ\il—l—/l daiﬁ’?l} Jm+1— {da
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RV counterterm

T (| R ) P R O R P
m-—+ E=

G. Somogyi Z.Trocsanyi 2006

RR,A,
/1 dop ot = A | M, 2 @ I(m, )

7A1
Ao 0t = dg[dpr] A 2 Re(MED (M)

([ aoiis )™ = domldn) 4, (MO @ 2(m.2)




NNLO counterterms

NNLO _ _NNLO NNLO NNLO
o = Ofmt2t T Ofmiy T 0(m}

NNLO RR RR,A
Ofm+2} = / [d0m+2 Jmr2 — do, 57 I
m—+2

RR,A; RR,A ;5
—doy, 5" S +do, 5 I ]
d=4

s = [ ([ [ 4k g
m-t

— [daiﬁ’fl + ( / daf:,,‘i’?l)ﬂ Jm} O
1 &=




NNLO counterterms

NNLO _ _NNLO NNLO NNLO
o = Ofmt2t T Ofmiy T 0(m}

NNLO RR RR,A
Ofm+2} = / [d0m+2 Jmr2 — do, 57 I
m-+2

RR,A; RR,A ;5
—doy, 5" S +do, 5 I ]
d=4

s = [ ([ [ 4k g
m-t

— [doRet o+ ( /1 dontis )™ | Jm}gzO

remainder is finite by KLN theorem

RR,AQ RR7A12
Opotn  —do,, 5 }4—/ {da
1




Thrust

T — M D |Pi 1 sum over all final-state particles i

ax
Zi |Pi’ N unit vector, varied to maximise T

T = | for aligned particles

T = 1/2 for isotropic distribution of particles




Thrust

T — Z pi - 0 sum over all final-state particles i

Z |P1’ N unit vector, varied to maximise T

T = | for aligned particles

T = 1/2 for isotropic distribution of particles

C parameter
C = 3(AM A2 + A2ds + Ashi)

B /e
where A« are eigenvalues of O — ZZPZ Pi /P

Zj p;|

For massless particles

_ a3 (pi - p;)° R
©= 2;(%@)(%'@) K Z;pz

C = | for an isotropic & acoplanar distribution of (at least 4) particles
C = 0 for aligned particles for 3 particles, C < 3/4
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n = moment
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om = /dOOnaiog_g _ (%2(7?)> A 4 ( 2(7?))QB§)R) + (

n = moment

C’(()n) — C(n) — C(n) + C'(() :)3 is NNLO contribution
RR RV \"AY/

Q C’g"% and 0821 have been computed and shown to be finite

_|_

for e"e” — qqggg and eTe” — qqgg Gabor Somogyi 2006
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3-jet event shape variables

om = /dOOnaiog_g _ (042(7?)> A 4 ( 2(7?))QB§)R) + (

n = moment

C’(()n) — C(n) — C(n) + C’é :)3 is NNLO contribution
RR RV \"AY/

Q C’én% and Cgﬁ have been computed and shown to be finite

_|_

for e"e” — qqggg and eTe” — qqgg Gabor Somogyi 2006

O=CorO=1-T; n=1,2,3

: (1)
@ Perfect agreement with NLO results for B




from Somogyi’s talk at HP? Zurich 06

B Prediction for moments of event shapes — RR contribution

1| —(9.27+0.34) - 10" | —(3.44+0.14) - 10?
2 —3.07 £ 0.43 —(1.42 = 0.03) - 107
3 2.01 =0.12 6.29 & 1.87

(n) (1)
n Oy CC;_E

B Technical details

No. of MC points used: n =40 x 2.5 - 10° (VEGAS)

v2/d.o.f. as reported by VEQAs: 2/d.m.f. —0.79
No. of subtractions: 535 at 139 different PS points for each event
[compare with 12 subtractions at 12 different PS points for

eTe™ — 4 jets at NLO needed in this scheme (¢Gggg subprocess)]
Speed c}f code on an AMD Athlon 1.3 GHz machine with 256 MB

RAM: 10° pts. =~ 2.5 h




B Prediction for moments of event shapes — RV contribution

| e )

1| (1.23+0.01)-10% | (4.33 £0.05) - 10°
2 | (2.55+£0.02)-10% | (3.25 £0.02) - 10?
31 (4.79+0.03) - 10! | (1.80 £0.01) - 10?

2
5
-
q

B Technical details

No. of MC points used: n = 20 x 2.5 - 10° (VEGAS)

v2/d.o.f. as reported by vEcAs: y?/d.o.f. = 1.24

No. of subtractions: 15 at 7 different PS points for each event
Speed c}f code on an AMD Athlon 1.3 GHz machine with 256 MB
RAM: 10° pts. ~ 7 h




Conclusions

we devised a NNLO subtraction scheme for eT e~ — n jets

the calculation is organised into 3 contributions, RR, RV, VYV,
each of which supposed to be finite in d=4 dimensions

For ete~ — 3 jets the RR and RV pieces are shown to be
finite

The VV piece still needs be done (but must be finite in d=4
dimensions, because of the KLN theorem)




