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Precision QCD

Precise determination of

@ strong coupling constant (v

@ parton distributions

Precise prediction for

@ Standard Model processes (Higgs, top, etc.)

@ new physics processes

Q@ their backgrounds



Cross sections at high Q?

separate the short- and the long-range
interactions through factorisation
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Total cross section for inclusive Higgs production at LHC

pp - H+X Cross section at LHC C.Anastasiou K. Melnikov 2002
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we need at least NLO computations



NLO features

Q@ Jet structure: final-state collinear radiation

@ PDF evolution: initial-state collinear radiation

@ Opening of new channels

Q@ Reduced sensitivity to fictitious input scales: (tr, (F
w predictive normalisation of observables

© first step toward precision measurements

© first estimate of signal and background
for Higgs and (possibly) new physics

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



NLO computations

the NLO revolution

At ICHEP 2010, Gavin Salam called " 'NLO revolution” the rapid progress in

from Gavin Salam’s talk at Montpellier 2012
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2010: NLO W+4j [BlackHat+Sherpa: Berger et al] [unitarity]
2011: NLO WWjj [Rocket: Melia et al] [unitarity]
2011: NLO Z+4j [BlackHat+Sherpa: Ita et al] [unitarity]
2011: NLO 4/ [BlackHat+Sherpa: Bern et al] [unitarity]
2011: first automation [MadNLO: Hirschi et al] [unitarity + feyn.diags]
2011: first automation [Helac NLO: Bevilacqua et al] [unitarity]
2011: first automation [GoSam: Cullen et al] [feyn.diags(+4-unitarity)]
2011: ete™ — 7/ [Becker et al, leading colour] [numerical loops]



Some reasons for NNLO corrections

Q@ NLO corrections are large:
Higgs or ttbar production in hadron collisions

@ NLO uncertainty bands are too large to test theory vs. data:
ttbar or bbbar production in hadron collisions

Q@ NLO is effectively leading order:
energy distributions in jet cones

Q@ in the world average of O data are compared to theory, but

not included in 2015/16 determination of world average :

* all results not being based on complete NNLO (e+e-, DIS, heavy
quarkonia, hadron collider jets, soft and hard fragmentation functions,...)

S. Bethke’s talk at ZPW 16



Total cross section for inclusive Higgs production at LHC

pp - H+X Cross section at LHC C.Anastasiou K. Melnikov 2002
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NNLO prediction stabilises the perturbative series



Jet structure

the jet non-trivial structure shows up first at NLO

leading order

NLO

NNLO




S. Bethke’s talk at ZPW 16

World Summary of o 2015/2016:

* 6 classes of measurements, each pre-averaged
® at least using NNLO QCD...

e including reliable estimates of experimental, theoretical and
nonpert. uncertainties, using commonly accepted procedures



S. Bethke’s talk at ZPW 16
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NNLO state of the art

@ 2 — | processes

¢ Drell-Yan W, Z production

Hamberg, van Neerven, Matsuura 1990

tOta-I Cross section Harlander, Kilgore 2002

differential cross section Melnikov, Petriello 2006

~ Higgs production in HEFT

-

Harlander, Kilgore; Anastasiou, Melnikov 2002

tOtaI Cross section Ravindran, Smith, van Neerven 2003

differential Cross Section Anastasiou, Melnikov, Petriello 2004



NNLO state of the art

@ 2 — 2 processes

o YY production Catani, Cieri, De Florian, Ferrera, Grazzini 201 |
9 ZY production Grazzini Kallweit Rathlev Torre 2013

2 WY production Grazzini Kallweit Rathlev 2015

v /7 production Cascioli et al 2014

9 WW production Gehrmann et al 2014

& WH PrOdUCtion Ferrera Grazzini Tramontano 201 |

o ZH production Ferrera Grazzini Tramontano 2014

(®

ttbar production

Baernreuther, Czakon, Mitov 2012

total cross section Czakon, Mitov 2012
Czakon, Fiedler, Mitov 2013

differential cross section Czakon, Fiedler, Mitov 2014
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NNLO state of the art

2 — 2 processes

W + | jet PrOdUCtion Boughezal, Focke, Liu, Petriello 2015

Z + | jet production

Gehrmann-De Ridder, Gehrmann, Glover, Huss, Morgan 2015
Boughezal, Campbell, Ellis, Focke, Giele, Liu, Petriello 2015

Higgs + | jet production in HEFT

Boughezal, Caola, Melnikov, Petriello, Schulze 2013-15
Chen, Gehrmann, Glover, Jaquier 2014
Boughezal, Focke, Giele, Liu, Petriello 2015

2 jet production (only gg)

Curry, Gehrmann-De Ridder, Gehrmann, Glover, Pires 2013



NNLO state of the art

@ | — 3 processes
—I_e_ — 3 jets Gehrmann-De Ridder, Gehrmann, Glover, Heinrich 2007-08

Becher, Schwartz 2008
Weinzierl 2009

€

@ 2 — 3 processes

Higgs + 2 jet production in VBF (in DIS approx)

Cacciari Dreyer Karlberg Salam Zanderighi 2015
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NNLO cross section methods

A variety of (subtraction) methods exist,
to get a fiducial cross section at NNLO

Sector decomposition  Denner Roth 1996; Binoth Heinrich 2000

Anastasiou, Melnikov, Petriello 2004

Antenna subtraction  Gehrmann-De Ridder, Gehrmann, Glover 2005
ColorfulNNLQO subtraction Semogyi,Trocsanyi, VDD 2005-06

qT subtraction Catani, Grazzini 2007

Residue subtraction Czakon 2010

-1 I N Boughezal, Focke, Liu, Petriello 2015
N jettlness subtractlon Gaunt Stahlhofen Tackmann Walsh 2015



The goal of all those methods is

to compute cross sections at NNLO
with any possible acceptance cuts




Higgs production at LHC

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

pp-+H+X
| jet veto: require
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What is the problem in computing
(fiducial or differential) cross sections
beyond leading order?

Given a production process and a physical observable to be computed, in

order to get a consistent result we must take into account amplitudes
with real radiation (bremsstrahlung) and amplitudes with virtual loops.

The virtual amplitudes exhibit explicit € poles when dimensionally
regularised.

The bremsstrahlung amplitudes sport kinematic singularities as one or
more partons become unresolved, which turn into € poles after
phase space integration.

Those € poles must cancel no matter how the chosen acceptance cuts
specify the phase space to be used.



NLO assembly kit

te~ — 3 jets

€ €

leading order | MEree)

NLO real

NLO virtual

d =4 — ¢ /ddl Q(Mrlnoop)*M;{Z"ee _ (é B) ’Mtree|2 4+ fzn



NLO production rates

Process-independent procedures devised in the 90’s

Q@ slicing Giele, Glover, Kosower 1992-93

Q@ subtraction Frixione, Kunszt, Signer; Nagy, Trocsanyi 1995
Q dipole Catani, Seymour 1996
¥ antenna Kosower; Campbell Cullen & Glover 1999

o = o0 4 sNLO _ / daﬁ S + o NLO
™m

NLO :/ da}j;HJmHjL/da?YlJm
m-+1 m

these 2 terms are divergent in d=4

use universal IR structure to subtract divergences

O'NLO:/ {daiﬂJerl dam+1J } / [da —I—/d iﬁ]] Im
m-+1 m 1

the 2 terms are finite in d=4



Observable (jet) functions

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

I (D15 s Pm) — 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

Jm41(P15 s Pms1) — 0, if p;-pjandpg-pp —0 (i # k)

R andV are integrable over 2-parton IR phase space

observables are IR safe

Jn+1(P1s -, 05 = Ay oy, Pnt1) = In(P1, ooy Ppy1) i A —0
Jn—l—l(p17 vy Piy s Py '°7pn—i—1) — Jn(p17 s Py “7pn—|-1) if pi — 2P, Pj — (1-2)]?

forall n > m



NLO IR limits

collinear operator

1 .
CirMia (P D - )P 06— (M1 (0) (pirs - NI [Min1 (0)(Par - )

Sir

soft operator

S M (o P 06— (M1 (0) (- )T - T M1 (0)(. )

1
counterterm . (Y 5 Cir + ST> Mo (pisprs - I
r 1E£T

performs double subtraction in overlapping regions



NLO overlapping divergences

C;+9, can be used to cancel double subtraction
Cir (S'r - Cirsr) |M7(73)+2’2 =0
Sy (Cir — CirSp) [MP,12 =0

the NLO counterterm

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

r 1F£T 1E£T
<> has the same singular behaviour as SME, and is free of double subtractions
Cir (1= A1) IM{) 7 = 0 S, (1= Ap) [ML > =0

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



Collinear mapping

- 1 ~ 1 .
Dy = 1_air(pé‘+p¢—ai7~@“), Dy = 1_%19%, n 7,
Qi = 5 Yir)yQ — \/y(zr)Q Yir Yir = Q2
momentum is conserved  Pir T Zﬁn =p; +p7+ Zpﬁ
;
. phase space factorises




NLO counterterm

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

T 1£T 1£T

VA
Ao, %3 = Ay [dp] A M |2

/ dop ™ = dgp a1 MO P @ I(m+1,¢)
1



NNLO assembly kit

e — 3 jetS ‘%ﬂ
double virtual 19—/
‘_@ !@_

real-virtual % ‘:}‘.
double real _—{; %——
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NNLO subtraction

_NNLO _ / doBR T o + / Ao T + / doVV ..
m—+2 m—+1 m

the 3 terms are separately IR divergent in d=4 dimensions

RR: has kinematic singularities as one or two partons become unresolved.
After phase space integration, we get up to |/€* poles

-

¢ RV:has explicit € poles up to /€2
In addition, it has kinematic singularities as one parton becomes unresolved.

After phase space integration, we get up to |/€? poles

2 VV:has explicit € poles up to I/&*
No kinematic singularities (they are killed by the jet functions)

@ KLN theorem ensures that all poles must cancel
for an IR safe physical observable



The RR, RV, VV has must be organised in such a way as
to be computable in 4 dimensions, like at NLO

The € poles must cancel no matter how the chosen
acceptance cuts specify the phase space to be used.

We must make this cancellation explicit, so the
various contributions can be computed numerically

There are already a few (subtraction) methods which do that.
Why another one!?



CoLorFuINNLO subtraction

Completely Local subtractions for Fully differential predictions at NNLO

Q

© © © ©

general and explicit expressions, including colour and flavour
fully local counterterms, featuring all colour and spin correlations
analytic cancellation of € poles

option to constrain subtractions to near singular regions

algorithmic contruction, in principle valid at any order in ;s



NNLO subtraction

_NNLO _ / doBR T o + / AoV Tpi1 + / doVV ..
m—+2 m—+1

m

use universal IR structure to build counterterms
which subtract the kinematic singularities

NNLO RR,A
m—+2

takes care of the doubly-unresolved limits of RR,
but still divergent in the singly-unresolved ones

+ / 1[dam+1jm+1 Aot T
m+

takes care of the singly-unresolved limits of RV,
but still contains |/€ poles in regions away from the |-parton IR regions

b oy [aoie s [anin] g,



Collinear and soft currents

Q@ universal IR structure == process-independent procedure

@ universal collinear and soft currents

L 3-parton tree splitting functions

R R e ==

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 sCIUE © RS © S9N

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

however,
- there are regions in phase space with overlapping limits
- universal collinear and soft currents are well defined only in the strict limit



CoLorFuINNLO subtraction

construction based on universal collinear and soft currents

general procedure for matching of limits:

construct subtraction terms that regularise the singularities

of the amplitudes in all unresolved parts of the phase space,
aVOiding mUItiple subtractions G. Somogyi Z.Trocsanyi VDD 2005

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 subtraction terms
G. Somogyi Z.Trocsanyi VDD 2006

fully local in color ® spin space

¢ azimuthal correlations fully taken into account in gluon splitting

Y ratio of the sum of counterterms to the real emission cross section
tends to unity in any IR limit

straightforward to constrain subtractions to near singular regions

¢ independence of physical results on phase space cutoff



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£4,7,S
1
— Z [(Eir;ssrs =+ Cz’rs <§ ST‘S — (EW;SSTS)
1#£7,S
1 0)
+ Z Cir;js (5 Srs — (EiT;SS”'“S> ] }‘M( +2‘2
717#1,1,8

G. Somogyi Z.Trocsanyi VDD 2005
performing double and triple subtractions in overlapping regions
Cirs (1= Ag) [M),[* = 0 Srs (1= A2) M), o> = 0
0
Cirgjs (1= Ag) MY, =0 Siris (1= Ag) M ]2 =0



Triple-collinear mapping

~ 1 N 1
ph = (P + pht + Pt — s QM) ph =

1 — Oirs 1 — Njrs

M .
ph n #1i,7,8

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

. ~ [l od VAN H H H
momentum conservation  Pirs T an =D; TP tPs + an
n mn

s phase space

Irs —




i kinematic singularities cancel in RR

0 E—T T 1 — ] T = WE—T— T T T T T T 3
sEele — qqggg i — g =107 3 sEete = qqggyg —_— ey = 107¢ 3
- Altdy- Al — R C AutAs-A || — 08 ]
> L W U ID_[; _ 5 L Mpr| » D5 |[)(’||1”7 T Yz67 “40 7
“Tps—0 —— =10 2 — yse7 = 10
10% & i = 10% & =
g T 1 S T )
= =
S L = o107 E E
- | = 5
2 - 2 : :
10 10 & =
2 = 2 = =
L1 | ” ] | “ |-|_||-||-| 1 [ | 1
0.999 0.9995 1.0 1.0005 1.001 0.999 0.9995 1.0 1.0005 1.001
ratio ratio

soft triple collinear

ratio = subtraction terms/RR



Q

# of events

Single collinear limit e* e

= q999

T | T I T T =
RV + RR,A; : Oy, _ — 1—costh, = 104 3
4 = 1—cos#, =107° .
]_ — 1—cosf;, =10%
= |
= |
. L PT
.995 1.0 1.005 101
ratio

# of events

kinematic singularities cancel in RV

Single soft limit e' e

— qq9g

10! T T T T T I =
RV + R.H..Al : Su, — yq = 10—'!5
— po =107
2 L — Y =10"°
10° - -
2 n
102 F |
5 =
2 -
10 =

1 I 1 I L l 1
.99 0.995 1.0 1.005 1.01L

collinear

soft

ratio = subtraction terms/(RV + RR,A))



RR counterterm

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

NNLO _ _NNLO NNLO NNLO
o = Ofmt2y T Ofmt1y T Ofm}
NNLO RR RR,A,
O {m+2} —/ [d0m+2 Jm+2 - d0m+2 Jm
m+2
RR,A, RR,A |,
must be finite in » _d0m+2 Jm+1 + d0m+2 Jm

the doubly-unresolved regions d=4

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 - Al
Aoty = ddyn [dpa] Aol M), o[
dop ot = A [dpr] A M )2
Aoz ' = ddu [dp1] [dpa] Aso| My o



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

Cir(Ay + Ay — App)| MY 12 = C (MY

Sh (A1 + Ay — Ap) M, 2 =8, [ M),
Cirs(A1 + Az — Ap)|M) o2 = Cird ML,
Cirjs(A + Ay — A—12)’Mm—|—2‘2 = Cz‘r;js’MmM’Q
CSirs (A1 + Ay — Ap) MO 12 = CSipg M,
S5 (A1 + Ag — Ap)| M2 =S, I ML,)?

the definition of A5 is rather simple
A MO 1P = A A M),

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

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

t L kst

+ (stAQMfiilg hHPF =3 cus, AQMQZLz({p})?) ]

kAt
where

Crp Ay = Z [thcktr + thaskt;r — thcktragkt;r — CutCrit St

r#£k,t
T Z ( th ir;kt thcir;ktaskt;r>

1£r,k,t

+ CrtSke

and likewise for S, A, , C., S, A,



|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



RV counterterm

We note that the integrated A| counterterm of RR has the same
explicit € poles as RV.

Furthermore, as we said, the RV, A| counterterm takes care of the
singly-unresolved limits of RV,

but we also need a term which takes care of the singly-unresolved
limits of the integrated A counterterm of RR

s = [ [+ [ aki g
m-+

RV,A; RR,A; \ A1
G. Somogyi Z.Trocsanyi 2006 —[dffmﬂ + ( / d0m+2 ) }Jm}e .
1 pr—



NNLO counterterms

NNLO  _NNLO NNLO NNLO
9 = Ofmt2t T Ofmiy T 0(m}
NNLO RR RR,A,
Olm+2y = /+2 [d0m+2 Jmt2 = dop 57 I
m
RR,A RR,A
d=4
NNLO RV RR,A;
O-{m—l—l} — /7n+1 { [dam—i—l + /1d0m+2 }Jm—I—l

~[aot 4 ( / aofa M)
1 E—=

remainder must be finite by KLN theorem

0 = [ {ame [ [arkie—aohige)+ [ Jaokite( [askip )M}
m 2 1 1 £=



Integrating the counterterms

@ momentum mappings used to define the counterterms

Phose S {5} ==l ddpru({p}; Q) = dén ({5} P Q) [dp{)]

¢ implement exact momentum conservation

different collinear and soft mappings, specified by R

¢ exact factorisation of phase space

@ in colour and spin space, counterterms are products of
v factorised amplitudes independent of variables in [dpq(LRTZ]

& singular factors, i.e. the universal collinear and soft currents,
to be integrated over [dp(R)]

Cr{P}ntu) = (Brasu®)" Singr(pi™) @ MY ({5},")]7

@ compute the integral of the counterterm over unresolved partons

[ Crliphan) = (Sra) [ [ singn <R>] © MO ({7}00)



List of integrated counterterms

Int status Int status Int status Int status Int status

Iide v Liso Vv Tieso v T34, Tos1i v

9, v st 80 &, v sz ¢

), g hsa ¥ o, v e

(k) Liss Vv Tiesz v (k.1 rsa v

Tica v Tisa Vv Tisa v Inca v Toss v

(k) ’ ’ (k)

Lica Vv Iiss Vv Iies v s v

& Los v 10, Tsi v

) Bos ), v Zea

7k R 25,9

1C,7 12C,8 Ios 10 Vv

Tice v IHe v Iisin v
1) v L

sz Vv

Int status Int status Int status Int status %ziz :

1{12(.)5.1 ¥ Ig(gS,l o 1206’{(1’1’@ v Ié%; ¥ I28’16 v

1, Tosa ¥ G g, Lo v

I{QS3 v Tioesz v I;ﬁ_"c’,kg”m) v Iéf;)s,z v §2S,18 :

i, v T i

I(k) , v I(_,l’_l’_l"_l) v I(k) ’ v 25,20

128 .5 2C.,5 2GS 4 Ios2a1 v

Tizs 6 v (Ié”lg v Iélé)s 5 v Irs 22 v

I128,7 v 1-2,5,23 v

Tinsg Vv

Tinso Vv

Iiosi0 v

Ti2s 1 v

T12812 Vv

Tips13 v

- coefficients of € poles computed analytically through Mellin-Barnes representation;
finite parts computed numerically
- whole computation checked numerically through sector decomposition



Poles cancel

thanks to KLN theorem, all € poles must cancel out of
po = [ {aoive [ [aokipr-aoiiige] s [ faolide ([ aoki )M}
m 2 1 1 €=

@ checked the cancellation of 1/€* and |/€3 poles for any number of jets,
i.e. for any m

@  checked the cancellation of all € poles for m=2 ete” — qq, H — bb

_|_

Q@  checked the cancellation of all € poles for m=3 e"e~ — qqg



H —bb

@ double virtual contribution at u° = m?

doVV _ — (as(/ﬂ)) doB

H—bb — o H—bb

/8 w2 17 2Crne] 1
— CaC i —
+_(9+12)AF+(2 W)F 9 L?

/0961 13(3 109 2, 65Ceni] 1
- CaC 7 _ox2_14 -
+ ( 216+ 5 ) A F+< 3 2 C3) + 08 | <

2C2 11Ca C C 1
{ 4F+( ACE L gc2 an>3

€

Anastasiou Herzog Lazopoulos 201 |

@ sum of integrated counterterms at ji° = m7;

2 2 2
A [ s ,u ) B _2CF 11CA Cg 5 Cpne\ 1
Z/d ( ) daH—)bE{ 4 + <_ 4 B 6CF + 2 6_3

I 8 72 17 2Cpne] 1
— — ——)CaC — — 42x% ) C3 —
+-( 9 12) AF+< 2+7T> F+ 0 ]62

/961 13(3 100 _, . 65Cpn;] 1
_ CaC _ 2 L ox? 41403 ) CE — -
+_(216 2)AF+( g Tt C3)F 108 | e

Duhr Somogyi TramontanoTrocsanyi VDD 2015
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W T 17 T T T 1

analytic predictions
- NNLO

X numerical results

Durham clustering at ye, = 0.05

(g.(]:lllllllllllllllllllllllllllll
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— 920 — NNLO [
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~ 15 F
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||

Duhr Somogyi TramontanoTrocsanyi VDD 2015

inclusive decay rate

Durham clustering at yew = 0.05
3 —— I L N
2 F p € 0.5,2]
e 1 e Lo 0O
= N --== NLO @
E o[ e — NNLO @
= w0 WS
a—j@f
o 2
s 1
92
10»7] | 1 I 1 I 1 I 1 I 1 l 1
0.5 0.51 052 053 054 0.55
Eumx/"”l!

highest energy jet pseudorapidity

leading jet energy




et e 3 jets
Q@ double virtual contribution at * =

do¥V = Poles (AéZXO) + Ag1><1>) + Finite (A§2XO> n Ag1><1>)

where

PO/eS(Ag2XO) +Ag1X1)) [ (1(1) (c ))2 50,(1) (6)

q9g ¢ 998

_e (1 —2€) (B
L e r((1 = 6)) ( 60 4 K)Iglq)g(2€) n Hg?g] Ad(14.35.23)

1
+ 218 (€)A3*°(1q. 3¢. 25)

qo _ &7 4cs + 589 112 N+ 1( 41 w2
99E T 4er(1—e) |\ 432 72 )¢ > 54 48
3 72\ 1 19 2 1 7\ n 5
— 33 — — — Ncn — — n?
+< 3 16+4>NC+( 18+36) f+< 54 24>NC+27 f}

Gehrmann-De Ridder, Gehrmann, Glover, Heinrich 2007




et e 23 jets
Poles (AéQXO) + Aglxn) + PolesZ/daA = 117k terms

zero numerically in any phase space point using sector decomposition

zero analytically using symbol technology C. Duhr 2015

Finite Z / do?

we compute finite part of integrated counterterms numerically
and fit numbers with a formula which contains polynomials of

log(yj) and log(1-yj)



3-jet event shape variables

2 3
o= a0+ (*57) B (57 o

Co=Cos5+Coa+ Cos3 is NNLO contribution
RR RV vV

Q Co:5 and Co. have been computed and shown to be finite

Te” —qgggg and ete — qagg G. Somogyi 2006
O=CandO=1[-T

for e

@ Perfect agreement with NLO results for Bo



Thrust

T M > |pi-n sum over all final-state particles i
= Max

> |pi n defines direction of thrust axis nr
by maximising T

T = | for back-to-back jets
T = 1/2 for isotropic distribution of particles (spherical events)

2/3 < T < | for 3-jet events

C parameter

C = 3()\1)\2 + Ao A3 + )\3)\1)

B /1.
where Aq are eigenvalues of O = 2. PiPi /IPi o, f=1,2,3
Zj P
: 3 (i - ps)°
For massless particles (C =3 — — J Q= Zp’j
QZ(pz‘°Q)(pg"Q) ;

t,]
C = 0 for back-to-back jets
C = | for isotropic distribution of (at least 4) jets

0 < C < 3/4 for 3-jet events
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Q@ differences in the 4-jet region
(our computation checked vs.aMC@NLO to |% accuracy)
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Oblateness
> |1 il )
D i |Pil

n defines direction of thrust-major axis nty by maximising Tm
over all directions orthogonal to thrust axis nr

@ thrust major I = maXg.i,—0 <

@ thrust minor T, = i ‘nTm_"pi‘
D Pl

thrust-minor axis N, = nr X N,
defined as orthogonal to both the thrust and thrust-major axes

@ oblateness is the difference between thrust major and thrust minor
O=Ty—-1T,

O = 0 for back-to-back jets
0 < O < 1/4/3 for 3-jet events
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Energy-energy correlation

energy-energy correlation is the normalised energy-weighted cross section
defined in terms of the angle between two particles i and j in an event

1 oy
BEC() = — Y /
a 'L,j

E
sz doe+e— i j+x0(cos x + cosb;;)
0ij = T™— X angle between the 2 particles

Q = centre-of-mass energy
Ei Ej; = particle energies
Ohad = total cross section



Energy-energy correlation
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code performance

RR on one core: 10M PS points in 9hrs
RV on one core: 10M PS points in 31hrs

code runs on 300 cores

RR: to match Weinzierl’s binning we need ~ 15B PS points = ~ 45hrs
RV smooth with ~ 1.5B PS points — ~ 15hrs
VV runs in ~ 2hrs
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Conclusions

we devised a NNLO subtraction scheme for eTe™ — n jets

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

the code can compute any 3-jet event shape at NNLO
extension to jets in hadron collisions in progress

possible improvements on the method!?
. . . Dulat Mistlberger Somogyi,
- finite part of integrated counterterms analytically " =

- more efficient organisation of counterterms Bevilacqua, in progress
- inclusion of external massive fermions



