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Quick Summary of Lectures 1 and 2

Asymptotic freedom allows us to treat hard QCD processes by
using the parton language

Sufbciently inclusive (IR safe) observables can be debned which are fre
of infrared singularities and can be computed in perturbation theory

When initial state hadrons are present collinear singularities appear
that are universal and can be reabsorbed in the PDFs

m=p PDFs become scale dependéntDGLAP equations

The Drell-Yan process (more generally, WI! and Z! |l production) is
the simplest hadron collider process

Only way in which jet data
Jet algorithms should be infrared safessp can be sensibly compared

with perturbative predictions



Outline

o QCD at higher orders -
- NLO corrections to Drell-Yan Lecture 3
- NLO, NNLO and beyond

e Beyond bPxed order: analytic resummations
- transverse-momentum resummation o

e Event generators Lecture 4

- parton showers, colour coherence,
- NLO matching, merging




Higher order calculations

LO (parton model) calculations give only aarder of magnitudefor cross
sections and kinematical distributions

Physical quantities should bmdependenton renormalizationand
factorization scalesut truncation of perturbative series at-order induces a
scale dependence ai+1) order

. uk s ()
Dj = "5 H# bij

n

® F[or the Drell-Yan process (k=0) nd s at LO but also no p

For jet or heavy-quark production (k=2) the scale at which to evaluate
"sis not dePned !

At LO jets are partons: it is only including NLO corrections that we
can distinguish among jet algorithms

81



Higher order calculations

At LO we have ! .o ({pi},HR) = "S(MR)F({pPi})

and if we
change scale

==» The effect increases with k

e N-jet cross section: k=N
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3-jet cross section at hadron colliders
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Higher order calculations

At LOwe have ! o {pi}, M) = "S(MR)F{Pi})

and if we | ol UR |
change scale * © ({pi} bg) = s(uR) 1+ k#o" s(Mr) I a2t F({p})
=4 The effect increases with k o [fb) pp — ttbb + X
6000 5T
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e N-jet cross section: k=N woo b5 MRS M/PTIPTRE
pE = me /PTobTH & |
3000 % M > 100GeV
e tt bk production: k=4 ‘-
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Higher order calculations

At LOwe have ! o {pi}, M) = "S(MR)F{Pi})

and if we | ol = UR |
change scale ' :© ({pi} HR) = s(uR) 1+ k#o" s(URr)In 2 o F{p})

The effeCt InCI’eaSES W|th k NLO scale dependence
determined by LO result

/

'nio ([P}, HR) = s(uR)F({p.}) 1+" s(uR) FO{p}) + ko In

Including NLO corrections the result reads

IJR
Q2
The effect of a scale variation is now compensated

~ 7 and the residual dependence starts at NNLO

Scale variations typically used as a method to esti

perturbative uncertainties (see later)
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NLO corrections to DY

Altarelli, Ellis, Martinelli (1978)

real

virtual % % }wwvw
Real and virtual contributions are separately divergent: we
regularise them by using dimensional regularisation

==» \We work in D=4-2#

In particular we use conventional dimensional regularisation (CDR)
with 2 polarizations for massless quarks a@@lL-# for gluons
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The partonic cross section

The partonic cross section can be computed according to

1
.. _ 5
Bant n = 5= M ap n|7dPS,
2S 1 N
Flux Matrix element squared Phase space
factor
I1n dD ki 2 5 0 + - P A &
dPS, = 210 )" (k2! m2)! (k% (21)P"P p;+ py! "
i=1 ' .
Lorentz invariant phase space Overall four-momentum

element for each bnal state particle conservation
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NLO corrections to DY

At Born level we have Y 0|2:462Q§S(1! " 1." i

b1 4 N,
PZM s=(p1+ p2)° 1 f \

quark charge spin average color average

1 —— d*qg
= M o|2(2")*#* (py + P2 ! 2'#(q° ! Q7

28| ol“(2" )" # (pL + p2! Q) 27)3 (! Q%)

O 11
= 1P (#L! 2) 2= Q¥s
A#2$ Q3(1! "
1D = ® Qq ) Born cross section in D dimensions
' Q2N¢

The cross section fogg! p* ' can be obtained with an additional

factor ! /(3" Q%)
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gg channel: real correctio

s=(p1+ p2)°
M1 K P1 t:(pll Q)Z
Wq Mq u:(p2! q)z

P2 P2 K
pr+tpP2=0g+K

o 322" Qg s 5 Matrix element
M qg 11g|° = N (1! HCr(U7) " s To(Q%,u,t) squared
C
: 2 2
@ un=@tn Yel o+ R UID,

f 1 f

= | 2 —
t=(p! 0 A initial state collinear singular in the soft and
u=(py! q)2 =1 2kp; singularities collinear limit
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Phase space
& q d®! 1k

dPS = (21)D D(p1+ p2~| k' Q)ﬁb_zl (CI ! Q )(2|)D| 12Ek

where d®' Yk = |k|P' 2d|k]|(sin!)P’ *dcos! d! p 3

= (D! 2)/2
map SettingD=4-2#and using d' pi3=; (2(!D 2)/2) we get
(4' ) i ooy, SINHEY 2
= ! K d|k d#
dPS = (@1 QAIKI" * dikI 7

Y

gl Q*=(pi+p! k! Q*=s! 2 slk|! Q°

Debney =(1+cos !)/2 and integrating the delta function we Pnd:

1. 4! | 1 | | ||| [
dPS:8! ° T ")Z'(ll )Y 2y @t y) tdy
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t="1 %2(1! Z2)y

2
u="1 7(1! z)(1! y)

To(Q?%,u,t)=(1 ! !)-

y 1!y 2z

+ + I 2
1y vy (1! z2)2y(1! y)

Collinear singularities correspond t@ 0,1

Integrating over y we obtain:
g
QZ

G = 55 217 (9Ck

z factor coming from
[Bux factor 1/(2s)

=ap Use the identity:

1t z) v = 2—1!"(1! z) + |

a9 2 #

(1! 29 S 1! 2" 7 +2(1 !1 R

Soft pole hidden in

Collinear pole the 2 1 limit
already explicit
1 In(1! z
| 2l ( ) . O(!?)
1 z | 1tz



" 4?2 119

real _ (0)
e 2# (HCr Q2 11! 29
2 2 2 " n(1" 2)" 1+22
1] 1 1 1 1] 2 [ 1]
2 (1" 2z) T Ao, 1" z +4(1+ z9) 1"z 2Inzl -
Double pole to be Real part of
cancelled with virtual DGLAP kernel
virtual correction
1 Double and single IR poles
e = 5 Mun P2#(s! Q) |
S ls 4"p2 "1 (A# B 2 3 2
12 = " - 'S il Su2 2
||V| VIrtl =M OlMl +C.C. = o Q2 '(1#2#)CF ##2### 8+3 |M ol
1] 2 ~
| Vit — _(0)(3(: A a9y E 3! 8+§#2 %1l! z)

B

Q2 (1129 ¥ $ 3
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summing rea
and virtual | "
real + Vit —

2 | |
' a9 g = (0) (HCr e SCEl
2# Q2 (1! 29
2 n(1" z)" . 1+22 I I
!—qu(z)+4(1+ z°) T 2Inz 5t (1" z) "8+ 5#2

+

N\

Cancelled by the factorization counterterm ¢gQ)

==p The Pnal result is:

" In(L! 2)" P 2 70 1+ 22¢
10 = =5C !(O)z 4(1 + 72) (1| z) +$1! z) ! 8+ Z#2 | 2Inz
- +

1 1 >

Soft and virtual terms that give the
dominant contribution aszz! 1

(1! 2)?
yi

Purely collinear contribution originating from the integration from the
¥ factorization scale (g=Q here) to the maximum gallowed by kinematics

gl (1" 2)%Q%/z

Note that at 1 the term in square bracket can be rewritten @Bq4(z) In
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gg channel

01 Only real contribution must be considered
\ 4  The matrix element can be obtained froniM g !!g|2
w through crossing
P2
22" Q2 s t  20Q% 1
M ql2 = ! G911 ATR(W?) " s (1! Z4+ -+ )
| qg! ! q| N ( #9 R(U) S ( #9 t S st 11 4

Minus sign from Cel T 1
fermion crossing F R Additional (1-#) factor due to average over
the polarizations of the initial state gluon

Integrating over the phase space and adding (remember that in CDR gluon and quark

the collinear counterterm we get: have 2(1#) and 2 polarizations, respectively)
W - © (1! 2)° 7,
69 = z! 'V TR (z +(1! 2)?In + —+3z! =z
2# Z 2 1 2
As in the ggchannel this is a purely collinear '\AOte that tre halrdbpartl difffTIfS fﬁ_om )
contribution driven by Ry(z) which is left over }\/Ie ?_”Q:Ir_‘a rhesut yI'Arﬁred!{‘:‘E Is an
after the cancellation of the collinear singularity artinelli, where a slightly different

93 regularisation was used



The size of QCD corrections for the Drell-Yan process depends on the collider
energy and on the invariant mass of the lepton pair

Can be O(50%) at bxed target
experiments and decreases at
higher energies

1000 | 0 ; | -

l |
pCu - u'u'X
phb:BOO GeV
E605 data

~ 5$=238.8 GeV

rrrTrTm

L1 it

q'; 100

IIHH'

The Drell-Yan cross section has,
been measured by a variety of =
experiments with different 2 10
beams, targets and energies

I

| T_TITIUI
A | lllllJJ S J_lllilll

dza/ drdyly-o

Low mass lepton pair production NLO QCD prediction =

at high energies is sensitive to the
small x behavior of PDFs 1 1 l 1 l J 1 |

1 l‘j””l
| AN | -llllll

—
N
w
NN
n

In pp collisions the cross section is sensitive to the
sea quark distributions == complementary information to DIS

QCD coupling is Ravour blind: NLO corrections for W production are the same !
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Dependence on pg=pr=M strongly reduced
Scale dependence when moving from LO to NLO
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NLO calculations

The example we have just seen allows us to compute NLO correctiol
to a specibc observable, the inclusive cross section

The traditional method of analytically computing the amplitudes, theil
sqguare, and the phase space integration does not work for more
complicated processes

The amplitudes can be more efbciently evaluated by using helicity
technigues and then squared numerically

The phase space integrals are also evaluated numerically
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NLO calculations

Additional complication

Real and virtual are affected by different kinds of singularities:

o UV singularities affect only virtual
corrections: removed by renormalisation

IR (soft and collineay singularities: present in both
virtual and real corrections: use dimensional
regularisation (work ind=4-2%) dimensions

Even If the relevant tree and loop amplitudes are known the integ

over unresolved partons cannot be performed analytically whe
arbitrary cuts are imposed !

==» How do we cancel IR singularities ?
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An example: 1 , )
D | = lim X () }F(O)

Suppose you have to calculate 0o X

Where the function F(x) Is too f \

X: energy of a gluon OvirtualO
or angle between contribution

two partons

The two terms are separately diverge#t 0 but their sum is bnite

Phase Space slici Fabricus, Schmitt, Kramer, Schierholz (1981)

Slice the integration region 0<®@sand %x<1
If we chooseéd 1 we can approximate F(x) F(0O)
and write

complicated to perform the integral
analytically

. " dx | 1 dx | "
| ! !|I!m0 F (0) . 7x o YX F (X) —F(O)
- Ldx
= F(0)log! + —F(x) “_ can be computed
X numerically
The approximation relies orfd 1 but if %ds too small the
two contributions are separately large
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Subtraction method

_ _ Ellis, Ross, Terrano (1981)
Rewrite the same integral as

1 dx L dx 1 )
| = lim —x'[F(x)! F(O)]+ F(0) —x'! ZF(0)
't 0 o X 0o X !
N A7
"1 dx Subtraction _
o X cancels out !

The integration can now be done numerically behaviour of the

Both methods require knowledge of F(0) == tmhgtgiﬁ gﬁ;nrergtgiign

The subtraction method does not require to introduce :

IR cut-off and it is the one that is used nowadays

General algorithms available FKS

] _ _ Frixione, Kunszt, Signer (1995)
Their generality relies on the

universality structure of soft and Dipole subtraction
collinear singularities Catani, Seymour (1996)
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NLO automation

For many years the bottleneck has been the computation of the relevant
one-loop amplitudes=p Enormous progress in the last years

P1

Automation of NLO corrections

Combine available methods to
compute real corrections.....

with most efbcient techniques for virtual corrections:

OtraditionalO methods to evaluate tensor and

® :
" scalar integrals
A.Denner, S.Dittmaier (2006,2011)

K, o fully numerical evaluation based on reduction at
the integrand level

G.Ossola, C.Papadopoulos, R.Pittau (2007)

100 K.Ellis, W.Giele, Z.Kunszt (2007)



NLO automation

Unitarity and on-shell methods

MadGraph5 aMC@NLO BlackHat+Sherpa NJet

GoSam+Sherpa Helac-NLO

Numerical off-shell methods

Combine efbciency of the numerically stable tensor-integral reduction with the
automation made possible by a completely recursive approach

OpenlLoops Recola NLOX

Specify process (input card),
dePne cuts/distributions

The problem is Oin principleO sol

101
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NLO automation

Process Syntax Cross section (pb)
Single Higgs production LO 13 TeV NLO 13 TeV
gl  pp— H (HEFT) pp>h 1.593 +0.003 - 101 F348% +L.2%  39614+0.010 - 101 F20-2% +L47%
g2  pp— Hj (HEFT) pp>hj 8.367+£0.003 - 100 F394% +1.2% 1 4924 0.006 - 101 FI8-5% +1.1%
g3  pp— Hjj (HEFT) pp>hijj 3.020£0.002 - 100 F29-1% +14% 51944 0.020 - 100 20T +1.8%
g4  pp— Hjj (VBF) pp>hjj$swrw-z  1.987+£0.002-10° TLTE L% 1900+ 0.006 - 100 FO8% +2.0%
g5  pp— Hjjj (VBF) pPp>hjjj$swrw-z 2824£0005 1071 FI5T% 5% 3085+0.010 1071 F20% +15%
g6  pp— HW* pp>h wpnm 1.195+0.002 - 100 F35% +19% 74194+ 0.005 - 100 *+21% +1.9%
g7  pp— HW*j pp>h wpm j 4.018+£0.003 - 10-1  TI0I% T1.3% 48424 0.017 - 1071 F3.5% +1.2%
g8 pp— HW*jj pp>hwpnj j 1.198 £ 0.016 - 1071 +26-1% +0.8% 1 574 40.014 - 1071 +59% +0.9%
g9 pp—HZ pp>hz 6.468 £ 0.008 - 10~ fi;g?,g?t};i% 7.67440.027 - 1071 fg;g%g t{;g%;
. . —1 +10.6% +1.1% -1 +3.5% +1.1%
gl0 pp—HZj PP>hzj 2.225+0.001 - 10 Too% _osn 2.667£0.010 -10 756% —0.9%
gl1* pp—HZjj pp>hzijj 7.262+£0.012 - 1072 F25:2% +0.7%  8753+0.037 - 1072 F48% +0.7%
g12* pp— HWHW~ (4f) pp>hw u- 8.3254+0.139 - 1073 F39% *29% 1,065 0.003 - 1072 t‘f;g%’; fi;g%g
* -3 +40.7% +1.9% -3 +2.7% +1.7%
g.13* pp— HW=*y pPp>hwpna 2.518 £ 0.006 - 10 T4 iy 3.309£0.011 -10 T90% —1.49%
gl4* pp—> HZW* pp>hzupn 3.763+£0.007 - 1073 F}1% +20%  520240.015 -1072 *T39% +18%
g15* pp—HZZ pp>hzz 2.093+£0.003 - 1073 0% +19%  253840.007 -1072 9% +2.9%
n — 30.0% +1.7% -1 +5.7% +2.0%
g16  pp— Hil pp>ht te 3.579+£0.003 - 10~1  +300% +17% 4 608 +0.016 - 1071 +5.7% +2.0%
gl7  pp— Hij pp>htt] 4.994+0.005 - 102 F24% +1.2% 639840022 - 102 F29% +1.5%
g18  pp— Hbb (4f) pp>hb b 4.983+0.002 - 1071 FT21% 8% 6,085+ 0.026 - 10~1  T7-3% +16%
g19  pp— Hilj pp>htt~j 2.6744+0.041 - 101 6% T26% 39444 0.025 - 1071 T35 +2.5%
g.20*  pp—» Hbbj (4f) pp>hbb~ j 7.367£0.002 - 1072 F356% H18% 903440032 1072 %% F15%

MadGraph5 aMC@NLO: sample from 172 processes
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doy/dn, (fb)

Impact of NLO corrections

QCD dynamics istransverse NLO effects on rapidity
== distributions usually well
1x16® — . . . . approximated by overall K-factor
- s=13 TeV
800000 | NLO

- = = -

<= | epton rapiditydistribution
600000 - LO <

400000 | . Selection cuts:

200000 - p_lrpiss > 25 GeV

0

115 T 1 T 1 T 1 T 1 p?r > 20 Ge\/

I
1.1 —— <]
|

0.95
0.9

0.85 MF — MR —
08 | | | |

-25-2-15-1-05 0 05 1 15 2 2t
Ne

1.05 -
| el < 2.5

1
My -
|

NLO/LO
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Impact of NLO corrections

QCD dynamics istransverse

do/dp; (fb/GeV)

= =
AN <

=
W

Large NLO impact on shape of
i pr distributions

| €= Lepton prdistribution

Selection cuts:

pr'ss > 25 GeVv

In the narrow width p-er > 20 GeV

i 7 i appr(_)xir_nati_on t_he

| | T oo el < 25
i HE = MR = Mw

20 30 40 5|o éo 7|o éo s;o 10C == huge NLO effect

pr (GeV)
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NNLO

LO just order of magnitude
NLO is the Prst order at which a reliable prediction can be obtained

NNLO is the brst order at which one can get
~ 7 areliable estimate of the uncertainty

Moreover: NNLO is the brst order at which all partonic channels contribute

Example: Z boson pair production

N
«<
N

g —— NN\ Z g

A

Yy —— VW Z QWW Z y . Z
NNLO: gg fusion

LO: qq annihilation NLo: g(q;)g channel Quantitatively
7 relevant




Qa

O
K

NNLO: building blocks

O
<O

A

0.0[010/0/0/00)
0,0,0[0[0[0/00) o}

-

00000

00

A

Y

Tree-level amplitudes with two
additional partons ~

One-loop amplitudes with one

additional parton /

(to be evaluated in unresolved

regions where instabilities may arise) /

Two-loop amplitudes==p  currently the
major bottleneck (new class of functions,
charting new territoryE)

+ One-loop squared

Crucial to keep the calculation fully differential: corrections for bducial and
Inclusive rates may be signibcantly different
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NNLO challenges

Tree-level and one-loop amplitudes can be recycled from NLO calculations butE

1) Two-loop amplitudes available essentially only fof 2 processes

- when we start to add legs and/or masses we get into troubles
- exceptions are theittand HH amplitudes (computed numerically)

) Organise the cancellation of IR singularities: broadly speaking there are
two approaches that we can follow:

® Organise the calculation from scratch so as to cancel all the singularities

OAntennaO, OColorful subtractionO, OSectorO decomposition,
OSector+subtractionOE.

Start from an inclusive NNLO calculation (sometimes obtained through
resummation) and combine it with an NLO calculation for n+1 parton process

OgO, OjettinessO, OP2BOE.

Search for an OidealO subtraction method that can be applied as easily as
CS or FKS at NLO is still subject of intense work
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Antenna
dr

N-jettiness

SD/subtraction

Colourful

P2B

I W/Z | H
tot tot

NNLO status

H+jet
Z*jet vy

2jets |
ep : 2jets

_ W+Jet &+
ZH Zz WW WZ |

e'el 3jets

&&.

\{V& HH tt
V\4+jet

Zw  wH  Z&

Wiz A

2] efts
- tot

: ZZ :
& Z+jet Z&

H§+jet e|c5' jet

&&

H” (VBF) HHJJ%(VBF)

e+eI BJets

1991 2002

2005

2007 2009 2011 2013 2015 2017 2019

Most of NNLO results now cross checked with independent methods
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NNLO impact

Impact of NNLO corrections can be

moderate

Example: top-pair production where NNLO effect is typically O(+10%)

Important to reduce
~ 7 perturbative uncertainties

Perturbative uncertainties
estimated through:

Ho/2 < Lk HR < 21

0.5< 1 /ur <2 Ho=m

pp”

tB+ X @ LHC
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NNPDF3.1 PDFs
m; =173.3 GeV

HF = KR = It

NNLO
NLO
LO
{ ATLAS + CMS
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NNLO impact

Larger effects are obtained when NLO corrections are also large

Example: WZ production where a radiation zero in the dominant helicity
amplitude at Born level is broken by real radiation

NLO effects typically cjg
-7 of O(+80%)
NNLO impact O(+20%)
9

50

40

30

20

10

1.4
1.2

T | T T T I T T T I T T T I T T T I T T T
ATLAS

Wzl

— e ATLAS y{s=13TeV (m__ 66-116 GeV), 3.2 fb"

Z-ll

— A ATLAS V{s=8TeV (m__ 66-116 GeV), 20.3 fb"

Z-l

—® ATLAS Vs=7 TeV (m,  66-116 GeV), 4.6 fb”
— Vv DO Vs=1.96 TeV (m,  60-120 GeV), 8.6 fb”

Z-ll

& CDF {s=1.96 TeV (corr. tom_ 60-120 GeV), 7.1 fb™

Z-l

|IIII|IIII|III |I 11

= MATRIX NNLO, pp—>WZ (m, 66-116 GeV)
NNPDF3.0, p_=p_=(m, +m,)/2

= MCFM NLO, pp—»WZ (m,_  66-116 GeV)
CT14nlo, HR=HF=mwz/2

& = =MCFM NLO, pp—WZ (m,_ 60-120 GeV) E
- CT14nlo, y_=p_=m,,/2 7
| 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 | 1 1

T 3( L R L L AL B AL L

% - =

] -I ] | ] I- ] I- -l ] -I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 | 1 :
2 4 6 8 10 12 14

Vs [TeV]
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NNLO impact

Larger effects are obtained when NLO corrections are also large

Example: WZ production where a radiation zero in the dominant helicity
amplitude at Born level is broken by real radiation

NLO effects typically fg 50

7 of O(+80%) .
NNLO impact O(+20%)

20

10

0

Q 14

< 12

o

T | T T
ATLAS
WZ-shvil

— A ATLAS Vs=8TeV (m
— m ATLAS Vs=7 TeV (m
v DO Vs=1.96 TeV (m

— e ATLAS Vs=13TeV (m__66-116 GeV), 3.2 fb"

& CDF Vs=1.96 TeV (corr. to m_ 60-120 GeV), 7.1 fb"

Z-ll

, ,,66-116 GeV), 20.3 fb™
, ,66-116 GeV), 4.6 fb™
60-120 GeV), 8.6 fb™

Z-ll

Z-l

= MATRIX NNLO, pp—>WZ (m, 66-116 GeV)
NNPDF3.0, p_=p_=(m, +m,)/2
= MCFM NLO, pp—»WZ (m,_  66-116 GeV)
CT14nlo, uR=uF=mwz/2
=MCFM NLO, pp—»WZ (m_ 60-120 GeV)

Z-l
CT14nlo, =t =My/2
I 1 1 1 I 1 1

IIII|III|I |IIII|II

NNLO clearly improves data-theory agreemen
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NNLO: deployment of results

NNLO computations are generally rather expensive (may need up to )10
CPU hours for a production run): most results obtained througihivate codes

e [ast tool for total cross sections and repository for differential distributions

=p Top-quark pairs Czakon et al.
N
. . . . ~ i B
® Applegrid (fast interpolation grids) f(z) = ;f Ez(“’e\
=) makes use in PDF bts possible nodes 7 Interpolation kernels

Process specibc: FEWZ, DYNNLO,

o Public codes for limited HNNLO, 2 &NNLO, proVBFHE
sets of processes

General purposeMCFM, MATRIX
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N3SLO

Even more complicated integrals: much less known

For some benchmark processesINO can lead to a reduction of theoretical
uncertainties and increase our conbdence on the perturbative convergence

First N3LO result was obtained
for inclusive Higgs production

O(105) diagrams
O(103) master integrals

)

This result is at the core of the
reference prediction for the
ggH cross section




N3SLO

Recently various new results have been achieved

rapidity distribution in Higgs production

Fully differential Higgs production
(gr subtraction)

H! bb (N-jettiness+P2B)
Inclusive bd H

Inclusive H and HH Iin VBF

Dulat, Mistlberger, Pelloni (2019)

Cieri et al (2018)

Mondini,Schiavi,Williams (2019)

Duhr, Dulat, Mistlberger (2019)

Karlberg, Dreyer (2018,2019)

| expect the major impact of BLO In the near future could be In th
description of the Drell-Yan process where the data are alread

extremely precise and #ILO could help constraining therp
distribution at low p
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Perturbative uncertainties

| (P1,P,) = dxodxof iyn , (X1, ME ) im , (X2, M8 )B5 (P1, P2, " s(HR), Q% HE , UR)
L]
If the calculation could be done to all orders, the cross section would not depen

on r and 1t (for example: the g dependence of the parton distributions would be
exactly compensated by that of the partonic cross section)

Truncating the perturbative expansion at a given order n, the hadronic cross
section has a residual scale dependence of order n+1

Variations of |k and |r around a central scalegican give an idea of the
¥ size of uncalculated higher order contributions

Choose gand vary |t ur Within
O7-point scale variationO

o2 <!ElrR< 20 0.5<! g/l R <2

Constraint introduced to avoid

large In terms
114 g€ 1N Kk



Perturbative uncertainties

Issues:

How should we choosedf Simple for processes and observables when
® only one hard scale Q is present (then+Q) but not so simple when

disparate scales are present .
P P Example: ttproduction

Ho ~H1/2=1/2(mrt+mry) works for
e Interpret scale variations the most relevant observables

Effect of scale variations should not be taken as uncertainty without further
Investigations

For example: compare highest available order (say NNLO) with previous orde
(say NLO)

If the difference NNLO-NLO is larger than effect of
NNLO scale variations

==p Take such difference as uncertainty
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Higher order summary

LO

NLO

NNLO

N3LO
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