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Expectations at LHC

» Large production rates for
Standard Model processes

single jet inclusive and differential
di-jet cross section will be
measured to per cent accuracy

» Allow precision determinations

strong coupling constant

parton distributions

» Provided theory description is
known to the same precision:

NNLO
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Inclusive jet and dijet cross sections
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» Data can be used to constrain parton distributions

NNLO parton distribution fits currently include DIS structure functions
and inclusive Drell-Yan cross sections

Inclusion of jet data in NNLO parton distribution fits requires NNLO
corrections to jet cross sections
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NNLO calculations

» Require three principal ingredients (here: pp — 2j)

4

» Challenge: combine contributions into parton-level generator

two-loop matrix elements

explicit infrared poles from loop integral
known for all massless 2 — 2 processes

one-loop matrix elements

explicit infrared poles from loop integral

and implicit poles from single real emission
usually known from NLO calculations

tree-level matrix elements

implicit poles from double real emission
known from LO calculations

Infrared poles cancel in the sum
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» need method to extract implicit infrared poles
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NNLO calculations

» Solutions
sector decomposition: expansion in distributions, numerical
integration
applied to NNLO corrections to Higgs and vector boson production

subtraction: add and subtract counter-terms: process-
independent approximations in all unresolved limits, analytical
integration

several well-established methods at NLO

qr subtraction at NNLO applied to Higgs and vector boson
production, associated H+WV production, diphoton production

antenna subtraction at NNLO for jet observables in e*e” collisions
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NNLO methods: new developments

» sector decomposition combined with subtraction

use sector decomposition to compute integrated subtraction
terms numerically
applied to top quark pair production

» non-linear mappings
applied to Higgs decay into bottom quarks

applied to Higgs production in botton fusion

» This talk:

NNLO antenna subtraction for jet observables in
hadronic collisions
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NNLO Subtraction

» Structure of NNLO m-jet cross section at hadron colliders

. ~RR ~ S
donNLO = / (dénrro —d6RnLo)
d®m 12
ARV ~VS ~MF,1
+ / (dUNNLO —doniro + dUNNLO)
d® 41

~VV ~MF,2 ~S ~ VS
+/ (dUNNLO + dUNNLo) +/ doNnLo +/ don'Nro
d®,, d®,, 42

d®,, 41
» with:
1 1 1 . ~RR ~ RV ~VV
Partonic contributions:  d468%,,  d6k% .,  dok¥%.o
Subtraction terms for double real radiation: Ao Nro
Subtraction terms for one-loop real radiation: déx3R 0
. ~MF,1 ~MF,2

Mass factorization terms: donnTo donnTo

» Challenge: construction and integration of subtraction terms
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Antenna subtraction

» Subtraction terms constructed from antenna functions

Antenna function contains all emission between two partons

m+1

NLO subtraction term ~ -
d&fmo :/dq)mﬂ(pl,---,pm+1;Q)ZX%k\Mm‘Qquzm)(pla---,pI,pK,---,PmH)
Phase space factorization J
dPpy1(P1s- -3 Pmy1:q) = APy (p1y- -, D1, DKy - -+ Pmt15 Q) - AP x,,, (Pis P Pri DI + DEc)
Integrated subtraction term X, = /dcbxiijijk
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Antenna functions

» Colour-ordered pair of hard partons (radiators)
quark-antiquark pair
quark-gluon pair
gluon-gluon pair

» NLO

Three-parton antenna: one unresolved parton X;°

» NNLO

Four-parton antenna: two unresolved partons X,°

Three-parton antenna at one loop: X;'
Products of NLO antenna functions: X;%X,°

Soft antenna function S
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Antenna subtraction: incoming hadrons

» Three antenna types

Final-final antenna

G ><>€<1

Initial-final antenna

k

Initial-initial antenna /
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Initial-initial antenna functions

» are crossings of final-final antennae: four-parton case

quark-antiquark antennae

A A%@.5.9.9). AY@.9.9.9), 43(3.9.9.7). A3(¢.9,9,7)
A 4(qgg, ), A%(d.9,9.2), A3(¢,5.9,9)

BY  BY.4q.7.9), BY@.¢.7.7), B)(¢,4.7.7)

¢y @999, 37379, Ce,3.3:9)", C¥(¢,3,3,7)"

quark-gluon antennae

DY  DY(q.9.9.9), D3(@.9.9-9). DY(¢.9.9.9), D9(4,9,9.9)
EY  E}q.d.7.9), S(QA A) EY(¢.4,7.9), E}(¢,.4.,7,9)
EY  E)§4.7.9), EY(3.4.7,9), E(¢.4,T.9), EY(q,d,T,3)

gluon-gluon antennae

E)  F)9.9.9.9), F2(39.9.7.9)

Gy GY9.4.%9). G39.4:4.9), G3(7.4.7.9). G3(9,70. 7, 9)
G G%3.4.9.9), G3(9.4..9). G3(9.3.7.9)

H  HYG3.4.7), H)(3,9,¢.7)
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Integrated NNLO antenna functions

» Analytical integration over unresolved part of phase space only
phase space integrals reduced to masters
Final-final: ¢ — /1 + ko + k3(+ky), one scale: g?
| — 4 tree level (4 master integrals)
| — 3 one loop (3 master integrals)

Initial-final: ¢ + p1 — k1 + k2(+Fk3), two scales: g2, x

2 — 3 tree level (9 master integrals)
2 — 2 one loop (6 master integrals)

Initial-initial: p1 + p> — ¢ + ki (+k2), three scales: g2, x,, X,
2 — 3 tree level (20 master integrals)

2 — 2 one loop (5 master integrals)
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Integrated initial-initial antennae

» Tree-level antenna functions X,°
Kinematics: p1 +p2 — g+ Ek; + kg
Phase space factorization

APy io(k1y ..o k2 p1op2) = d®p (k.o ki kiy oo oy K1 211, T2p2)
(5(33‘1 — SAUl) 5(1‘2 — 3?‘2) [dk‘j] [dl{k] d.ﬁUl dw’g

1

X <S12 — Sj2 — Sk2 S12 — S1j — S1k — Sj2 — Sk2 T Sjk> °
1 p—

512 $12 — 815 — S1k

=

% (812 — 815 — S1k S12 — 815 — S1k — Sj2 — Sk2 + 5jk> ?
2 p—

512 512 — $42 — Sk2

Fix x,,%, by imposing collinear limits; Lorentz boost to frame

with .

x1p1 + T2p2 — q ; i =q°

Integration: 2— 3 particle phase space with x;,x, fixed
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Integrated initial-initial antennae

» Integration of tree-level antenna functions X,°
Express phase space integrals as masters with x,,x, fixed
Distinguish

Hard region x,x, # |: transcendentality 2

Collinear regions x,=1,x,#1 or x,#l,x,=1: transcendentality 3

Soft region x,=x,=1: transcendentality 4

Determine master integrals from differential equations in x,x,

Antenna functions with secondary fermion pair: |0 masters

Full set of antennae now completed: contains 20 masters

» Integrated initial-initial antennae all known: X;%,X,!,X,°
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Jet production at NNLO

Double real radiation at NNLO for pp — 29
» Contributions from all tree-level 2 — 4 processes

» Test case: g — Gggg

2
dO'R — N2Norn(%> d(I) P3,...,DP65P1,D
NNVLO vorn \ 2 (P3 63 P1, P2) Q1110074111009 9 70
=)
2 A oA L 4
E Z A2<1972ga7’97]g7kgal9>°]2( ><pl77pl) §66'6'6'6'6'6'6'6'6\
" P(i,j,k,1) €(3,4,5,6) 066666666
2 AL A 4 2
+5 > A1 iy 29, g kg 1) IS (piy . p)  T6G6G66GGGCY GEGEEGEGEC
" P(i,j,k,01)€(3,4,5,6)
2 ~ L. A 4
+E Z Ag(lgﬂg?jg?zg?kg?lg)‘]é )(piv"'>pl)>

PC (i>j7kal)€(3>47576)

three topologies according to initial state gluon positions
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Antenna subtraction for gg — gg at NNLO
» Double real radiation: gg—gggg

Subtraction terms involve only gluon-gluon antennae in all
three configurations (initial-initial, initial-final, final-final)

F} for colour-connected double unresolved limits

N

0. 0 . o
I3 - F3 for oversubtracted single unresolved limits and
colour unconnected double unresolved limits

Fy - S for large-angle soft gluon radiation

0 : .
F3 for single unresolved limits

» antenna subtraction terms constructed, implemented and
tested in all unresolved limits
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Integrated double real subtraction terms

» Integrated antennae combine with either real-virtual
(m+1| partons) or double virtual (m partons) channel

/d<bm+2 dUJSVNLo = /dq)m-l-l/dUNNLO_'_/d(I) /d J%JQVLO

one-particle integrals
S,1 , 0 2 0 770 2 0 2
/dUNNLO contains F3 ‘Mm+1‘ F3 kb3 ‘Mm| S Fy ‘Mm|
1

two-particle integrals

0 2 0 0 2
/da}s\}’?\mo contains '7:4 |Mm| ]:3 ®]:3 |Mm|
2

» Integrated antennae depend on momentum fractions x,,X,
of initial state partons

|6 Aude Gehrmann-De Ridder HP2.4 Munich



Jet production at NNLO
Real-virtual radiation at NNLO for pp — 2J

» Contributions from all one-loop 2 — 3 processes

» Test case: §g — ggg COGGG006T6066 6060
§ 86'6'6'6"
. g\ 2 S
dUJ]\%I%LO =N* Niorn (%) d@g(pg,...,p5;p1,p2)< E §
66GGYGGGGGGEGGGCY 6660
2 2 A . . 3
3! Z Aé(lg»QQngan»kg)Jz( )(piapj,pk)
" P(i,5,k)€(3,4,5)
2 S A . 3
+ 3! Z A%(197297297397k9)J2( )(pi7pj7pk)>
" P(i,5,k)€(3,4,5)

two topologies according to initial state gluon positions

one-loop matrix elements contain explicit infrared poles
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Real-virtual subtraction for gg—gg

» Single unresolved limit of one-loop amplitudes

7 unresolved

Loop,,+1 — Splitiree X LoOpy, + Splitioep X T'reey,
» Accordingly: Splitice — ka Splitioop — X

dO_]‘\//:‘]S\[%O =N d®y,+1(p3; - - - s Pmt33 P15 D2) Z X??’MEZLQF Jf'gn,m) (p3.
J

+N d@m+1(p3,---,pm+3;p1,p2)z X3 !M(O+2|2 I (ps,
J
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Real-virtual subtraction for gg—gg

» Structure of subtraction term do )%, = do X, Nro T da}\/nsv’%o

d VSCL . . .
OCNNLO approaches dUNNLo in all single unresolved limits

VS,b . T
do n'N1.o removes oversubtraction of explicit and implicit poles

donnro =N AP i1(ps, .. Pmts; P1.p2) ZX:?(SM) ZX:(;)\Mm+2\2 Jim)
ik

such that:

. ~MF,1
Poles (dUNNLo dUNNLo /d ONNLO dUNNLO) =0

strong check on explicit pole cancellation in real-virtual
channel
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Real-virtual subtraction for gg — gg

» Check of the subtraction terms
choose scaling parameter x for each limit
generate phase space trajectories into each limit
require reconstruction of two hard jets
compute ratio (matrix element)/(subtraction term):| Mz | /Sierm

Example: soft limit: S;; =~ S

10000

T T
#phase space points = 10000 x:1 0t /=

i 71 outside the plot L X=107 — M . .
° * Ratio approaches unity in
all unresolved limits
al | * Strong check on

_ implementation of
k i subtraction terms

2000

| | ol

! . L
0.99996 0.99998 1 1.00002 1.00004
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Jet production at NNLO

Double-virtual radiation at NNLO for pp — 2
» Contributions from all one-loop 2 — 2 processes
» Test case: gg — gg

~ e\ 2 6200000002606000007 0>
do X o =N? Nyorn (—S) dq’3(p3jp4;plap2)< Gé Oé Gé

21

2T

(19999
6660066
6666666

2 ~ oA 2
2! Z Ai(lgazgvzgng)’]é )(pi’pj)
" P(i,5)€(3,4)

1 A . A . 2
+§ Z AZ(197297297]9)‘]2( )(pi’pj)>

© P(i,5)€(3,4)

S S S
GV 6660606y 6666660y 6

two topologies according to initial state gluon positions
contains (two-loop*tree) and (one-loop)?

explicit infrared poles up to I/e* from loop integrals
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Double virtual channel

» Explicit poles of double virtual contribution cancel with

integrated double real subtraction terms

/2 0052 oftheform  Fi|Mn[?  FS @ F My [

integrated one-loop subtraction terms

/da}\/]}g\,LO of the form ]:?} |Mm|2 -7:?? |Mm|%l
1

f R . d MF72
Mmass ractorization counter terms ONNLO

In all three configurations (final-final, initial-final, initial-initial)
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Double virtual channel

» For purely gluonic contributions to pp — 2j, we obtain

Poles (d&]‘\/fKLO T /d6]%]2VLO + /d&x}g\mo + dC}%ﬁfo) =0
9 1

» Highly non-trivial check of analytic cancellation of infrared
singularities between double-real, real-virtual and double-
virtual corrections

» Proof of principle for NNLO antenna subtraction method
applied to hadronic collisions
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Conclusions

» NINLO antenna subtraction method generalized to hadronic
collisions

completed analytic integration of all antenna functions for one or two

partons in the initial state: full set of integrated antennae now available in
all configurations

» Proof-of-principle implementation for g9 — gg contribution
to PP — 2
subtraction terms in double real and real virtual channel
constructed and implemented
observe point-wise convergence for matrix element/subtraction term
Double virtual channel
observe analytical cancellation of all infrared poles

» Parton—level generator : In progress
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