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Theoretical Framework
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3 partonic cross sections d�̂ ij

3 running coupling � s (� R )

3 parton distributions f i (x; � F )

3 renormalization/factorization scale
� R , � F

3 jet algorithm + parton shower + hadro-
nisation model + underlying event + ...
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Theoretical Uncertainties

- Missing Higher Order corrections (MHO)
- truncation of the perturbative series
- often estimated by scale variation - renormalisation/factorisation

3 systematically improvable by inclusion of higher orders
3 systematically improvable by resummation of large logs

- Uncertainties in input parameters
- parton distributions
- masses, e.g., mW , mh , [m t ]

- couplings, e.g., � s (M Z )

3 systematically improvable by better description of benchmark processes

- Uncertainties in parton/hadron transition
- fragmentation (parton shower)

3 systematically improvable by matching/merging with higher orders
(3 ) improvable by estimation of non-perturbative effects

- hadronisation (model)
- underlying event (tunes)
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Partonic cross sections
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NLO QCD

3 NLO QCD is the current state of the art

NNLO QCD

3 provides the �rst serious estimate of the theoretical uncer tainty

3 rapid development with many new results in past couple of years

NLO EW

3 naively similar size to NNLO QCD

3 particularly important at high energies/pT and near resonances

N3LO QCD

3 recent landmark results for Higgs production
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Anatomy of a Higher Order calculation

e.g. pp to JJ at NNLO

3 double real radiation matrix elements d�̂ RR
NNLO

: implicit poles from double unresolved emission

3 single radiation one-loop matrix elements d�̂ RV
NNLO

: explicit infrared poles from loop integral
: implicit poles from soft/collinear emission

3 two-loop matrix elements d�̂ V V
NNLO

: explicit infrared poles from loop integral

d�̂ NNLO �
Z

d� m +2

d�̂ RR
NNLO +

Z

d� m +1

d�̂ RV
NNLO +

Z

d� m

d�̂ V V
NNLO
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Anatomy of a Higher Order calculation

e.g. pp to JJ at NNLO

3 Double real and real-virtual contributions used in NLO calculation of X+1 jet

Can exploit NLO automation

. . . but needs to be evaluated in regions of phase space where extra jet is not
resolved

: Two loop amplitudes - very limited set known

. . . currently far from automation

: Method for cancelling explicit and implicit IR poles - overlapping divergences

. . . currently not automated
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IR cancellation at NNLO

3 The aim is to recast the NNLO cross section in the form

d�̂ NNLO =
Z

d� m +2

h
d�̂ RR

NNLO � d�̂ S
NNLO

i

+
Z

d� m +1

h
d�̂ RV

NNLO � d�̂ T
NNLO

i

+
Z

d� m

h
d�̂ V V

NNLO � d�̂ U
NNLO

i

where the terms in each of the square brackets is �nite, well b ehaved in the
infrared singular regions and can be evaluated numerically.

: Much more complicated cancellations between the double-real, real-virtual and
double virtual contributions

: intricate overlapping divergences
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NNLO - IR cancellation schemes

Unlike at NLO, we do not have a fully general NNLO IR cancellation scheme

: Antenna subtraction Gehrmann, Gehrmann-De Ridder, NG (05)

: Colourful subtraction Del Duca, Somogyi, Trocsanyi (05)

: qT subtraction Catani, Grazzini (07)

: STRIPPER (sector subtraction) Czakon (10); Boughezal et al (11)
Czakon, Heymes (14)

: N-jettiness subtraction Boughezal, Focke, Liu, Petriello (15)
Gaunt, Stahlhofen, Tackmann, Walsh (15)

: Projection to Born Cacciari, Dreyer, Karlberg, Salam, Zanderighi (15)

Each method has its advantages and disadvantages

Analytic FS colour IS colour Azimuthal Approach

à Antenna 3 3 3 8 Subtraction
Colourful 3 3 8 3 Subtraction
qT 3 8 (3 ) 3 — Slicing
STRIPPER 8 3 3 3 Subtraction

à N-jettiness 3 3 3 — Slicing
P2B 3 3 3 — Subtraction – p. 8



What to expect from NNLO (1)

3 Reduced renormalisation scale dependence

3 Better able to judge convergence of perturbation series

3 Fiducial (parton level) cross sections. Fully differential, so that experimental cuts
can be applied directly

3 Event has more partons in the �nal state so perturbation theo ry can start to
reconstruct the shower
à better matching of jet algorithm between theory and experiment

LO NLO NNLO
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What to expect from NNLO (2)

3 All channels present at NNLO

LO NLO NNLO

gg gg, qg gg, qg, qq
q�q q�q, qg q�q, qg, gg

3 Better description of transverse momentum of �nal state due to double radiation
off initial state

LO NLO NNLO

3 At LO, �nal state has no transverse momentum
3 Single hard radiation gives �nal state transverse momentum , even if no

additional jet
3 Double radiation on one side, or single radiation of each incoming particle

gives more complicated transverse momentum to �nal state
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Inclusive pT spectrum of Z

pp ! Z= � ! `+ ` � + X

: large cross section
: clean leptonic signature
: fully inclusive wrt QCD radiation
: only reconstruct `+ , ` � so clean and
precise measurement

: low pZ
T � 10 GeV, resummation required

: pZ
T � 20 GeV, �xed order prediction

about 10% below data
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Inclusive pT spectrum of Z
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3 NLO corrections � 40 � 60%

3 signi�cant reduction of scale
uncertainties NLO ! NNLO

3 NNLO corrections relatively �at
� 4 � 8%

3 improved agreement, but not enough

3 Note that for 66 GeV < m `` <
116 GeV

� exp = 537:1 � 0:45%� 2:8% pb

� NNLO = 507:9+2 :4
� 0:7 pb
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Normalised Z pT spectrum
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3 Much improved agreement

3 luminosity uncertainty cancels

3 dependence on EW parameters
reduced

3 dependence on PDFs reduced
à study
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 + J production

Campbell, Ellis, Williams (16,17)

3 Frixione isolation for photon

3 Signi�cantly reduced scale dependence at NNLO

8 Not good agreement in shape or normalisation
– p. 14



 + J production

Campbell, Ellis, Williams (16,17)

3 Uncertainties estimated to be few
percent (scale, PDF, isolation)

3 EW effects negative at large p
T

3 EW corrections improve shape

3 Overall normalisation off, but large ex-
perimental uncertainties
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Ratio of (  + 2J)/( +1J) distributions

Campbell, Ellis, Williams (17)

R2=1(p
T ) =

� 2
s

P n 2
k =0 d� ( k )

 +2 j =dp
T

� s
P n 1

k =0 d� ( k )
 +1 j =dp

T

3 EW effects largely cancel in ratio

3 RNLO
2=1 � LO (  +2 j )

NLO (  + j )

3 RNNLO
2=1 � NLO (  +2 j )

NNLO (  + j )

3 Reduced scale dependence

3 Good agreement with CMS data

3 Can be improved by including NNLO
 + 2 J when available
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Ratio of (Z+J)/(  +J) distributions

Campbell, Ellis, Williams (17)

RZ= (pT ) =
d� ` + ` � + j + X =dpT

d�  + j + X =dpT

3 Correlated scale uncertainty largely
cancels

à Uncorrelated scale uncertainty still
leads to reduced scale dependence

3 Good convergence - NLO uncertainty
band includes NNLO central value

3 Small PDF uncertainty
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Ratio of (Z+J)/(  +J) distributions

Campbell, Ellis, Williams (17)

3 EW corrections partially cancel in the
ratio - still 7% in highest bin

3 EW effects improve shape

3 Plateau at high pT anticipated by
considering Z= couplings and PDF's

à Integrated cross section above pT

cutoff (314 GeV)

R(CMS )

= 0 :0322 � 0:0008(stat ) � 0:0020(syst )

R(NNLO + EW )

= 0 :0348 +0 :0012
� 0:0013 (scale) +0 :0004

� 0:0004 (pdf )
+0 :0006
� 0:0006 (iso) +0 :0012

� 0:0012 (� EM )
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Inclusive W+1 jet production

Boughezal, Focke, Liu, Petriello (15,16)

3 Important for calibrating missing pT

3 Large NLO corrections � 40%

à due to new partonic con�gurations
soft/collinear W radiation from dijet
event

3 Relatively small NNLO corrections

3 Signi�cant reduction in the scale un-
certainty
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Exclusive W+1 jet production

Boughezal, Focke, Liu, Petriello (15,16)

3 Requiring only one jet eliminates the
new con�gurations and leads to more
moderate NLO effects � 20%

3 NNLO effects still moderate

3 ... with reduced scale uncertainty

– p. 20



W+1 jet HT distribution

Boughezal, Focke, Liu, Petriello (15,16)

3 Giant NLO effects

3 NLO scale uncertainties are approximately � 30% for H T > 1 TeV

3 NNLO corrections better behaved, but still sizeable in inclusive case

3 NNLO scale uncertainties still � 15% for H T > 1 TeV

3 Can be improved by merging with NLO W+multijets
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Boosted W+1 jet production

Boughezal, Focke, Liu, Petriello (15,16)

3 boosted event - jet pT > 500 GeV

3 � R jW > � is LO con�guration

3 NLO extends the range of � R jW to
lower values

3 in�uenced by dijet production with
emission of soft W

8 no strong enhancement for W
emitted collinear to a jet

3 NNLO effects are effectively NLO
below � R jW � �

3 lepton is emitted preferentially along
the W direction so that � R j` distribu-
tion is similar
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Summary

3 NNLO QCD calculations available for all V+jet processes

Process slicing subtraction

Z+J 3 3
 +J 3
W+J 3

: All calculations are parton level and compute �ducial cross sections

— codes are complicated to use and typically require signi�ca nt CPU resource

: Shows anticipated features of NNLO calculations - reduction of scale
uncertainty, stabilisation of perturbative series, etc

— serious study of choice of scales and pdf uncertainties in progress

: NNLO is emerging as standard for high statistic benchmark processes and will
lead to improved pdfs etc, further reducing theory uncertainty

: EW corrections important at large pT , H T , . . . typically improving the shape of the
prediction
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