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Abstract

In this paper. we will develop the perturbative framework for the calculation of hard-scattering
processes. We will undertake to provide both a reasonably rigorous development of the
formalism of hard-scattering of quarks and gluons as well as an intuitive understanding of the
physics behind the scattering. We will emphasize the role of logarithmic corrections as well as
power counting in &g in order to understand the behaviour of hard-scattering processes. We will
include ‘rules of thumb’ as well as “official recommendations’, and where possible will seek
to dispel some myths. We will also discuss the impact of soft processes on the measurements
of hard-scattering processes. Experiences that have been gained at the Fermilab Tevatron will
be recounted and. where appropriate. extrapolated to the LHC.

(Some figures in this article are in colour only in the electronic version)

goal is to provide a reasonably global picture

of LHC calculations (with rules of thumb)
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Abstract

In this article, we review some of the complexities of jet algorithms and of the resultant comparisons of
data to theory. We review the extensive experience with jet measurements at the Tevatron, the extrapolation
of this acquired wisdom to the LHC and the differences between the Tevatron and LHC environments.
We also describe a framework (SpartyJet) for the convenient comparison of results using different jet
algorithms.
© 2007 Elsevier B.V. All rights reserved.
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Towards Jetography explain it in 60 seconds

GAVIN P. SALAM

JBIS are sprays of partidles that fly out from certain high-energy
collisions—for instance, from viclent collisions of protons

LPTHE, UPMC Univ. Paris 6,

. and antiprotons at Fermiab's Tevatron accelerator, or in the similar
CNRS UMR 7589’ 75252 Paris 05’ France proton-proton collisions that will take place at CERN's Large
Hadron Colider.
These collisions create very energetic quarks and gluons; as they
Abstract travel away from the collision point, they emit more gluons, which
can split into even more gluons. This results in a relatively narrow
As the LHC prepares to start taking data, this review is intended to provide a cascads, or jet, of parficles. :
QCD theorist’s understanding and views on jet finding at hadron colliders, including In the last stage of jet creation, quarks and gluons combine to
devel Mv h is that it will both . for th form particles such as protons, pions, and kaons. By measuring
rec«_ant evel opment?. v hope is that it wi .serve oth as sf.prlmer or the lllewcome:r — cis, physicisis can detesmine the properiies of ajed;
to jets and as a quick reference for those with some experience of the subject. It is and thus the details of the callision that produced it. Scientists
devoted to the questions of how one defines jets, how jets relate to partons, and to expect o see jets in the signatures of Amast every inferesting colfsion
the emerging subject of how best to use jets at the LHC. at the Large Hadron Collider.

The most viclent collisions will produce jets with the highest
momentum, and these can be usad to probe the smalest distances
within the colliding protons, less than one-billionth of a billionth
of a meter. Physicists hope they can use these most energetic jets
to look inside the quarks that make up protons.

{ JoeyHuston, Michigan State University
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“When you're a jet,
you're a jet all the way,
® from your first gluon split
to your last K decay...”
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Five lectures

. Introduction to pQCD-May 10

Higher order calculations-May 17
Parton distributions-May 24
Jet algorithms-June 1

. On to the LHC-June 7




Caveat

® |'m not a theorist
g i

I’'m an
experimentalist;
note the hard-hat

® | don’teven play one on TV

® So my lectures are not going to
be in as much technical detail as
a theorist would

+ because | probably wouldn’t
get the details right

+ and | like the intuitive “rules-
of-thumb” approach better

® But there are references that do
go into such detail, as for
example the book to the right

+ oOften termed as the “pink
book”




We’'ll look back on early LHC trouble in 15 years and laugh

—h —
2 2

| IIIIIIII 1 IIIIIIII | IIIIIIII | IIIIIIII | IIIIIIII T

Integrated Luminosity (fb”)
o <

LHC vs time: a wild guessi...
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u are here (even though it's now 2010); first W’s, first Z
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Understanding cross sections at the LHC

® But before we can laugh, we PR A TAL PA ST XD MR RACTINES
have to understand the ST
Standard Model at the LHC

® \We're all looking for BSM
physics at the LHC

® Before we publish BSM
discoveries from the early
running of the LHC, we want
to make sure that we

measure/understand SM e
cross sections i o
« detector and : e Y
reconstruction algorithms o U I 5% .
operating properly 2wl

+ SM backgrounds to BSM L -
physics correctly taken o §
into account oo «

¢ and, in particular, that ” -
QCD at the LHC is

properly understood



Cross sections at the LHC

® Experience at the Tevatron is LHC parton kinematics
very useful, but scattering at
the LHC is not necessarily
just “rescaled” scattering at
the Tevatron

® Small typical momentum
fractions x for the quarks and
gluons in many key searches

+ dominance of gluon and
sea quark scattering

+ large phase space for
gluon emission and thus
for production of extra jets

+ intensive QCD
backgrounds

¢ oOr to summarize,...lots of
Standard Model to wade 7 N
through to find the BSM X

pony

= (M/14 TeV) exp(zy)

Q* (GeV?)




Cross sections at the LHC

® Note that the data from HERA

and fixed target cover only . A‘;jdv = 2[5 Ghfautor MGz, 0% + 1 <> 2]
part of kinematic range : k
accessible at the LHC LHC parton kinematics
. ) 10° g T
® We will access pdf's down to ., = (W14 TeV) expiay)
109 (crucial for the underlying 0’k Q=M M=10TeV -

event) and Q% up to 100 TeV?

® \Ve can use the DGLAP
equations to evolve to the 10°
relevant x and Q2 range, but...

+ we're somewhat blind in
extrapolating to lower x
values than present in the
HERA data, so uncertainty
may be larger than currently
estimated 10

+ we're assuming that DGLAP
is all there is; at low x BFKL 10" £
type of logarithms may i
become important (more later e o
about DGLAP and BFKL)

107

10°

Q" (GeV?

10°

10°




Understanding cross sections at the LHC

LO, NLO and NNLO calculations
K-factors

“Hard™ Scattering

benchmark cross
outgoing parton sections and pdf
correlations

PDF’s, PDF luminosities
and PDF uncertainties

proton proton

underlying event underlying event
initial-statc

underlying event radiation
and minimum

bias events

final-statc

radiation Sudakov form factors

outgoing parton

jet algorithms and jet reconstruction
I'll try to touch on all of these topics in these lectures.

Most experimenters are/will still mostly use parton shower
Monte Carlo for all predictions/theoretical comparisons
at the LHC. I'll try to show that there’s more than that.



Some definitions

“Hard” Scattering

outgoing parton

proton proton

underlying event underlying event
initial-statc

: radiation
final-statc

outgoing parton radiation

Dictionary of Hadron Collider Terminology

EVENT

Primary (Hard) Parton-Parton Scattering

Initial-State Radiation (ISR) = Spacelike Showers
associated with Hard Scattering

Underlvina Event

Fraamentation

'z {Colour Reconnections?)

i

Multiple Parton-Parton Interactions: Additional
parton-parton collisions (in principle with

showers efc) in the same hadron-hadron
collision.
= Multiple Perturbative Interactions (MPI)

= Spectator Interactions

The fundamental challenge to
interpret experimentally
observed final states is that
pQCD is most easily applied to
the short-distance degrees of
freedom, i.e. to quarks and
gluons, while the long-distance
degrees of freedom seen in the
detectors are color-singlet
bound states

The overall scattering process
evolves from the incoming long-
distance hadrons in the beams,
to the short-distance scattering
process, to the long-distance
outgoing final states

The separation of these steps is
essential both conceptually and
calculationally



...and a word about jets

Most of the interesting physics calorimeter jet
signatures at the Tevatron and LHC
involve final states with jets of
hadrons

A jet is reconstructed from energy
depositions in calorimeter cells and/or
from charged particle track momenta,
and ideally is corrected for detector ,N

response and resolution effects so »1 nf k! Decays,
that the resultant 4-vector \‘,\\ c; {, (Interactions in
corresponds to that of the sum of the \ ;

original hadrons

\
The jets can be further corrected , for lU (v
hadronization effects, back to the hads li'izatmn

L
parton(s) from which the jet _ .C[': Out of cone

originated,or the theory can be : ;  partons

corrected to the hadron level !

| |
The resultant measurements can be
compared back to parton shower (’) > < i;
P uncle ll‘jl P

Calorimeter
shower

— Magnetic field
| !

predictions, or to the short-distance .
partons described by fixed-order 9
pertubative calculations even



.another word about jets

We pick out from the incident
beam particles, the short-distance
partons that participate in the
hard collision

The partons selected can emit
radiation prior to the short
distance scattering leading to
initial state radiation

The remnants of the original
hadrons, with one parton
removed, will interact with each
other, producing an underlying
event

Next comes the short-distance,
large momentum transfer
scattering process that may
change the character of the
scattering partons, and/or
produce more partons

+ the cross section for this step is
calculated to fixed order in pQCD

proton

underlying event

calorimeter jet

Calorimeter
shower

I
I
plTnf'El Decays,
{

hadl liizatlon

_ ,q, Out of cone

e ”’"“0

“Hard” Scattering

outgoing

final-statc

outgoing parton .
G P radiation

parton

proton

underlying event
nitial-statc

radiation



...still another word about jets

® Then comes another color
radiation step, when many new
gluons and quark pairs are added
to the final state

® The final step in the evolution to
the long distance states involves
a nonperturbative hadronization
process that organizes the
colored degrees of freedom

® This non-perturbative
hadronization step is
accomplished in a model-
dependent fashion

calorimeter jet

Calorimeter
shower

N T J“’ interactions in
r‘\ ¢lf — material,

N 'U'{_ Magnetic field
Vot

\ f“
hadll xi'ization
_ partonjet 141 Outof cone

! partons

“Hard” Scattering

outgoing parton

proton proton

underlying event underlying event
initial-statc

_ radiation
final-statc

utgoing parto iati
outgoing parton radiation



Back to the Standard Model

Leptons Quarks

Elementary Particles

The Standard Model
has been extremely
successful, although
admittedly incomplete.

In these lectures, we're
most interested in QCD
and thus the force

carrier of the strong force
(the gluon) and its
Interaction with quarks
(and with itself).

Start with the QCD
Lagrangian...



The (Classical) QCD Lagrangian

_ B ra,B u describes the interactions of spin
L ___F F +2Qfa(l 7/ _mf)bq]‘,b % quarks with mass m, and
S n flavors “ massless spin 1 gluons

B — I:a A8 —0. 4% — ngCD As AD] field strength tensor derived from gluon field A;
3d term is the non-Abelian term (QCD¥QED)

Acting on the triplet and octet fields, respectively, the covariant derivative is
: C 4C , B : B 4B
(Du) N aﬂ5ab Tig (t Au )a;, ? (Du )CD B au5CD tig (T Aﬂ )CD

The matrices for the fundamental (¢,,8) and adjoint (T,B) representations carry the
information about the Lie algebra

tB’t jBCD4D. TB TC | = jBePTD ; T8 _ l BCD (fBCD is the structure
[ ] 4 [ ] 4 ( ) constant of the group)
5BC
Tr| t°t° |=—=T,6"; t* 5 =C,0_; = =
|: i| 2 ab bc ac CA - Ncolors 3 for SU(3)
TF[TBTC:' — 35BC — CA5BC CF — Ncolors 1 i
2N 3

colors

...thanks to Steve Ellis for
the next few slides



Feynman Rules:

Propagators — (in a general gauge represented by the parameter A; Feynman
gauge is A = 1; this form does not include axial gauges)

i8 _ ,(yll +m o 8, A B -i w a’
Quark Ca o s e Guon W0QQ0F Tidale™a) )
Vertices —
Quark — gluon 3 gluons
A,
Bb qlq "
N Dy
MA gyt 2"" qB’ o BN g + (@) + (@a0'g”]
aa A non-Abelian coupling; not present in QED



Feynman Rules Il

q2
4 gluons % / gt SO g g - g
\ \ -igz fEAC fEnD[gaB gxﬁ _ gwsgﬁx]

g T Tl g - g




pQCD 101 - Use QCD Lagrangian to Correct the Parton Model

® Naive QCD Feynman diagrams exhibit |nf|n|t|es at nearly every turn,
as they must in a conformal theory with no “bare” dimensionful
scales (ignore quark masses for now).***

First consider life in the Ultra-Violet — short distance/times or large
momenta (the Renormalization Group at work):

® The UV singularities mean that the theory

» does not specify the strength of the coupling in terms of the “bare”
coupling in the Lagrangian

» does specify how the coupling varies with scale [o(1) measures the
“charge inside” a sphere of radius 1/y]

*** Typical of any renormalizable gauge field theory. This is one reason why String theorists
want to study something else! We will not discuss the issue of choice of gauge.
Typically axial gauges (7- 4 =0) yield diagrams that are more parton-model-like, so-called
physical gauges.



Consider a range of distance/time scales — 1/u

® use the renormalization group below some (distance) scale 1/m
(perhaps down to a GUT scale 1/M where theory changes?) to sum

large logarithms In[M/u]

® use fixed order perturbation theory around the physical scale 1/u ~
1/Q (at hadronic scale 1/m things become non-perturbative, above
the scale M the theory may change)

renormalization fjxed order renormalization
group group
?
log(1/M) log(1/p) log(1/m,
Short distance Long distance

new physics?? perturbative non-perturbative



Strong coupling constant o

An important component of all QCD cross sections

QED: QCD:  eoa( eeo
J\J‘Q\/\/‘

thyay i a(p’)
Q) 8,

1+&a(p2)|og—2 = 3
2 u’
2

Bo = 3—_
Low resolution: l\{
charge is screened :
by ee-pairs enera@' : : :
High resolution : 9_ o fy gluomcselfm‘ter‘achm‘
char‘ge s blg e N, number of fermions

(OS in QED) N, number of colours

a: (u : ) T: = %,CA =N, colour factors

2y _
0,(Q°) = 2 Q B, < 0forN. <16
1 lDO a, (” ) IOg m 2 — anti - screening Note there can be
charge is spread -out  different conventions,

| borrowed the next positive ferm, since b, <1 by gluons, i.e. at infinite i.e. B, can be defined

few slides from someolr&%ﬁ‘6 b = B, resolution charge is so it's positive, but
in ATLAS, but lost trac : 4 1 very small then b0=+<BO/4n




It's important that the 3 function is negative

An important component of all QCD cross sections

t

_TF NF i Ing CA -

D11 N

gluonicselfinteraction

N, number of fermions

N, number of colours

a: (u : ) T: = %,CA =N, colour factors

Cak VSRS
a.(Q )= - s Q B, <0forN. <16
1 o @, (") log 12 — anti - screening

charge is spread - out

positive term, since b, <1 by gluons, i.e. at infinite

where b = Bo resolution charge is

0
4 very small



o and A

At 1-loop :
33-2N,

a(Q?) = & e b e

1+by a(n?)log —5-
I

pis arbitrary parameter(left - over from renormalisation)
Choose p=A: point where effective coupling becomeslarge

2
A? =p? expA/b, a (1)) or o (u?)= % = 18 "~ "Confinement region":
b, log 1 u= }-2 coupling gets very large
2 A2 .
Therefore: ! ?
a0 (Q?) = 1 __ 1 08 Asymptotic freedom:
: b lo n b lo QL b loa 2 8‘2 unique to non-abelian theories
0 10977+ 5 9“2 0 1997 0.5
0
1 10 10°
Q% >>A%: a (Q%)small — perturbative QCD applicable 1 (GeV)
Q? ~ A? : quark and gluons formbound states »
“soft” “hard"

A is free parameter of theory,
has to be determined by experiment

QCD explains confinement of colour and
allows calculations of hard hadronic processes

— expected to be of order of hadron mass via perturbative expansion of coupling| .



see www-theory.Ibl.gov/~ianh/alpha/alpha.html

| el ll | I I | ll
I 1 2N @ scale of m,, world average
] usually working: - for o, is 0.118 (NLO) and
03 | in this range ] 0-199 (LO); o (NNLO_~L (NLO)
[ 00.<02  1m It's more common now to quote
N\ ’ slarge o, at a scale of m, than to quote A
0.2 8 8 7 E% 1.8 "Confinement region™:
|, ® :-2 coupling gets very large
Ty g 12
01 g :
: . Asymptotic freedom:
8'2 unique to non-abelian theories
0.2 1 : \
0 - | | lllllll | lllllll2 ] 0 1 10 102
1 13 Gev 10 : 1 (Gev)

-

“soft” “hard"

A is free parameter of theory,
QCD explains confinement of colour and

allows calculations of hard hadronic processes
— expected to be of order of hadron mass via perturbative expansion of coupling| .

has to be determined by experiment



Factorization

® Factorization is the key to
perturbative QCD
+ the ability to separate the
short-distance physics and
the long-distance physics
® |n the pp collisions at the
LHC, the hard scattering cross
sections are the result of
collisions between a quark or
gluon in one proton with a
quark or gluon in the other
proton

® The remnants of the two
protons also undergo
collisions, but of a softer
nature, described by semi-
perturbative or non-
perturbative physics

underlying event

“Hard” Scattering

outgoing parton

proton proton

underlying event
initial-statc
radiation

; final-statc
outgoing parton

radiation
The calculation of hard scattering processes
at the LHC requires:

(1)knowledge of the distributions of the
quarks and gluons inside the proton, i.e.
what fraction of the momentum of the
parent proton do they have

->parton distribution functions (pdf’s)

(2) knowledge of the hard scattering cross
sections of the quarks and gluons, at LO,
NLO, or NNLO in the strong coupling
constant o,



Parton distributions

® The momentum of the proton
Is distributed among the

quarks and gluons that 2; “
comprise it e T e
+ about 40% of the o crEstw
momentum is with gluons, N S aver CTEGRIME o
the rest with the quarks . 12
® \We'll get back to pdf's for z F
more detail later, but for now  ~ osf-
notice that the gluon o5k
distribution dominates at small
momentum fractions (x), while
the (valence) quarks dominate 0'2;—
at high x F e D™

Figure 27. The CTEQ6.1 parton distribution functions evaluated at a Q of 10 GeV.



Factorization theorem

Factorlsatlon Theorem long distance l short distance | long distance
PDF is universal P | |
Once extracted can, i) ) Jx P : eim. and e.w,procusss
calculateany O\ R
cross-section within b R Q]
same theoretical | o ;
S C h e m e P E l J : vacuum perturbation
2 et - | produce light quarks
p Ji(%) P2=Ex2 P, GTI
Mandelstamm variables : \ <{>
a 2 I : )
S = | roduction cross section | . .
_ (pl i pl)z Parton density function : pc:;llcultable in pQC];I : fragme:titll)on function
T= (pl + p3) A 2 2 I A A
oy 0 =Y [dx, dx,df £x,12) £ (x,.1°) d6,/df
3
4
. : A S T 4 §2 T GZ 1
P P e.g.:qq-scatteringinLO: do /dt = ——al—5— < "3

Ps
—> Diverges for low P;=>0



Factorization theorem

confinement | confinement
FaCtonsatlon Theorem long distance short distance | longdlflance
PDF is universal P | | g
Once extracted can, i) ) Jx b : eim. and e.w,procusss
calculateany O\ R o
cross-section within R T
same theoretical ; o) ' ;
SC h eme P E l J : vacuum perturbation
2 Rt - | produce light quarks
p Ji(%) p2=ix2 P, GTI
Mandelstamm variables : : <0
- 2 I : )
S = | roduction cross section | . .
_ (pl " p1)2 Parton density function : pc:;llcultable in pQC];I : fragme:titlDon function
1- = (pl + p3) A 2 2 ' A A
oy 0 =Y [dx, dx,df £x,12) £ (x,.1°) d6,/df
1
4
P P> : teringinLO: dg /df = Z 4,285 +0 1
p p e.g. -qQ'SCG er'lngln . oij —§—2§C¥5 -FZ oc p2
T

Ps
—> Diverges for low P;=>0



Factorization theorem

confinement Y ‘ confinement
Factorisation Theorem: long distance x 3 - | long distance
PDF is universal P
Once extracted can, fi) ) eim.and . proceses
calculateany e !
cross-section within : :
same theoretical ; ;
S Ch e m e P i : vacuum perturbation
2 o - | produce light quarks
p fiee) [ P=x,P, o
Mandelstamm variables \
o 2 | :
S = + | roduction cross section | ) .
_ (pl pl ) 2 Parton density function : pca(licultable in pQC];I : fragme:tit]l)on function
t=(p, +p;) . : 2 et I
G=(p, +p, ) 6=) [dx, dx,dt £(x,,u?) f,(x,,u*) dG,/dt
i
P pz s tteringin LO: d“/d'?—’Z4 52+ 1
p P e.g.:qq - scatteringin : do = §—2§a5 = oc p2
T

Ps
—> Diverges for low P;=>0



Go back to some SM basics: Drell Yan

® Consider Drell-Yan production

_ _ where X, is the momentum fraction
+ write cross section as

of parton a in hadron A, and x,, the

oap = | dx,dxs fora(xa) Forp(Xs) Gups momentum fraction of parton b in
AP f b Jora Jo18(%b) Oabsx hadron B, and Q is a scale that

o Where X=[*I- measures the hardness of the
® Potential problems appeared interaction

to arise from when
perturbative corrections from
real and virtual gluon
emissions were calculated

+ but these logarithms were the
same as those in structure
function calculations and thus
can be absorbed, via DGLAP
equations in definition of
parton distributions, giving
rise to logarithmic violations
of scaling

+ can now write the cross Oap = /dxadxb faja(Xas OF) fora(xp, QF) Gapsx
section as

Figure 1. Diagrammatic structure of a generic hard-scattering process.



...but

® Key point is that all logarithms
appearing in Drell-Yan
corrections can be factored into
renormalized (universal) parton
distributions

+ factorization

® But finite corrections left behind
after the logarithms are not
universal and have to be

CaICUIated Separately fOr eaCh Figure 1. Diagrammatic structure of a generic hard-scattering process.
process, giving rise to order o" also depends on g and
perturbative corrections U, SO as to cancel scale

® So now we can write the cross dependence in PDF's and o,
SeCt|On as to this order

Oap = f Axodxp faja(Xas F) fo;8(Xps uF) X [ G0 + as(Uk) 01 + -+ labos x-

® where L is the factorization scale An all-orders cross section has no
(separates long and short- dependence on p and Lg; a residual

distancelphi/.sics) ar|1d f“R Is the dependence remains (to order o,"*") for
rehormalization scale 1or o a finite order (o ") calculation

® choose ug=U~Q



DGLAP equations

® Parton distributions used
DGLAP equations sum leading powers of

In hard-scattering |
_ _ [ologu?]" generated by multiple gluon
calculations are solutions emission in a region of phase space where

of DGLAP eq uations (or the gluons are strongly ordered in transverse

I . t I >> | 1/
in Italy the AP equatlons) momentum (log p >> log (1/x))

+ the DGLAP equations For regions in which this ordering is not present
(e.g. low x at the LHC), a different type of

resummation (BFKL) may be needed

determine the Q2
dependence of the pdf's

dlogu® 27 J,

dgi(x,pn*)  as ['dz X x
. —[Pq,-q,-(z, 05)q; (=5 17) + Pyg(z, as) g(=, uz)},
4 Z Z

dg(x, p*) _ as f‘ dz[ X, X
= —1 P,y (2, (—, + P ’ — }’
8log,u2 2 .z gq;(z aS)qj(z [ ) gg(z as)g(z L )

+ the splitting functions have Thus, a full NLO calculation will
the perturbative expansions contain both &, (previous slide)
and P_, (1)

Pap(x, as) = PO (x) + ;'—SP;;’(x) boen,
4



Altarelli-Parisi splitting functions

Note that the emitted gluon likes to be soft

We’'ll also encounter the A-P splitting functions _
later, when we discuss parton showering and Here the emitted gluon can be
Sudakov form factors soft or hard



Kinematics

® Double differential cross
section for production of a
Drell-Yan pair of mass M and
rapidity y is given by

do 00 [Z 2 2\ = 2
- 0} (gu (1, MA)G(xo, M) +[1 2] |
2 v
dM-<dy Ns .
¢ Where
. dmod? ‘
Go = 2
3M
+ and
— ﬁ .Y = ﬂ oY
X = ﬁ c X2 = \/E c )

® Thus, different values of M
and y probe different values of
x and Q2

Q* (GeV?H

E

LHC parton kinematics

12

M =100 GeV

= (M/14 TeV) exp(zy)

M=1TeV / vors st

M=10TeV




W/Z production

® Cross sections for on-shell W' ;5

Z prOdUCtion (ln narrow width W Tevatron (Run 2) :'::(:f).i,]'/

limit) given by T T ¥ { 4

2‘:&5 ;- X MO _g in 1 »:

~qq' =W __ Z\/;G M2 2e0a ? o E_CDF(e,uJ DO(e, ) I —
a = 3 UF leqq’l 8(5‘ MW).‘ 2.0 .

. MRST2004 CTEQ@6.1

- T
~qG—Z . 2,2 2 A 2 15
o9 = —x/iGpMz(vq+aq)8(s — M3),
3 Figure 4. Predictions for the W and Z total cross sections at the Tevatron and LHC, using
MRST2004 [10] and CTEQG6.1 pdfs [11]. compared with recent data from CDF and D0. The
MRST predictions are shown at LO, NLO and NNLO. The CTEQ6.1 NLO predictions and the
accompanying pdf error bands are also shown.

® \Where qu, is appropriate

CKM matrix element and v, LO->NLO is a large correction at the
and a, are the vector and axial ~ Tevatron
coupling of the Z to quarks NLO->NNLO is a fairly small (+)

® Note that at LO, there is no o, correction
dependence; EW vertex only |
® NLO contribution to the cross ~ '\/4 cross sections have small

section is proportional to o..: experimental systematic errors with
NNLO to 05)2 P ° theory errors (pdf's/higher orders) also
e

under reasonable(?) control



W/Z p; distributions

® Most W/Z produced at low p-,
but can be produced at non-
zero p; due to diagrams such
as shown on the right; note
the presence of the QCD
vertex, where the gluon
couples (so one order higher)

7' —=Wg2 2 2
Y IMITVER = rasV2G My Vg |

Wgq' |2 2 2
Z|ng—> ql =7TC¥5\/§G1:MW|qu1|

® Sum is over colors and spins
In initial state, averaged over
same in final state

® Transverse momentum
distribution is obtained by
convoluting these matrix
elements with pdf's in usual
way

I' 1‘.7 + H- +

5"

Note that 2->2 matrix elements are
singular when final state partons are
soft or collinear with initial state partons
(soft and collinear->double logarithms)

A A
Related to poles at t=0 and u=0
But singularities from real and virtual

emissions cancel when all contributions
are included, so NLO is finite



W/Z p; distributions

® Back to the 2->2
subprocess

- £2 , A2 224
IMud—>W+g|2~(’ +u”+20 S)

A

>

+ where Q2 is the
virtuality of the W
boson

® Convolute with pdf's

IM> &P pw dPp
£8(pu+Pj— P — Pw)

o = fdndxzfu(xh Q%) f3(x2, Q) 32725 Ew E
: w Eg



W/Z p; distributions

® Transform into differential
Ccross section

do ! ) M2
~ = d" i ? - J bl 2 ~
dQZdydp% sf )gf (x1, Q )fd(x2 Q) R

+ where we have one |
integral left over, the gluon " W

rapidity ] 55%
® Note that p;2=tU/s? ‘ !
+ thus, leading divergence can
be written as 1/p;? (Brems)

® |n this limit, behavior of cross dor
section becomes
do 2 1

dQ%dyd pT s pT

_log(s/p7)

dQ2dydp; P
...diverges unless we apply
a p™n cut; so we end up
with a distribution that
depends not only on o, but
on o times a logarithm:
universal theme

fd)g fulx1, Q )fd(xil’ Q ) + (sub-leading in P2

® As p; of W becomes small,
limits of y, integration are
given by ¥/ log(s?/p+)

® The result then is



Rapidity distributions

Now look at rapidity distributions
for jet for two different choices of

me|n

Top diagrams imply that gluon is
radiated off initial state parton at
an early time (ISR)

With collinear pole, this would
imply that these gluons would be
emitted primarily at forward
rapidities

But the distributions look central
The reason is that we are binning
in pr and not in energy, and the

most effective place to convert
from E to p; is at central rapidities

Suppose | re-draw the Feynman
diagrams as shown to the right

+ is there a difference from
what is shown at the top of

the page?

1/g do/dy

the p; requirement of the gluon

u serves asi#he cutoff
W W
1/ %

jet rapidity, y Jet ropidity, y

=

1/0 do/dy

Figure 9. The rapidity distribution of the final-state parton found in a lowest-order calculation of
the W + 1 jet cross section at the LHC. The parton is required to have a pr larger than 2 GeV (left)
or 50 GeV(right). Contributions from ¢¢ annihilation (solid red line) and the gg process (dashed
blue line) are shown separately.
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Now on to W + 2 jets

® For sake of simplicity,

Y OOoooo00> 2 Y 00000000 2
consider Wgg A U R

® Let p, be soft o , o2
® Then can write ! ——m‘ﬁﬁiz I ——nn W

A 2

MIT=WEs — (At (D) £ D3) +181A(Dy = D3) 1 —« bhapnn w 3 _._mmg;i
b) 1

(D3a) (D3

+ Where tA and tB are so the kinematic structures obtained

from the Feynman diagrams are
color labels of p; and collected in the function D,,D, and D,

Po which are called color-ordered

® Square the matrix amplitudes
amplitude to get  using tr(tAtBB14)=NC 2 and tr(tABtA)=-C,/2

|MIT=VEEE = NCE [| D2 + D3|* + | Dy — D3|*] — Cr Re [(D2 + D3)(Dy — D3)*]

CrN? I
== [IDz + D3|’ +|Dy = D3’ — —|Dy + Dzlz] .




W + 2 jets

® Since p, is soft, can write D’s
(color-ordered amplitudes) as
product of an eikonal term and
the matrix elements containing
only 1 gluon

Dy+ Dy — € (qu pé‘ ).M
2 3 A - g—Wgs
g P1-q P1-pP2 " §
M g 12
P> q
Dl—D3—>€( - — _)J\/l'_’w.
“\pipr pig)” T7F

+ where g is the polarization
vector for gluon p,

® Summing over gluon
polarizations, we get

CrN?

soft

IJ’Mq(}—>ng|2

-—

¢ where
a.b

—— = |a b]
pi1-a p,.b

5 [[q p2l+1p2 4]

1

- 37la c'i]] M=




Color flow

vimwes st CPN? T e YOUOTOTUS 2 YOUOTTETe™ 2
M " — = |lapd+1p2 4l = F7lg g1 M _ _
2 I —<—vwvwwWn W T — oo 1
. . (D1) (D2)
® The leading term (in number of 1

colors) contains singularities

along two lines of color flow-one
connecting gluon p, to the quark |
and the other connecting it to the

(
A
|
%

F
%
T

A

a nti-q uark (D3a) (D3b)
+ sub-leading term has
singularities along the line 9 ———fgooogooo~ | 9 ————(pooooooo !
con_nectlng the quark and ,Wf:: 2 N
anti-quark ] [ W a W
. . —— "N\ —— NN\
® |t is these lines of color that B — B —
indicate preferred direction for Figure 12. Two examples of colour flow in a W +2 jet event, shown in red. In the left-hand
. . . diagram, a leading colour flow is shown. The right-hand diagram depicts the sub-leading colour
em|SS|On Of addltlonal gluons flow resulting from interference.

+ needed by programs like
Pythia/Herwig for example

¢ sub-leading terms don’t
correspond to any unique
color flow



Eikonal factors

® Re-write 9 ————oooooooo> | 4 ————~n NV W
a.b — ab] VosootteTS 2 VossoTOEES 2
pi-apy.b | T —<—hrvvvn W T — oo !

® As (D1) (D2)

1
| |

la b]1d P Sgjuon = — EdE dcosé, qa , q AN, W

- E<1 —cosf, , ]
® |t is clear that the cross section | | 2

Ql
§<
S
Rell
§<

diverges either as cos0,->1
(gluon is collinear to parton a) or

as E->0
+ similar for parton b
- ; . . 9 ————oooooooo~ | 9 ————povooooo
® Each divergence is logarithmic r
. . 00000000 2 000000 2

and regulating the divergence by ; N "
providing a fixed cutoff (in angle WY YW
or energy) will produce a single e e e e e b s
Iog a rith m fro m COI I i n ea r flow resulting from interference.
configurations and another from
soft ones

+ SO0 again the double logs



Logarithms

® You can keep applying this ® Size of L depends on criteria
argument at higher orders of used to define the jets (min
perturbation theory E., cone size)
® Each gluon that is added ® Coefficients c;depend on
yields an additional power of color factors
o, and via the eikonal ® Thus, addition of each gluon
factorization outlined, can results in additional factor of
produce an additional two o, times logarithms
logarithms | ® In many (typically exclusive)
® So can write the W + jets cases, the logs can be large,
cross section as leading to an enhanced
do = oo(W + 1 jet) [1 +as(cinL? + ¢y i L + cio) probability for gluon emission
+(]!52(C;Z4L‘4 + C23L.3 + C22L2 +cy L +cy) +-- ] to occur
+ Where L represents the ® For most inclusive cases, logs
logarithm controlling the are small and o, counting may
divergence, either soft or be valid estimator for
collinear production of additional jets

+ note that o, and L appear
together as oL



for W + jets

/

do = og(W + 1 jet) [1 +as(cioL* + cii L + c1o) each gluon added has an additional
factor of o, and two additional logs
(soft and collinear)
® re-write the term in brackets c; depend on color factors

as

Re-shuffling

+as (el + el + enL? + ey L+ ¢x) + - - ]

[- . ] =1 +aSL2012 + (asL2)2024+ach“(l +asL2c23/c“ Foe) e

2
= exp [clzasL s c“asL] ,

o OW = Ows0j +Owslj +Owsdj + Owasj + -+
® \Where the infinite series has I +h +2) +3J

been resummed into an ows0; = o + as(apL’ +ay L +ay)
exponential form +a52(a24L4 + 023L3 +a22L2 +an L +ax) +---
o first term in expansionis  ow.1j = as(biaL* + by L + byo)
called leading logarithm + a5t (bygL* + brsL® + by L? + by L +bayg) + - - -
term, 2nd next-to-leading 7, . —....
logarithm, etc as jet definitions change, size of the logs
® Now can write out each shuffle the contributions from one jet

contribution as a contribution cross section to another, keeping the sum

in powers of o and logarithms ©Ver all contributiops the same; for_exa_mple, |
P S 9 as R decreases, L increases, contributions shift

towards higher jet multiplicities



Re-shuffling

parton 4
*Configuration shown to the right

can be reconstructed as an event
containing up to 2 jets (0,1,2),
depending on jet definition and
momenta of the partons.
For a large value of R, this is
one jet; for a smaller value, it may
be two jets
*The matrix elements for this processﬁig:':p;ﬁ; d’fe‘?;;jjj;‘;jf;’:ff;":v‘?j';gg:;“;gi; e aons S s Jee G on s
contain terms proportional to
0 log(Pra/Pr4) and as 10g(1/AR3,),
so min values for transverse
momentum and separation must be  ow+1j; = as(biaL” + by L + bo)
imposed +as” (b L* + by3 L + by L? + by L +byg) +- -
Ow+2j = " -
At given fixed order in perturbation theory, results
are independent of jet parameters and we can say

GW = ao,

parton 3

W

ows0j = ao + as(apL? +an L +ay)
+a52(024L4 + 023L3 +a22L2 +a21L +a20) S

ow ~ =ds(ap+b)



NLO calculations

® NLO calculation requires
consideration of all
diagrams that have an
extra factor of o

+ real radiation, as we have
just discussed

+ virtual diagrams (with
loops)
® For virtual diagram, have
to integrate over loop
momentum

¢ but result contains IR
singularities (soft and
collinear), just as found for
tree-level diagrams

W+ W
i I Ba%
- vertex w w
correction
%% W W
_ - self-energy _
d d corrections

Figure 14. Virtual diagrams included in the next-to-leading order corrections to the Drell-Yan
production of a W at hadron colliders.

O(o.,) virtual corrections in NLO
cross section arise from
interference between tree level and
one-loop virtual amplitudes



Advantages of NLO

!_ess sensitivi_ty to unphysi.cal_ 47 as(ug)? Inclusive jet prod
input scales, i.e. renormalization dbr at NNLO
+ as(ur)® (B + 2hoLA)

and factorization scales » -
. L «(pr)* (C +3boLB + (3b2L% + 2by L) !
First level of prediction where + as(ur)” (C+ 3lB + (3b 1))

normalization can be taken with L = log(ug/E7) and b; the known beta function
seriously coefficients.
_ we know A and B, not C
More phySICS Renormalisation scale dependence
+ parton merging gives structure in LO has —— T
jets monotonic i — %
- - | oal; A
« initial state radiation Scale = L - ‘wao

L ‘
: : : dependences
+ more species of incoming partons P o

Suppose | have a cross section 6 on-
calculated to NLO (O(o")) monotonic

! 04

{dETHE T=

day

Any remaining scale dependence @t NLO |
is of one order higher (O(a,,"*1)) [ R R
+ in fact, we know the scale |
dependent part of the O(o,"*7) Figure 11: Single jet inclusive distribution at Ep =
cross section before we perform 100 GeV and 0.1 < || < 0.7 at /s = 1800

the complete calculation, since
the scale-dependent terms are
explicit at the previous order

The NNLO coefficient C is unknown. The curves show the
guesses C' = 0 (solid) and €' = +B?/A (dashed).



Predictions tend to be more reliable at higher E;

SDEcdfmuf Mar. 20, 1887 7:43:08 AM

p Dependence of Inclusive Jet Cross Section
\s = 1800 GeV, 0.1 < 1 < 0.7, HMRS(B),ppbar

type shape for the

at fixed E;, note
the parabolic
curve

0z St 0 50
(e Ep=mDon™)o



Jet algorithms at LO

— 2 -2 process
® At (fixed) LO, 1 parton =1 jet Lo QCD
+ why not more than 1?7 | have

to put a AR cut on the

separation between two

partons; otherwise, there's a

collinear divergence. LO

parton shower programs

effectively put in such a cutoff
+ remember

( 2-jet final state
log
AR,

1 parton/jet

w

® But at NLO, | have to deal with
more than 1 parton in a jet, and
so now | have to talk about how
to cluster those partons
+ i.e.jet algorithms



Jet algorithms at NLO

® At (fixed) LO, 1 parton =1 jet

+ why not more than 17 |
have to put a AR cut on
the separation between
two partons; otherwise,
there’s a collinear
divergence. LO parton
shower programs
effectively put in such a
cutoff

® At NLO, there can be two

partons in a jet, life becomes
more interesting and we have
to start talking about jet
algorithms to define jets

+ the addition of the real and
virtual terms at NLO
cancels the divergence.

A jet algorithm is based on some
measure of localization of the
expected collinear spray of
particles

Start with an inclusive list of
particles/partons/calorimeter
towers/topoclusters

End with lists of same for each jet

...and a list of particles... not in
any jet; for example, remnants of
the initial hadrons

Two broad classes of jet
algorithms

¢ cluster according to proximity
in space: cone algorithms

¢ cluster according to proximity
iIn momenta: k; algorithms



What do | want out of a jet algorithm?

It should be fully specified,
including defining in detail any
pre-clustering, merging and
splitting issues

It should be simple to implement
in an experimental analysis, and
should be independent of the
structure of the detector

It should be boost-invariant

It should be simple to implement
in a theoretical calculation

+ it should be defined at any order
in perturbation theory

+ it should yield a finite cross
section at any order in
perturbation theory

+ it should yield a cross section that
is relatively insensitive to
hadronization effects

® It should be IR safe, i.e. adding a

soft gluon should not change the
results of the jet clustering

XA N

It should be collinear safe, i.e.
splitting one parton into two
collinear partons should not
change the results of the jet
clustering

W\

A




Jet algorithms

® The algorithm should behave in a similar manner (as much as
possible) at the parton, particle and detector levels

NN e

LO partons NLO partons parton shower hadron level
Jet | Def" Jet | Def" Jet | Def" Jet | Def"
jet 1 jet 2 jet 1 jet 2 jet 1 jet 2 jet 1 jet 2

VO Y

Projection to jets should be resilient to QCD effects



Some kinematic definitions

Rapidity (y) and Pseudo-rapidity (11)|I Particle
y

In thelmit S — 1 (or m << p;) then
l+cos@ e

1
n=vim=o=—In = —]n tan—
7 y| 2 1—cosé@ 2

H CM LAB
% .
7L 5 WA

i An and p; are invariant under longitudinal boosts ||

LAB System # parton-parton
CM system




Some kinematic definitions

To satisfy listed requirements for jet algorithms, use Pr.Y and ¢ to characterize jets

I Transverse Energy/ Momenfuml p,=FEtanhy

E;Epf+p;+m2:p12,+m2:E2—pf E =Ecoshy
p.=E_ smhy

| Invariant Mass I

My, = (pf' + PY)(Py, + Psy)
=m; +m; +2(E,E,— p,- p,) X, P lel:’
50 > 2EnEr; (cosh A —cos Ag) /
| Partonic Momentum Fractions I :
x, = (™ +e™ T/_\/; X7 EZET/\/;:le(nlJ =0)

Xy = (e_”l +e )ET/\/;

0<x,x, <1

2
x; <xx, <1



