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disclaimer:

pQCD is about 40 years old - impossible to review in 3 hrs




topics & questions to be addressed

we will mainly concentrate on a few basics
and their consequences for phenomenology

® What are the foundations of QCD?

keywords: color; SU(3) gauge group; local gauge invariance; Feynman rules

= What are the general features of QCD?

keywords: asymptotic freedom; infrared safety; origin of "singularities”

" How to relate QCD to experiment?
keywords: partons; factorization; renormalization group egs. / evolution



bibliography — a personal selection

textbooks:

" the "pink book" on QCD and Collider Physics
by R.K. Ellis, W.J. Stirling, and B.R. Webber

always a good reference

Photo by Matt Hevssler

= R.D. Field, Applications of pQCD detailed examples
" ¥Y.V. Kovchegov, E. Levin, QCD at High Energy focus on small x physics

= J. Collins, Foundations of PQCD focus on formal aspects of evolution

ecture notes & write-ups:

= D. Soper, Basics of QCD Perturbation Theory, hep-ph/9702203

" Collins, Soper, Sterman, Factorization of Hard Processes in QCD, hep-ph/0409313

® 5. Salam, Elements of QCD for Hadron Colliders, arXiv:1011.5131

" Particle Data Group, Review of Particle Physics, pdg.lbl.gov

talks & lectures on the web:

" annual CTEQ summer school, tons of material on www.cteq.org

= annual CERN/FNAL Hadron Collider Physics School hcpss.web.cern.ch/hcpss



tentative outline of the lectures

Part 1: +the foundations

SU(3): color algebra; gauge invariance;
QCD Lagrangian; Feynman rules

Part 2: the QCD toolbox

asymptotic freedom; infrared safety:;
the QCD final-state; jets; factorization

Part 3: inward bound: “femto spectroscopy”
QCD initial-state; DIS process; partons;

factorization; renormalization group; scales;
hadron-hadron collisions




the QCD fundamentals

all about color
the concept of gauge invariance



QCD — Why do we still care (or perhaps more than ever)
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achieving that can be quite a challenge ..
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QCD - the theory of strong interactions

a simple QED-like theory, leading to extremely rich & complex phenomena
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a simple QED-like theory, leading to extremely rich & complex phenomena
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QCD - the theory of strong interactions

a simple QED-like theory, leading to extremely rich & complex phenomena
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QCD - the theory of strong interactions

a simple QED-like theory, leading to extremely rich & complex phenomena
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QCD matter sector: Three Quarks for Muster Mark Q
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quark generation electron on a proton

existence of light quarks validated in deep-inelastic scattering (DIS)
experiments carried out at SLAC in 1968



QCD matter sector: Three Quarks for Muster Mark 'ﬂ

- - |

® o .
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N 9
Q >
d 8 o ’g q
down strange T o
AN . p - X
1st ' ond . Feynman diagram
describing DIS of an
quark generation electron on a proton

existence of light quarks validated in deep-inelastic scattering (DIS)

experiments carried out at SLAC in 1968
strange quarks necessary component in quark model to classify the

observed slew of mesons/baryons  Gell-Mann, Zweig (1964)
based on "Eightfold Way" (= SU(3),,.-) Gell-Mann; Ne'eman (1961)



quark model: mesons and baryons

categorizes mesons (baryons) in ferms of two (three) constituent quarks
in SU(3)fiavor Mmultiplets = octets and decuplets

Z?"YO" deCUP'ef 5 spectrum fully classified by assuming:
du e uu ;Lu Q, ° quar'ks have spin %‘
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* quarks have fractional charges
‘ 1 0 _A (but combine into hadrons with integer charges)
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quark model: mesons and baryons

categorizes mesons (baryons) in ferms of two (three) constituent quarks
in SU(3)fiavor multiplets = octets and decuplets

Z?"YO" deC“P'ef 5 spectrum fully classified by assuming:
g2
* quarks have spin 3
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‘ * quarks have fractional charges
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quark model: mesons and baryons

categorizes mesons (baryons) in ferms of two (three) constituent quarks
in SU(3)fiavor multiplets = octets and decuplets

bar'yon decuplet
+ 1 A+ +

KT

_Qusd 172 uu
TXCR T
A
s
= \ / i

88\ ()™

s
St found at BNL in 1964
N. Samios et al.

32

spectrum fully classified by assuming:
* quarks have spin 3

* quarks have fractional charges
(but combine into hadrons with integer charges)

big success: prediction of Q (sss)

also, first evidence of color

* A** wave function |uuu> not anti-sym
(violates Pauli principle)

* remedy: color quantum number
but hadrons remain colorless/color singlets

y anti-blue
green
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QCD matter sector: charm
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predicted on strong theoretical grounds (suppression of FCNC)
"GIM mechanism” in 1970 Glashow, Iliopolus, Maiani




QCD matter sector: charm

+2/3

d s

down @ strange

electric charge

-1/3

-
o~

L J 1 ] - . Of
1st 2nd \\ aw’decZyntheMukl
quark generation nearperf::timageofme :

Greek letter

predicted on strong theoretical grounds (suppression of FCNC) ‘ ]
"GIM mechanism” in 1970 Glashow, Iliopolus, Maiani

observed during "November revolution” in 1974 both at

SLAC (Richter et al.) and BNL (Ting et al.)
discovered meson became known as J/V¥; Nobel Prize in 1976




QCD matter sector: bottom

The “bump” at 9.5 GeV
- that lead to the discovery
of the bottom quark at
Q @ FNAL in 1977
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theorized in 1973 in order to accommodate CP violation
(requires third generation)

Kobayashi, Maskawa Nobel Prize 2008




QCD matter sector: bottom

The "bump” at 9.5 GeV
- that lead to the discovery
of the bottom quark at
Q L FNAL in 1977
]
+
| G
d s | b |lot
Q3
down @ strange @ bottom T o s
N -
1t ond 31 l\l h
quark generation o

theorized in 1973 in order to accommodate CP violation
(requires third generation)

Kobayashi, Maskawa Nobel Prize 2008

discovered in 1977 at FNAL (Y meson or "bottomium")
Ledermann et al.

Nobel Prize in 1988
for muon neutrino

L.L. coined also the
term "God particle”




QCD matter sector: top
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quark generation

by around 1994 electroweak precision fits point towards mass in range 145-185 GeV

. . b b
(vector boson mass and couplings are sensitive to top mass) '\/\/\O\I\N g
ZwW ZW Z "
t t b

eventually discovered in 1995 by CDF and D@ at FNAL

(mass nowadays know to about 1 GeV)



QCD matter sector: 3 generations
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= masses of six quarks range from O(MeV) to about 175 GeV
why the masses are split by almost six orders of magnitude remains a big mystery



QCD matter sector: 3 generations

] 100 f= A =
- A up-type quarks t
g % 10—1;F ¥V down-type quarks ; !_
¥ S _8 —2E v
™ o
T8 g
m
3 -4
1 L 3 A >- 10-
1St 200 3fd
-5
quark generation 10

106

= masses of six quarks range from O(MeV) to about 175 GeV
why the masses are split by almost six orders of magnitude remains a big mystery

" masses of u, d, s quarks are lighter than 1 GeV (proton mass)
in the limit of vanishing u,d,s masses there is an exact SU(3);,,.,. Symmetry



further evidence for color quantum number

" color can be probed directly in e*e” collisions

idea:

production of fermion pairs (leptons or quarks)
through a virtual photon sensitive to electric
charge and number of degrees of freedom

P1

P2
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further evidence for color quantum number

" color can be probed directly in e*e” collisions

idea: P1
production of fermion pairs (leptons or quarks)

through a virtual photon sensitive to electric

charge and number of degrees of freedom )

" hence, investigate quarks through "R ratio”
electric charge

f quark
/[o a

in units of e]

Te~ — hadrons .

assumed number
of colors of quark
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*in LO described by process e "¢ — qq



further evidence for color quantum number

" color can be probed directly in e*e” collisions

idea: P1
production of fermion pairs (leptons or quarks)

through a virtual photon sensitive to electric

charge and number of degrees of freedom )

" hence, investigate quarks through "R ratio”
electric charge

f quark
/[o a

ete” — hadrons . ) in units of e]
R = x N3 Q?
ete” — puTuT /l 7
assumed number \ sum over
of colors of quark active quarks

*in LO described by process e "¢ — qq

* each active quark is produced in one out of N, colors above kinematic threshold



10°

10

experimental results for R ratio
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QCD color interactions heuristically &),

" QCD color quantum number is mediated by the gluon uo\ Ra /’

analogous to the photon in QED , g \5
* gluons are changing quarks from one color to another s l

as such they must also carry a color charge (unlike the charge neutral photon in QED)

example: red (R) R
______ gluon R
(RB) g
B 1) "
i | color flow
blue (B) B important calculational tool



* QCD color quantum number is mediated by the gluon

analogous to the photon in QED

* gluons are changing quarks from one color to another

QCD color interactions heuristically &),

j‘i\;,\/f
a3/

as such they must also carry a color charge (unlike the charge neutral photon in QED)

example:

red (R) 1

blue (B)

gluon
(RB)

R

£

B8 “color flow"

important calculational tool

" color charge of each gluon represented by a 3x3 matrix in color space
conventional choice: express t%(a=1..8) in terms of Gell-Mann matrices

typical color interaction
between quarks and gluons

O 1 0
1 0 0
0O 0 0

L

) (1)

")



QCD color interactions heuristically &),

* QCD color quantum number is mediated by the gluon /| \b\ f 2, / f
analogous to the photon in QED , g \5
= gluons are changing quarks from one color to another - 1

as such they must also carry a color charge (unlike the charge neutral photon in QED)

example: red (R) R
______ gluon R
(RB) g
B 1) "
i | color flow
blue (B) B important calculational tool

" color charge of each gluon represented by a 3x3 matrix in color space
conventional choice: express t%(a=1..8) in terms of Gell-Mann matrices

typical color interaction
between quarks and gluons

0O 1 0 ()
(1,0,0) 1 0 0 I
0O 0 0

1 : L 3 A
L ':J l) l, tl_)l_)

more formal expression

as Feynman rule
[only color structure here]




QCD: an unbroken SU(3) Quantum Field Theory

guiding principle for all field theories: local gauge invariance of
the underlying Lagrangian

i.e., redefining the quark and gluon fields independently at each space-time point has no impact on the physics
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local SU(3) invariance dictates: - 8 massless spin-1 gluons

(adjoint representation)

- all interactions between
quarks and gluons (covariant derivative)



QCD: an unbroken SU(3) Quantum Field Theory

guiding principle for all field theories: local gauge invariance of

the underlying Lagrangian

i.e., redefining the quark and gluon fields independently at each space-time point has no impact on the physics

here: local SU(3) rotations in color space

spin-3 quark fields

: — —
come as colors triplets W = |o | — W =
O

(fundamental representation)

local SU(3) invariance dictates:

non-Abelian group structure:

* invariants (“color factors") :

~———’

T.=1/2  C.=4/3 C,

NS .

- 8 massless spin-1 gluons

(adjoint representation)

- all interactions between

quarks and gluons (covariant derivative)

- Lie algebra: [T, T, 1=if, T,

e .

>

3 €0 T
Y —b—!"p

\'3“11_9}

T3

o

3



experimental support for SU(3)

= color factors are not just math

assumed group structure has
impact on theoretical predictions



experimental support for SU(3)

= color factors are not just math

assumed group structure has
impact on theoretical predictions

25 F

ALEPH 4-jet ~_

Combined result
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= OPAL 4-jet

~ Event Shape

| SUQ2)

LEP
e*e” annihilation

86% CL error ellipses

\ OPALN_ |
DELPHIFF 1

A

PR BT —

s i
;

" angular correlations
between four jets depend

on C,/C-and T./C;

" sensitivity o non-Abelian /--
three-gluon-vertex | /&{:
AN

AN

LO: Ellis, Ross, Terrano



QCD Lagrangian & Feynman rules

Locp encodes all physics related to strong interactions

for perturbative calculations we simply read off the Feynman rules

/
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QCD Lagrangian & Feynman rules

Locp encodes all physics related to strong interactions

for perturbative calculations we simply read off the Feynman rules

/

Locp = V(" —m)w

— (BuAv — By AL)? OO0
— qUALT AW
1 . a _ « a b qrve 5
o 59(()1“41/ o ()VA p.)f ab(?A A r':,,f,:;,335~:>,, w3

19 b d o, B&
— Zg fab(-.A,l,Az(;fadeA“ Aue %l

gauge-fixing: needed to define gluon propagator:; 2m
breaks gauge-invariance but all physical results are
independent of the gauge

technical complications due to the gauge-fixing & ghost terms: ghost Ioo;]

—_—— —t— ~

=2
pol

ghosts: cancel unphysical degrees of freedom — unitarity

——d —



recall: gauge invariance in QED

‘CQED - EDirac + ‘CMaxwell + ﬁint
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recall: gauge invariance in QED

CQED - EDirac + L:Maxwell + Eint

— 1 —
\Il(igﬂ o nl,)‘Il o ZF/H/F/”/ o q\IIA‘,-'“\IIA“

= 1
UiElD —m)WP — ZF,,.,,F/:U

photon field carries

electromagnetic vector potential A, no electric charge

, . : ield strength itsel
field strength tensor F,,=0,A, —0,A, f'egau;:eiggqpiénief

. .- ¢ o “covariant” =
covariant derivative D, = 0, + iq A,, D, W transforms as Y
invariant under local gauge (phase) transformation
(
\I'(x) . \Il'(x) _ eia(x)\ll(x) * dictates interaction term

, 1 * photon mass term would
Aux) > A, = A, (x)— —0J,a(x)| violate gauge invariance
A q J ~ nffA,,A”




recall: gauge invariance in QED

L:QED - EDirac + CI\*Iachll + Lint

_ 1 B
\I’(K} — l]’l)\IJ —_ ZF/”/F/”/ - q\IJ’\;/,\IlA“

- | 1
YElD —m)WP — ZF,,,,F’”'

D

electromagnetic ve

more cumbersome to I
demonstrate for QCD ™

covariant derivative 17, — U, T I X D,y transforms as W

field strength tens|

invariant under local gauge (phase) transformation

4 ™
¥(x) — ¥'(x) = eia(x)\I'(x) * dictates interaction term
p 1 * photon mass term would
A,,,(x) 7 Au — A“,(x) — —ap.Oé(X) violate gauge invariance

(U q / ~m7A, A"




one more look at the QCD Lagrangian

* Yang and Mills proposed in 1954 that the local
“phase rotation” in QED could be generalized
to non Abelian groups such as SU(3)
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one more look at the QCD Lagrangian

* Yang and Mills proposed in 1954 that the local
“phase rotation” in QED could be generalized
to non Abelian groups such as SU(3)

) f) -\ o1y (F)
—— I” — 1Y . \ "
L = F /,,, - g ‘I’ 1D,J my 035) W
gluon fleld strength color index
a=1,.8 i=12,3

* color p|Cly5 a crucial role (unlike QCD, field strength not gauge invariant)
a __ ¢ a ‘ a abc A bac
Fl, =0,A) —0,A; —gst™ "A A7

QED like but field  non Abelian part gives rise
carries color charge  to gluon self interactions

also in the interaction (D/I)i] . ,1 (5” n lgs (ta)u Aa

"covariant derivative”
8 generators
* QCD interaction is flavor blind

« coupling g. is the only parameter (masses have e-w origin)
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take home message for part I
the foundations

QCD is based on a simple Lagrangian
but has a rich phenomenology

QCD is based on the non Abelian gauge group SU(3)
= number of colors and group structure can be tested experimentally

= concept of local gauge invariance dictates interactions

= similarities to QED, yet profound differences (and more to come)

= color leads to self-interactions between "force carrying” gluons

= perturbation theory can be based on a short list of Feynman rules
color algebra decouples and can be performed separately

= color factors can be expressed in terms of two Casimirs: C, and C;



Part IT

the QCD toolbox

asymptotic freedom, IR safety,
QCD final state, factorization
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dichotomy of QCD

the gauge principle is elegant and powerful but any theory
must ultimately stand (or fall) by its success (or failure)

QCD is the theory of strong interactions
- how can we make use of perturbative methods?

confinement asymptotic freedom

hard scattering
cross sections
and
renormalization group

D. Leinweber

hon-perturbative
structure of hadrons

e.g. through lattice QCD with perturbative methods

i n’rer'Elaz

probing hadronic structure with
weakly interacting quanta of asymptotic freedom
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asymptotic freedom

Gross, Wilczek;
Politzer ('73/'74)

" Nobel prize 2004

value of strong coupling o, = g°/4x depends on distance r (i.e., on energy Q)

who wins ?

non
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"screening” of the charge “anti-screening”
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Gross, Wilczek;
= Politzer ('73/'74)
Nobel prize 2004

asymptotic freedom

value of strong coupling o, = g°/4x depends on distance r (i.e., on energy Q)

non
Abelian
"screening” of the charge “anti-screening"
e & o a _%] Y
¢ e R B
. C R)
< \ : = n‘
o & . AU O
e e 8 .
\ r /C r
47
2
ins? | (@)~ a1~ Q~1/r
who wins : (?(/A — §T1’A’rf) In(QQ///v\Q)

~

typical hadronic scale O(200 MeV)
A depends on N, pert. order and scheme



more formally: the QCD beta function
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more formally: the QCD beta function
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more formally: the QCD beta function
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more formally: the QCD beta function
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confinement

consistent picture from many observables

July 2009

S. Bethke, arXiv:0908.1135
s 4 Deep Inelastc Scattering
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upshot: a strongly interacting theory at long-distance
can become weakly interacting at short-distance

Is this enough to explain the success of the parton model and pQCD?

NO!

asymptotic freedom "only" enables us to compute
interactions of quarks and gluons at short-distance

- detectors are a long-distance away
- experiments only see hadrons not free partons

to establish the crucial connection between theory and experiment
we need two more things:

- infrared safety
- factorization

let's study electron-positron annihilation to see what this is all about ...



e"e- annihilation: the QCD guinea pig

,z 1989-2000
most of the hadronic events at CERN-LEP had two back-to-back jets
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e"e- annihilation: the QCD guinea pig

,,z 1989-2000
most of the hadronic events at CERN-LEP had two back-to-back jets

Jet: pencil-like collection
of hadrons

- jets resemble features
of underlying 2->2 hard
process eTe™ — g7

: o&

O

* angular distribution of jet
axis w.r.t. beam axis as
predicted for spin-3 quarks
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jets play major role in hadron-hadron collisions at TeVatron, RHIC, LHC



e"e- annihilation: three-jet events

° ST first discovered at
about 10% of the events had a third jet SESY_PETRA in 1979

- jets resemble features

of underlying 2->3 hard

process eTe™ = qqq

y O
. o
*~

* 10% rate consistent with
a,~ 0.1 (determination of as)

* angular distribution of jets
w.r.t. beam axis as expected
for spin-1 gluons

N, oo
p




recipe for quantitative calculations ??T
Tl
Vi

(1) identify the final-state of interest and draw all relevant Feynman diagrams
(2) use SU(3) algebra to take care of QCD color factors

(3) compute the rest of the diagram using "Diracology”
traces of gamma matrices, spinors, ...

(4) to turn squared matrix elements into a cross section we need to

* account for the available phase space (momentum d.o.f. in final-state)
* integrate out not observed d.o.f.

* normalize by incoming flux
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recipe for quantitative calculations f’?T
T
b

(1) identify the final-state of interest and draw all relevant Feynman diagrams
(2) use SU(3) algebra to take care of QCD color factors

(3) compute the rest of the diagram using "Diracology”
traces of gamma matrices, spinors, ...

(4) to turn squared matrix elements into a cross section we need to

* account for the available phase space (momentum d.o.f. in final-state)
* integrate out not observed d.o.f.

* normalize by incoming flux

but wait ... experiments do not see free quarks and gluons

U I\.—+—
Tt O will find that most “stuff”
s B O is observed in the directions

of produced quarks & gluons
parton-hadron duality

oreet i ‘-:1'14.:~ i..'li-'Il'.,"lll"ll i"Tl'

cleanest observables in QCD



bunch of automated LO tools

= LO estimates of cross sections are practically a solved problem

= many useful fully automated tools available (limitations for high multiplicities)

M. L. Mangano et al.

ALPGEN
http://alpgen.web.cern.ch/alpgen/
F. Krauss et al.
AMEGIC++ | -
http://projects.hepforge.ora/sherpa/dokuwiki/doku.php
E. Boos et al.
CompHEP |
http://comphep.sinp.msu.ru/
C. Papadopoulos, M. Worek
HELAC
http://helac-phegas.web.cern.ch/helac-phegas/helac-phegas.html
F. Maltoni, [. Stelzer
Madgraph

httﬁp://mad_graph.hep.uiuc.edu/




let's have a closer look at the R-ratio already encountered in Part I

_.I_

eTe~ — hadrons

R

ete” — utu~

x N. Y Q7
f



let's have a closer look at the R-ratio already encountered in Part I

+

eTe~ — hadrons

R

x N. 3" Q?
f

ete” — utu~

at LO described by: vertex

“read against
the arrow"

MY = a(py)(—ier™)o(po)

spinors for
external lines
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exploring the QCD final-state: e"e-— 3 partons

P

. = o/
simplest process in pQCD: ete™ — qq99 * o '
(all partons massless) 9 \
2 - N\
=5 " P2
some kinematics first:
- energy fractions = _ 2p;-q _  E; ) Z i e 2(Xpi)-q _ >
& conservation: ' ¢ Vs/2 o s
* angles: 2p1-p3 = (p1+p3)°=(g—p2)°=s—2q p>
— .I.?1;I?3(1 — COS 013) — 2(1 — ;1?2)
2 (other angles by cycl. permutation)

= 10< ;<1 X, x5=0

1
=1 massless
=
allowed values for x. : “Dalitz plot”
2

lie within a triangle

1
X2



collinear and soft configurations

at the boundaries of phase space we encounter a
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at the boundaries of phase space we encounter Sa S\
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at the boundaries of phase space we encounter N
special kinematic configurations: P
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collinear singularities:
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collinear and soft configurations

at the boundaries of phase space we encounter "\

special kinematic configurations:

— >

“‘T; "3 & 3 collinear _\(‘?ﬂ’"*’"' - "edges”: two partons collinear
soft e eg. 013 =0 1290 — 1
collinear _ g » “corners": one parton soft
| pi' - 0< x; — 0
soft
*__?__.. j,’.(lz(g
1/ do 22 1+ 3
structure reflected — C 2
in the cross section: oodridry (1 —x 1)(1 — 2)
soft gluon singularity: collinear singularities:
X3~ 0:p3—0 x;— 1t gluon || antiquark

< x— 1&x,— 1 x,— 1 gluon || quark



general nature of these singularities

soft/collinear limit: P

internal propagator goes on-shell '» P3
1 1 M - o P1 T P3
here: = q
(p1+p3)? 2E;1E3(1 —cos6;3)



general nature of these singularities

soft/collinear limit: Pi
internal propagator goes on-shell ‘- P3
1 i | M — P1+P3
here: = q
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explicit calculation yields:
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phase space 13 13 J

factor from |M|?
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general nature of these singularities

soft/collinear limit: Pi
internal propagator goes on-shell *- P3
1 i | M — P1 +P3
here: = q
(p1 +p3)2 2FE1E3(1 —cosfy3)

explicit calculation yields:

: 2 AT 102
do ox FadFE (192 ()13 — a 1‘5 (/01 3 logariThmically
: STSTLE E392 E3 0% divergent
phase space 13 > 713 J

factor from |M|?

note: "soft quarks" (here E,— 0) never lead to singularities (canceled by numerator)

this structure is generic for QCD tree graphs: P
| spinors pP1 T P3 D3
Mp41 ~ [(Mn] - 5 /
'1,3on-shell (p1 4+ p3)~ ——
. q oy
basis for parton-shower MC codes \7\’%
like PYTHIA, HERWIG, SHERPA, ...
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it is not infrared safel



Do we observe a breakdown of pQCD already here?

NO! Perturbative QCD only tries to tell us that
we are not doing the right thing!
Our cross section is not defined properly,
it is not infrared safel!

the lesson is:

whenever the 2->(n+1) kinematics collapses to an
effective 2->n parton kinematics due to

* the emission of a soft gluon
* a collinear splitting of a parton into two partons

we have to be much more careful and work a bit harder!

this applies to all pQCD calculations



towards a space-time picture of the singularities

interlude: light-cone coordinates

p* = (p° £p°)/V2
p° =2pTp” —pp
p~ = (p7 +m?)/2pT
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towards a space-time picture of the singularities

interlude: light-cone coordinates 0

P~ p*
p* = (p° £p°)/V2
= 2p+ T = 73112

= (pF+m?)/2pT

particle with large momentum in
+p3 direction has large p* and small p-



towards a space-time picture of the singularities

interlude: light-cone coordinates 0

o
pt = (p° £p°)/V2
= 2p+ T — 73112

p~ = (pf +m?)/2p™

particle with large momentum in
+p3 direction has large p* and small p-

Fourier transform

momentum space - T coordinate space
(j ) *

p-r=pax +p at —pr-Tr

--> X" is conjugate to p* and x* is conjugate to p-

p*
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space-time picture of the singularities

What does this imply for our propagator going on-shell?

Pi
- define k = p, + p;4 /
- use coordinates with k* large and k= O | P3
« k?= 2 k'k  ~ O corresponds to o
soft/collinear limit — k™ small G
P2
How far does the internal on-shell parton travel in space-time?
kT~ V's/2 large N y X
k— o~ (l_.? -+ Az)/\/: small
l Fourier
T ~ 1 [k~ large ‘:3????:::*-\...___?___&.

i 1/A'T+ small



space-time picture of the singularities

What does this imply for our propagator going on-shell?

Pi
- define k = p, + p; /
- use coordinates with k* large and k=0 | | P3
« k?= 2 k'k  ~ O corresponds to o
soft/collinear limit — k™ small G
P2
How far does the internal on-shell parton travel in space-time?
R V'S /2 large o .
k— o (1—:12 + k2)/+/s small /X
l Fourier 0 \
T ~ 1 [k~ large fravels a long

\ distance along
- == L l.‘t+ small y/4 N the light-cone
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upshot: soft/collinear singularities arise from
interactions that happen a long time after
the creation of the quark/antiquark pair

pQCD is not applicable at long-distance

SO ... What to do with the long-distance physics

associated with these soft/collinear singularities?
Is there any hope that we can predict some
reliable numbers to compare with experiment?

to answer this, we have to formulate the
concept of infrared safety



infrared-safe observables

formal definition of infrared safety: Kunszt, Soper

study inclusive observables which do not distinguish between
(n+1) partons and n partons in the soft/collinear limit, i.e.,
are insensitive fo what happens at long-distance
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formal definition of infrared safety: Kunszt, Soper

study inclusive observables which do not distinguish between
(n+1) partons and n partons in the soft/collinear limit, i.e.,
are insensitive fo what happens at long-distance

1 v lo|2 measurement fcts.
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2!, dS2o
do[3] —
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infrared-safe observables

formal definition of infrared safety: Kunszt, Soper

study inclusive observables which do not distinguish between
(n+1) partons and n partons in the soft/collinear limit, i.e.,
are insensitive fo what happens at long-distance

do |2 measurement fcts.

] 82 ([)]_ P ) — (define your observable)
dS2-

1 r do 3] —

— | dwodFE3dS?2 S3(p1,po,:
-+ 3!./( oA Ly3 3(ZQ2(1E3CZQ3 3(1)1,[)2])3)
+

T 5./ 25

infrared safe iff [for A=0 (soft) and O < A < 1 (collinear)]

S'n.—l-l(Pl: coos (L= X)pn, Apn) = Sn(p1,---,Pn)



physics behind formal IR safety requirement

cannot resolve soft and collinear partons experimentally

— intuitively reasonable that a theoretical calculation
can be infrared safe as long as it is insensitive to
long-distance physics (not a priori guaranteed though)



physics behind formal IR safety requirement

cannot resolve soft and collinear partons experimentally

— intuitively reasonable that a theoretical calculation
can be infrared safe as long as it is insensitive to
long-distance physics (not a priori guaranteed though)

at a level of a pQCD calculation (e.g. ee” at O(a,), i.e., n=2)
Sn-l—l('Pl: ooy (1 = X)pPn, Apn) = Sn(p1,---,Pn)

— singularities of real gluon emission and virtual
corrections cancel in the sum

extension of famous
theorems by

Kinoshita-Lee-Nauenberg

and
Bloch-Nordsieck

S




example I: total cross section e"e-— hadrons

simplest case: Sn(p1,...,pn) =1

fully inclusive quantity «<— we don't care what happens at long-distance

- the produced partons will all hadronize with probability one

* we do not observe a specific type of hadron
(i.e. sum over a complete set of states)

- we sum over all degenerate kinematic regions
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example I: total cross section e"e-— hadrons

simplesf case: Sn(p1,...,pn) =1

fully inclusive quantity «<— we don't care what happens at long-distance

- the produced partons will all hadronize with probability one

* we do not observe a specific type of hadron
(i.e. sum over a complete set of states)

- we sum over all degenerate kinematic regions

infrared safe by definition

R ratio: e B L SN
P — o(ete” — hadrons) _ =~ 5 o / "
T aleFer sty 2.3 (1+Aqcp) need to add up real and

virtual corrections

* energy of hardest gluon in event

not IR safe:

 multiplicity of gluons or 1-gluon cross section
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infrared safety

real physical event theor. jet event
with 3 hadron-jets with 3 parton-jets

jets are the central link between theory and experiment
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example II: n-jet cross section

experiment QCD theory r

~ approx. equivalent
infrared safety

real physical event theor. jet event
with 3 hadron-jets with 3 parton-jets

jets are the central link between theory and experiment

But what is a jet exactly?

>

ecall: Ty Z&ein Jor 7 jet "measure”/algorithm™:
e e sec S0l classify the final-state of
R .- hadrons (exp.) or partons (th.)
according to the number of jets

| &2
collinear

wAodg W | %

Sof well inside: 3-jets | "2 or 3" depends
-7 | near edges: 2-jets on algorithm
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seeing vs. defining jets
\

» . \ -
% oy
0 =
¥
|

2 .
¥ N %N
< AN
‘ A N

o

clearly (?) a 2-jet event how many jets do you count?

the "best” jet definition does not exist - construction is unavoidably ambiguous

basically two issues:

- which particles/partons get put together ina jet — jet algorithm

- how to combine their momenta — recombination scheme
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projection to jets should be resilient to QCD & detector effects
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basic requirements for a jet definition

projection to jets should be resilient to QCD & detector effects

* adding an infinit. soft
parton should not change
the number of jets

* replacing a parton by a
collinear pair of partons _
should not change the N\
number of jets

IR safety againl

(anti-) kr algorithms are the method of choice these days
Cacciari, Salam, Soyez (FastJet tool)




idea behind parton shower MC programs

* we have seen that emission of soft/collinear partons is favored

= we know exactly how and when it occurs (process-independent)

O TS ot Qmﬁﬁ:k
- \ -
| P | P
2ces Ce dE df 20 Cp dE d6
T E 6 T E 0

this will provide the basis for a "parton shower”

" main idea: seek for an approx. result such that soft/collinear
enhanced terms are included to all orders

emissions are probabilistic (needed to set up an event generator)



popular parton shower programs

T. Sjostrand et al.

PYTHIA | -
http://home.thep.lu.se/~torbjorn/Pythia.html
G. Corcella et al. C
HERWIG | |
http://hepwww.rl.ac.uk/theory/seymour/herwia/ )
S. Gieseke et al. N/
HERWIG++ | |
http.//projects.hepforge.org/herwig/ \er ™" | |-
F. Krauss et al. N
SHERPA | - =
http://projects.hepforqe.ora/sherpa/dokuwiki/doku.php
H. Baer et al.
ISAJET

http://www.nhn.ou.edu/~isajet/

* fail in high-multiplicity events or when large-angle emissions are relevant
* do better than fixed order calculations at lowish scales

* matching with NLO matrix elements well advanced: MC@NLO, POWHEG, ...



summary so far

pQCD cannot give all the answers
but it does cover a lot of ground
despite the "long-distance problem”



summary so far

pQCD cannot give all the answers
but it does cover a lot of ground
despite the "long-distance problem”

the concept of factorization will allow us to
compute cross sections for a much wider

class of processes than considered so far
(involving hadrons in the initial and/or final state)

HERA, TeVatron, JLab, RHIC, LHC, ..., EIC



hadrons: a new “long distance problem”

consider the one-particle inclusive cross section:

A identified hadron

\\ q P. e.qg. (A=m) d0'(8+€_ —>7T+X)

- dEx

2 x hot measured

not infrared safe by itself!
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hadrons: a new “long distance problem”

consider the one-particle inclusive cross section:

0 A identified hadron
\\ q e.qg. (A=m) d0'(8+€_ . 7T+X)
- dEq

2 x hot measured

not infrared safe by itself!

problem: sensitivity to long-distance physics related to particle emission
along with identified/observed hadrons
(leads to uncanceled singularities -> meaningless)

general feature of QCD processes with
observed (=identified) hadrons in the initial and/or final state



factorization

strategy: try to factorize the physical observable into a calculable
infrared safe and a non-calculable but universal piece

how does it work?

/1\\ P A 2 i3 '?'Z:éﬁic

4o“ d°p
/\ q @ dO' — 2 [ L,u.vl/ W/“/
o & SQ 2 ‘m hadronic

2 X tensor




factorization

strategy: try to factorize the physical observable into a calculable
infrared safe and a non-calculable but universal piece

how does it work?

N b A leptonic

—, tensor

N g 4ol d3p

: o= LMW
ao v
»” 8Q2 2 ‘]7‘
/2/ hadronic
X tensor
p
! p p
hadronic tensor W : s~ ~

square of the hadronic scattering amplitude
summed over all final-states X except A(p) A - 2%




factorization

strategy: try to factorize the physical observable into a calculable
infrared safe and a non-calculable but universal piece

how does it work?

A leptonic

—, tensor
q
@B do =

e g5
da“ d>p T
P Ve o 2 v
[ & SQ ‘m hadronic

2 X tensor

p
é): g )
hadronic tensor W : 70"

square of the hadronic scattering amplitude

summed over all final-states X except A(p) X o x !

need to factorize long-distance physics
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factorization = isolating and absorbing infrared singularities
accompanying observed hadrons
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accompanying observed hadrons

pictorial sketch:
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contains all long-distance interactions
hence not calculable but universal
physical interpretation:
probability to find a hadron carrying
\ a certain momentum of parent parton
/

hard scattering Fa.z

contains only short-distance physics
amenable to pQCD calculations



concept of factorization - pictorial sketch

factorization = isolating and absorbing infrared singularities
accompanying observed hadrons

pictorial sketch:

/fr'agmen'ra'rion functions D(],’
' contains all long-distance interactions
hence not calculable but universal

physical interpretation:
probability to find a hadron carrying
\ a certain momentum of parent parton

hard scattering Fa.z

contains only short-distance physics
amenable to pQCD calculations

aside: fragmentation fcts. play an important role in learning about
nucleon (spin) structure from semi-inclusive DIS data by
COMPASS & HERMES or from hadron production at RHIC




factorization - detailed picture

y; / A A .
' 4 long-distance

not calculable

more explicitly

Factorization
—>

short distance
e IR safe, calculable
a

en . ' 3 * v* *
VE) = i (@) (@)W ¥ F Y

=L, T (pol. of ¥7)

do e 7.'(1'2 '[7'/.(‘* (2)(1 + COS2 ()) + 1',1,(" (2) sin2()]
(]:-:(ICOS()_ 25l A NS> A\Z,

T,L ~ Q ,
where | Fi'7(2,Q) =Y F (2, “—f_) ® Dg (2, piy)
a
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£ / A A .
! A long-distance

not calculable

more explicitly

Factorization
_>

short distance
e IR safe, calculable
a

e 40 i : * v* *
VE} = " (@)X (@)W ¥ F PN Y

=L, T (pol. of ¥7)

do a2 | T > I i)
= Fi1(2,Q)(1 4 cos<é Fi(z,Q)sin<é
dzd cosf D L L ey )+ F4(z,Q) ]

factorization scale (arbitrary!)

characterizes the boundary between
short and long-distance physics

physics indep. of u, — renormalization group



factorization - detailed picture

£ / A A .
! A long-distance

not calculable

more explicitly

Factorization
—>

short distance
e IR safe, calculable
a

* - * * *
VE} = " (@)X (@)W ¥ ,7\;\{’\1\ ¥

=L, T (pol. of ¥7)

do ral ” 5 [ i
= F1(z,Q)(1 4 cos?0) + F5(z,Q)sin%0
dzdcost 2 LAB@ULL )+ F4(2,Q) |

where FZ’L(z, Q) =) F(T‘L(z,(% Dh(/’

a iy
| =
“convolution” factorization scale (arbitrary!)

fx)®g) = [ 5].'1 (g> a(y) characterizes the boundary between
o & short and long-distance physics

physics indep. of u, — renormalization group



factorization - detailed picture

A A A A

long-distance
not calculable

more explicitly

Factorization )
t distance

m‘\?J“ e, calculable

VEY = M (@ (@Wi T
A=L,T (pol. of v7)

do

factorization scale (arbitrary!)

characterizes the boundary between
short and long-distance physics

flx) ®

physics indep. of u. — renormalization group



take home message for part Il
the QCD toolbox

" QCD is a non-Abelian gauge theory: gluons are self-interacting
— asymptotic freedom (large Q), confinement (small Q)

" QCD calculations are singular when any two partons become
collinear or a gluon becomes soft. basis for parton shower MCs

= choose infrared/collinear safe observables for comparison
between experiment and perturbative QCD

= jets (= cluster of partons): best link between theory and exp.:
needs a proper IR safe jet definition in theory and experiment

" factorization allows to deal with hadronic processes
infroduces arbitrary scale -> leads to RGEs



early microscopes the World's most powerful microscopes

Part ITI

inward bound: "femto-spectroscopy"

QCD initial state, partons, DIS, factorization,
renormalization group, hadron-hadron collisions



partons in the initial state: the DIS process

start with the simplest process: deep-inelastic scattering

"(1-y)k" relevant kinematics:
=y

e* Q7 p-q
> T = Yy =

2D p-k
q (@2=-¢) R

- Q2 photon virtuality < resolution r~1/Q
at which the proton is probed

Q2 = zys

Xp .
* x: long. momentum fraction of

struck parton in the proton

* y: momentum fraction lost by

proton )
electron in the proton rest frame



partons in the initial state: the DIS process

start with the simplest process: deep-inelastic scattering

"(1-y)k" relevant kinematics:
=y

e* _ Q@ _pyg
- T Yy =

k q (Q%2=-¢) - 2p-g p-k

- Q2 photon virtuality < resolution r~1/Q
at which the proton is probed

Q? = zys

Xp .
* x: long. momentum fraction of

struck parton in the proton

PR

proton

* y: momentum fraction lost by
electron in the proton rest frame

"deep-inelastic™: Q%> 1 GeV? resolution: 7 2 x 10~ °m
"scaling limit": Q2—o0, x fixed| | r~1/Q @ Q[GeV]




a typical DIS event

x=0.50

Ql;l!b Q? = 25030 GeV?, y = 0.56;

i
o

i

P

I proton

1l1]

l

-
—_— -
| -1
R -
.
- :
= -
- - [ 17

e

-
Z
X,
/ ~ s H1 Run 122145 Event 69506
P Date 19/09/1995




analysis of DIS: 15t steps

electroweak theory tells us how the virtual vector boson (here y7) couples:

. 4(.}12 (.]31? 1 -
S,“Pm S k' do = = 4L'“U(k‘a q, "") W,U-I/(pa q, ‘S)
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leptonic hadronic tensor
tensor contains information

spin S from QED about hadronic structure
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electroweak theory tells us how the virtual vector boson (here y7) couples:

: 402 d3K' 1
wins 7 dg = 2N kg, W g, 9)
—~—y s 2|k|Q /
‘* /
leptonic hadronic tensor
. tensor contains information
spin S from QED about hadronic structure

parity & Lorentz inv., hermi’rici’ry Wvu=Ww", current conservation g Ww=0 dictate:
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electroweak theory tells us how the virtual vector boson (here y7) couples:
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analysis of DIS: 15t steps

electroweak theory tells us how the virtual vector boson (here y7) couples:

: 402 d3K' 1
pins o ge = 2N L (kg s Wi a, S)
o s 2|k|Q /
‘* /
leptonic hadronic tensor
. tensor contains information
spin S from QED about hadronic structure

parity & Lorentz inv., hermi’rici‘ry Wvu=Ww", current conservation g Ww=0 dictate:
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DIS in the naive parton model

et v k'

let's do a quick calculation: consider electron-quark scattering * 24
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let's do a quick calculation: consider electron-quark scattering * 24
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t2 Mandelstam's ¢ _ (k — k)2

&2 2 R ‘ .
find Z M|? = 2¢2 o4 57T UT iththe usual 8= (k4 pg)” \EP

proton

"2

u=(pqg—k)°



DIS in the naive parton model

e, ¥

let's do a quick calculation: consider electron-quark scattering * 2
&2 2 R ‘ .
find Z M|? = 2eZe? ST U7 iththeusual 8 = (k+ pg)” \EP

t2 Mandelstam's ¢ _ (k — k)2

proton
, i = (pq k')?
next: express by usual DIS variables

(22 p-q 5
r = y = Qe = xys
2p - q p-k



DIS in the naive parton model

e

let's do a quick calculation: consider electron-quark scattering * 24

-~

t2 Mandelstam's ¢ _ (k — K')?

a2 2 R ‘ .
find Z M|? = 2¢€2 o4 57T UT iththe usual 8= (k4 pg)” \EP

proton

) ua=(p k')?
next: express by usual DIS variables ok

Q? pP-q 2 , §=£6Q?%/(xy) =¢s
T = y = Q° = xys find - 2 2
2p - q p-k t=q°=-Q
ua=5s(y—1)



DIS in the naive parton model

e ¥

let's do a quick calculation: consider electron-quark scattering * 2
Al 2 R ‘ .
find Z M|? = 2¢eZe? STHUT ith theusual 8 = (k + pg) \EP
t2 Mandelstam's £ = (k- K)2 —

, i = (pq — k')?
next: express by usual DIS variables

Q7 p-q 5 , §=£6Q%/(xy)=¢s
r = y = Q° = xys find . ) 0
2p - q p-k t=q°=-Q
ua=5s(y—1)
and use the massless 2->2 cross section

do 1 .
— M|?
dt 16782 Z‘




DIS in the naive parton model 1

let's do a quick calculation: consider electron-quark scaﬂer'mg 21

find Z M|?

Ad 2
2 el S ! u_ with the usual

t2 Mandelstam's

next: express by usual DIS variables

_ @2
 2p-gq

P9

Yy =

p-k

Q% =uwzys  find

and use the massless 2->2 cross section

do

dt

1
16752 Z‘M

to obtain

S

= (kK + pq)* \EP

t=(k-k)? proton
i = (pq — k')?
& ¢M2 /{ (o
§ = £Q/(xy) = £s
{:(12: Q2
ua=S(y—1)
do Zuu (‘fl
1+ (1 —y)?]

aQz  Qf



DIS in the naive parton model

e ¥

let's do a quick calculation: consider electron-quark scattering * 2
Al 2 R ‘ .
find Z M|? = 2¢eZe? STHUT ith theusual 8 = (k + pg) \EP
t2 Mandelstam's £ = (k- K)2 —

, i = (pq — k')?
next: express by usual DIS variables

Q2 Pa (g 8=6Q%/(xy) =¢s
T = y = = zys in A .
2p - q d p-k / t — a2 —

and use the massless 2->2 cross section

do 1 . 1o 2 2e2
7 - '\/l 2 . ' C ‘ . (l‘ , - \ 2
dt 16782 Z‘ to obtain dQ2 Q4 1+ (1-y)7
next: use on-mass shell constraint
pff = (Pq q)? =q* 4 2pq - 9 = -2p-q(x—&)=0

this implies that € is equal to Bjorken x



DIS in the naive parton model

e

let's do a quick calculation: consider electron-quark scattering * ¢
Al 2 R ' . _‘\
find E \/l’ 2 el S~ 1 a  with theusual 5 = (k Pq)? = P
t2 Mandelstam's  § _ (k — K')? —

) ua=(p k')?
next: express by usual DIS variables ok |

Q° p-q 2 . §=£6Q%/(xy)=¢s
r = Yy = Qe = xys find . o o
2p - q p-k t=q°=—-Q
ua=5s(y—1)
and use the massless 2->2 cross section

do 1 . 1o Zuu sl
7 M 2 . C . q B
dt ~ 16.82 Z\ to obtain aQ? Y 1+ (1 —y)?
next: use on-mass shell constraint
pff = (Pq q)? =q* 4 2pq - q = -2p-qx—¢&)=0

this implies that € is equal to Bjorken x

. do 4ma? 2:1 2.
to obtain dxdQ? = Qi 1+(1-y )]Eeqh(x—{)




DIS in the naive parton model cont’d

et v K

compare our result
Ay 2 \ &P
do v de il , ol 5 B . p
= = , F(1—y)°|zeqd(x — &)
dxdQ? Q* 2 9 proton

to what one obtains with the hadronic tensor (on the quark level)

d?o Ao’ - (1—-y)
= 1+ (1—-y)°|Fi(x)+ -
dxdQ? Q4 1+ ) ) X

(Fa(x) — 2xF4(x))



DIS in the naive parton model cont’d
™,
2 —\¢ Ep

do 4ma 1401 ): ] S £)
— —-— —_ (\ ——
dxdQz = Qt | . 1% —

compare our result

to what one obtains with the hadronic tensor (on the quark level)

d?c A7 [1 1 ) F () 4 (l —V)|F (x) — 2xF; (x))
— — X X X X
dxdQz QA ! X ’ P
- - 2 Slo o Callan Gross relation
and read off Fa = 2xF, = XCq 0(x — &) reflects spin 1/2 nature of quarks




DIS in the naive parton model cont’d

et v K

k q

\ €p

do Adma® g , a1 B . p

dxdQ2? Q¢

compare our result

proton

to what one obtains with the hadronic tensor (on the quark level)

|

dg_ _ 4ma” APAEVEF, (x) + LY (Fy(x) — 2xF, (%))
— 4 X) 1 21X X X
dxdQ? Q4 | 1\ x S
2 - Callan Gross relation
— — & (} — &
and read off Fa = 2xFy *Cq (x—¢) reflects spin 1/2 nature of quarks

proton structure functions then obtained by weighting the quark str. fct.
with the parton distribution functions (probability to find a quark with momentum )

N\
Fa=2xF; = ) [ da(©)xedo(x—)
r 0

q.q'

DIS measures the charged-weighted
Z e;‘i xq(x) sum of quarks and antiquarks

0.9’ "scaling” - no dependence on scale Q



space-time picture of DIS

this can be best understood in a reference frame
where the proton moves very fast and Q>>m,, is big

(recall light-cone kinematics from part IT)

4-vector hadron rest frame

- 1 — 1 Q xmj -
(p+,p  PT) E("”h-"”hso) ﬁ(T Ql ,0)
(ata )| —Cma 00 | 5=(-Q.Q.0)
9,4 4T V2 h mpx’ /2 s

Breit frame \




space-time picture of DIS

this can be best understood in a reference frame q
where the proton moves very fast and Q>>m,, is big

(recall light-cone kinematics from part IT)

4-vector hadron rest frame | Breit frame \
1 1 .Q :l"nl-% \\ 4

nt »— & N 5
(p™,p .Pr1) \/ﬁ(mh,mh,O) VAN )

+ o 7 —_——\ Ly o . o)
(q » q w(IT) \/i( "lhl"”l»[,;l.‘ O) \/§

e ——

Lorentz boost

ot e “a,dp

- -
L Q L (~0.0.6)

in general (at,a",dp) — (e

here: e» = Q/(xm,)



space-time picture of DIS — cont’d

simple estimate for typical time-scale of interactions

among the partons inside a fast-moving hadron: ~—
4+ _ 1
rest frame: Az ~ Ax ~ —
m
X~ X+
1Q _ Q
Breit frame: Azt ~ =% = —> large
mm  m
1m 1
Ar~ ~ —— = — smdll
mQ@ Q

world-lines
of partons
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space-time picture of DIS — cont’d

simple estimate for typical time-scale of interactions
among the partons inside a fast-moving hadron:

_ 1
rest frame: A:I:+ ~ A1 ~ —
m
1 Q Q \- .‘_\ +
mim m
1m 1
Ar~ ~ —— = — small
mQ@ Q

intferactions between
partons are spread out
inside a fast moving hadron

world-lines
of partons

How does this compare with the time-scale of the hard scattering?



foundation of naive Parton Model =™

Bjorken, Paschos

Breit frame: struck quark
proton moves very fast and Q>m,, is big on-shell

y I .rm.,.g' .

g ya
T o~ ) = at.q".Gr) = 1 - )
(»".p".Pr) v"§(‘r' 0 .0) (¢7.q ,4r) \5( Q,Q.0) /\\;

Epr+q=0cE=x
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Bjorken, Paschos

Breit frame: struck quark

proton moves very fast and Q>m,, is big ~ on-shell
+ - = Q nnh s ,,414 5 B
(", p . Pr) = 3 5( 0 0) (¢F.q.dr) \5( Q,Q,0)

space-time picture:
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foundation of naive Parton Model [*"™"

Breit frame:
proton moves very fast and Q>m, is big

T ] xm? - ke 28 1 -
+ 07, 0r) = —=(=,—=2,0) (¢%,¢",dr) = —=(-Q,Q,0
(»™,p~,Pr) \-""2( 0 ) (¢7,9,4d7) \/,,2( 2,Q.,0)

space-time picture: intferactions of
X= A\ o + partons dlla‘rid
AXx+ = Q/m
N\
\."'«.\
\Y

W —
//,/ 75(-2.Q.0)

Bjorken, Paschos

struck quark
on-shell




foundation of naive Parton Model [*"™"

Breit frame:
proton moves very fas'r and Q>>m,. is big
o i) = (2, 2% 5 ) = —=(-Q,Q,0
(p™,p",Pr) = \5(1 0 0) (¢F.q.dr) \5( 2,Q,0)
space-time picture: interactions of
= « + partons dlla‘rid
AXx+ = Q/m

1§ L
\/5(—(212-0)

interaction localized
to within Ax* = 1/Q

N\

Bjorken, Paschos

struck quark
on-shell

Sl
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foundation of naive Parton Model [*"™"

Bjorken, Paschos

Breit frame: struck quark
proton moves very fas'r and Q>>m, is big on-shell

T ) _<Q ’ 8) (¢t a~, &) =-=(-Q,Q,0) \qv/

space-time picture: interactions of 0o tsx
e + | partons dilated
X \\ | struck quark X AX* % Q/m?
0\ | kicked into
SO\ x direction
) /

N\ %
\

1§ L
\/5(—(212-0)

interaction localized
to within Ax* = 1/Q

N\




foundation of naive Parton Model [*"™"

Bjorken, Paschos

Breit frame: struck quark

proton moves very fast and Q>m,, is big on-shell
2
1 Q xmj -

(p",p ", Pr) = —=( 0) (¢7.q.dr) = l_(—(“).(J.O‘) \\“v/
V2 2 Q V2 / \

space-time picture: interactions of g0 o8 X
- . 4+ | partons dilated
X \\ | struck quark X AX* % Q/m2
"\ | kicked into
\ N X d' irection
\X j upshot:
* partons are free during
i = the hard interaction
(-Q,Q,0)
V2 * lepton scatters of f free
partons incoherently
interaction localized - convenient to introduce
to within Ax* = 1/Q momentum fractions

\ 0<K§; = 1);'_/])""' i |



sum rules and isospin

for the quark distributions in a proton there are several sum rules to obey

momentum sum rule
quarks share proton momentum

flavor sum rules
conservation of quantum numbers




sum rules and isospin

for the quark distributions in a proton there are several sum rules to obey

momentum sum rule
quarks share proton momentum

flavor sum rules
conservation of quantum numbers

isospin symmetry relates a neutron to a proton (just u and d interchanged)

Frz) = 1 (édn(a:) + %un(m)) oy (gdp(a:) + %up(a:))

* measuring both allows to determine uP and dP separately {

* note: CC DIS couples to weak charges and separates quarks and antiquarks ——__




momentum sum rule in the naive parton model

- (8 [
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0 i
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S 0.033
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total 0.546

half of the momentum is missing
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03 |
02 |

0.1}

0

quarks: xq(x)

‘, Q? =10 GeV?
| CTEQ6Dfit |
|Gy Uy
)
dg
CSSl \\US Il —
0 02 04 06 08

X
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momentum sum rule in the naive parton model

- (8 [

/l dszfi(")(z) =4
0 i

0.267

d. o.111
Uy 0.066
d. 0.053
S 0.033
Ce 0.016
total 0.546

half of the momentum is missing

gluons |

06

05

04 |

03 |

quarks: xq(x)

02 /|

0.1}

0

" Q? =10 GeV?
| CTEQED fit |
_ dy Uy
dg
CS $ ) — US

0

02 04 06 08
X

1



momentum sum rule in the naive parton model

~ uy 0.267
1 d, o111
/ d:l:z:tf‘(p) (:t) =] us 0.066
0 i d. 0.053
Ss 0.033
c 0.016 quarks: xq(x)
total 0.546 e ' ‘ ' ‘
- — | Q? = 10 GeV?
o 0.5 CTEQEDfit |
half of the momentum is missing 0a |
03 | __dy Uy
gluons |
02}
] . 01} dS
but they don't carry electric/weak charge TN
¢ S .~ US
0 S : L _—y J
how can they couple? o 02 04 o6 08 1

X



momentum sum rule in the naive parton model

- Uy

0.267

o1

0.066

/l da:Za:f,(p)(a:) — 1l
0 i

0.053

0.033

Ple[&]5 (&

0.016

total

() 54(_)

half of the momentum is missing

gluons |

but they don't carry electric/weak charge

how can they couple?

06

0.5

04

03 |
02 |

0.1 ¢}

0

quarks: xq(x)

- —

Q? = 10 GeV?
CTEQEDfit |

SS ) - US

Cs |

0

02 04 06 08 1
X

-> we need to discuss QCD radiative corrections to the ndive picture



momentum sum rule in the naive parton model

- Uy 0.267

0.066

/ 4 2P (@) =1
0 i

0.053

0.033

Ple(e]5 |2

0.016

total 0.546

half of the momentum is missing

gluons |

but they don't carry electric/weak charge

how can they couple?

06

0.5

04

03

0.2

01 ¢}

0

quarks: xq(x)
‘ Q? =10 GeV?
| CTEQ6D fit |
dy Uy
ds
Ss S Ug

Cs |

0

02 04 06 08 1
X

-> we need to discuss QCD radiative corrections to the ndive picture

gluons will enter the game and everything will become scale dependent




Naive parton model vs. experiment
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Naive parton model vs. experiment

HERA F,
- x=6.32E-5
= L x=0.000102
= x=0.000161 E=3 ZEUS NLO QCD fir
2L x=0.000253
S : A H1 PDF 2000 fit
L] = .00()4
E ~ x=0.0005
- s /7 x=0.000632 o H194.00
(Y /T x=0.0008
s HI (premeao
g o3 = ZEUS 9697
BCDMIS
4
3
2
1
o al 1 aaaal M 1 1
2 s 4
1 10 10 10 10 10

find strong scaling violations

significant rise at small x
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Naive parton model vs. experiment

HERA F,
Rair > x-;’;;fg;gfﬂu E=3 ZEUS NLO QCD fit . . . .
o000y mewros | TiNA strong scaling violations
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Naive parton model vs. experiment
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et mmwrwos | fiNd strong scaling violations
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DIS in the QCD improved parton model

we got a long way (parton model) without invoking QCD ﬁ

now we have to study QCD dynamics in DIS
- this leads to similar problems already encountered in e*e



DIS in the QCD improved parton model

we got a long way (parton model) without invoking QCD ﬁ

now we have to study QCD dynamics in DIS
- this leads to similar problems already encountered in e*e

let's try o compute the O(a.) QCD corrections to the naive picture

- | _,‘ -
L L 4 |
L1 L~ & 3
[P [ L J
L [ . |
| o |
{
' 4 2. 5 % % 5
o5 A
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ag corrections to the LO process photon-gluon fusion



DIS in the QCD improved parton model

we got a long way (parton model) without invoking QCD ﬁ

now we have to study QCD dynamics in DIS
- this leads to similar problems already encountered in e*e

let's try o compute the O(a.) QCD corrections to the naive picture

o T

ag corrections to the LO process photon-gluon fusion

caveat: have to expect divergencies (recall 2" part)
related to soft/collinear emission or from loops

we cannot calculate with infinities — introduce a "regulator”
and remove it in the end



general structure of the O(o,) corrections

using small (artificial) quark/gluon masses as regulator we obtain:
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general structure of the O(o,) corrections

using small (artificial) quark/gluon masses as regulator we obtain:

LO s ‘
-?,.'.‘ 0(1l—z)+ i{‘,) [ Pyq(z) In ()2 C'g(-’*)n
P

d%G
dxdQ? ' F>

4

dxdQ? ' F>

o =~
142

as(pur Q2 % .
= L lO+ (/ )[ ‘I’l( )In ('2’(1)]] “_‘_

q T ‘I




general structure of the O(o,) corrections

using small (artificial) quark/gluon masses as regulator we obtain:

d?G _ ag Y B e
dzdQ2'F; — "2 Cas -
LO
S " as(pr) n g
— 'T( £ (’)(1 - I) + 4 17(1(1(.1,) CQ('I)
A
large logarithms
(collinear emission)
d2G &

dxdQ?'F>
as(per) » I i
([ I‘ “.;“‘__



general structure of the O(o,) corrections

using small (artificial) quark/gluon masses as regulator we obtain:

dxdQ?2 ' F> > < A /—’—\
('73:1.‘ 0(1 —z) + “':E:") [P(I(I(T) w ]
A

large logarithms finite
(collinear emission)  coefficients

d?G ~g
= [
dzdQ2'F> 2
- pipreiP el @]
(1 4“ ‘,i{f-‘“_‘—




general structure of the O(o,) corrections

using small (artificial) quark/gluon masses as regulator we obtain:

o "‘".:.1__1_4 :
—oln, = 3 ﬁ f f*\

lxdQ?2 ' F>
dxdQ Lo " (l“
-?,.'.‘ o(l —xz) + qq( )
A

large logarithms finite
(collinear emission)  coefficients

d°G 2
= [
dxdQ?'F> 2
— s pLr i
q 4

to see what happens to the logs we have to convolute our results with the PDFs




factorization of collinear singularities

for the quark part we obtain:

i — as [ld€
FQ(.I.‘.QQ) = L (‘3 fa,0(z) + 2_/ %
a=aq.q R
: Q2 a[®\71  similarly for
fa,0(x) ’}(lfl ( ) In '”3 +Ca ¢ the gluonic part
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factorization of collinear singularities

for the quark part we obtain:

i | as [1dE
FQ('I"‘QQ) P Ak L q ‘ zl ( )+ / %
a=q, {//V A A =
£ Q2 ,q & similarly for
( ) ‘1 qq + C .
€ mq 5 12 the gluonic part
from 7 o

f, o(x): unmeasurable "bare” (= infinite) parton densities;
need to be re-defined (= renormalized) to make them physical

at order 0.+ (can be generalized to all orders)

2
_ : o I¢ L5
fala, i) = fap(@)+o2 [ f”owmq() ("2)+f~w

2/1 III.(I

absorbs all long-distance singularities
at a factorization scale u; into f

physical/renormalized densities: not calculable in pQCD but universal
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general structure of a factorized cross section

putting everything together, keeping only terms up to o,

the physical structure fct. is independent of u.
(this will lead to the concept of renormalization group egs.)

both, pdf's and the short-dist. coefficient depend on ;.
(choice of u: shifting terms between long- and short-distance parts)

@) = & Y 3 [ AT

a=q,q
(] () oy @ ()|

/I
/ \ _

yet another scale: u, short-distance "Wilson ¢oefficient”

due to the renormalization
of ultraviolet divergencies

(8

|"5(1 - E) +

choice of the factorization scheme

this result is readily extended to hadron-hadron collisions



lesson: theorists are not afraid of infinities
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universal PDFs — Kkey to predictive power of pQCD

once PDFs are extracted from one set of experiments, e.g. DIS, we can
use them to predict cross sections in, say, hadron-hadron collisions

parton densities are universal
— there must be a process-independent precise definition



universal PDFs — Kkey to predictive power of pQCD

once PDFs are extracted from one set of experiments, e.g. DIS, we can
use them to predict cross sections in, say, hadron-hadron collisions

parton densities are universal
— there must be a process-independent precise definition

small print: we need to specify a common factorization scheme for
short- and long-distance physics (= choice of z in our result for F,)

standard choice: modified minimal subtraction (MS) scheme
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less often used: DIS scheme = "maximal” subtraction where all

O(a,) corrections in DIS are absorbed into PDFs
(nice for DIS but a bit awkward for other processes)




universal PDFs — Kkey to predictive power of pQCD

once PDFs are extracted from one set of experiments, e.g. DIS, we can
use them to predict cross sections in, say, hadron-hadron collisions

parton densities are universal
— there must be a process-independent precise definition

small print: we need to specify a common factorization scheme for
short- and long-distance physics (= choice of z in our result for F,)

standard choice: modified minimal subtraction (M_S) scheme
(closely linked to dim. regularization; used in all PDF fits)

less often used: DIS scheme = "maximal” subtraction where all

O(a,) corrections in DIS are absorbed into PDFs
(nice for DIS but a bit awkward for other processes)

Bardeen, Buras,
classic (but old-fashioned) definition of PDFs through their Duke, Muta

Mellin moments in Wilson-Zimmermann's operator product expansion (OPE)



PDFS as bi_local Operators Curci, Furmanski,
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more physical formulation in Bjorken-x space: hep-lat/9609018
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more physical formulation in Bjorken-x space: hep-lat/9609018

matrix elements of bi-local operators on the light-cone
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PDFs as bi-local operators ¢ure Furmanski,

Petronzio; Collins, Soper
. . . . see, e.g., D. Soper,
more physical formulation in Bjorken-x space: hep-lat/9609018

matrix elements of bi-local operators on the light-cone

for quarks: (similar for gluons; easy to include spin y*— y"yg)
1 rdy- oot — — =
fa€,np) = = | Z—e &PV (p|Wa(0,y, 0)y T FWa(0)|p)iis
/ AN |

Fourier transform recreates quark  annihilates
— momentum & p* at x'=0 and x =y~ quark at x«=0

* in general we need a "gauge link" for a gauge invariant defmmon

i
F =Pexp (—zg /O dz 4+(O ,O) [(-)

crucial role for a special class of “transverse-momentum dep. PDFs" 7
describing phenomena with transverse polarization ("Sivers function”, ..)

* interpretation as number operator only in "A*= O gauge”

- turn into local operators (— lattice QCD) if taking moments [, dE &"
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pictorial representation of PDFs

suppose we could take a snapshot of a nucleon with positive helicity

=7 e question: how many constituents
2 > . o 5300 . (quark, anti-quarks, gluons) have momenta
0 between xP and (x+dx)P and how many
= have the same/opposite helicity?
o helicity
9=/ Ly M) = |
P oo = P AT & py L - P B
— =1x| T |== =X — =x| T |== =i
g(x) = ) X i 5 Ag(x) =& .5 ) g
Pt S Pt S & Pt S i} Pt o 7
S }\ xe > }.\ > Xl =5 == | X
unpolarized PDFs helicity-dep. PDFs

— LHC phenomenology, eftc. — spin of the nucleon
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towards renormalization group equations

so far: infinities related to long-time/distance physics (soft/collinear emissions)

these singularities cancel for infrared safe observables
or can be systematically removed (factorization) by “hiding" them
in some non-perturbative parton or fragmentation functions

but: class of ultraviolet infinities related to the smallest time scales/distances:

we can insert perturbative corrections

to vertices and propagators (“loops")

loop momenta can be very large (=infinite)
leading to virtual fluctuations on very
short time scales/distances N\

again, we need a suitable regulator for

divergent loop integrations: y

UV cut-off vs. dim. regularization / 0 ¢ [ 4 q 9/
intuitive; involved; .
not beyond NLO works to all orders




the importance of scales

factorization and renormalization play similar roles
at opposite ends of the energy range of pQCD




the importance of scales

factorization and renormalization play similar roles
at opposite ends of the energy range of pQCD

10™ GeV -l MeV
(Planck scale) (Nuclear scale)

1020 fm few fm




the importance of scales

factorization and renormalization play similar roles
at opposite ends of the energy range of pQCD

a few TeV O(1 GeV)

: range of interest

10™ GeV ﬁy MeV
(Planck scale) : : (Nuclear scale)

1029 fm few fm




the importance of scales

factorization and renormalization play similar roles
at opposite ends of the energy range of pQCD

a few TeV O(1 GeV)

i range of interest :
- >

10™ GeV B —— MeV
(Planck scale) : : (Nuclear scale)

1029 fm few fm

M M, My Q O(AQCD)

scales: (huge) (large/hard) (soft/confinement)




the importance of scales

factorization and renormalization play similar roles
at opposite ends of the energy range of pQCD

a few TeV O(1 GeV)

: range of interest

10™ GeV ﬁy MeV
Planck scale) : : (Nuclear scale)

(
10-2° fm few fm
. M M, My Q O(AQCD)
scales: (huge) (large/hard) (soft/confinement)
< > < >

renormalization group equations (RGE) relate physics at diff. scales



the importance of scales

factorization and renormalization play similar roles
at opposite ends of the energy range of pQCD

a few TeV O(1 GeV)

: range of interest

10™ GeV ﬁy MeV
Planck scale) : : (Nuclear scale)

(
10_20 fm feW fm
. M M, My Q O(AQCD)
scales: (huge) (large/hard) (soft/confinement)
< > < >

renormalization group equations (RGE) relate physics at diff. scales

UV renormalization

hides our ignorance of
physics at huge scales in

ag(w.), m(u.), ..




the importance of scales

factorization and renormalization play similar roles

at opposite ends of

the energy range of pQCD

a few TeV O(1 GeV)

a

i range of interest

10" GeV ﬁy MeV
(Planck scale) : : (Nuclear scale)
1020 fm few fm
. M M, M, Q O(AQCD)
scales: (huge) (large/hard) (soft/confinement)
< > < >

renormalization group equations (RGE) relate physics at diff. scales

UV renormalization

hides our ignorance of
physics at huge scales in

ag(w.), m(u.), ..

IR/collinear factorization
hides non-perturbative QCD
at confinement scale in

fG(X’Mf)' Afa(xlu“f): DGH(Z,Mf),
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RGE: the swiss army knife of pQCD

we use o, (and f_, D_.") to absorb UV (IR) divergencies RN

— we cannot predict their values within pQCD

however, a key prediction of pQCD is their scale variation

the physical idea behind this is beautiful & simple:

both scale parameters ., and u. are not intrinsic to QCD
— a measurable cross section do must be independent of u. and

do do

— O w=mmp renormalization

Lo £ —
Hor, f dpy o dInp, ¢ group equations

all we need is a reference measurement at some scale u,



scale evolution of o, and parton densities

simplest example of RGE: running coupling o, derived from

recall das

oart IT (lln/12 — —.ioug — .fluz’ — .iguf — .7’3(1_? -+ .

do

dIn gy

=0
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scale evolution of o, and parton densities

. . ) do
simplest example of RGE: running coupling o, derived from T 0
recall __‘_l”_-j__ e PR R ol e P
part T dinp2 Boas — B1a; — Pras; — B3a; + ... as= e
scale dependence of PDFs: more complicated
o o : » 2 S s - e - Q
simplified example oz, Q<) = q(z,ps) ® Fo(z,—)
F, for one quark flavor iy
physical quark pdf  hard cross section

.,1
versatile tool: Mellin moments | f(n) = / dz 2" 1 f(x)
JO

turns nasty convolution ® into ordinary product

N\

r1 e dy . (x|
/ doz™ 1 / ~f(y)g ( ) =
Jo |Jz y \y/ |

/.1 dez" 1 /'1 dy /.1 dzo(x — z2y) f(y)g(z) =
o o A y)JI\y):



simplest example of DGLAP evolution

Dokshitzer; Gribov, Lipatov. Altarelli, Parisi

1Fs(x, Q2
now we can compute dF2(z, Q%) =0
dln g
. Q
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Dokshitzer; Gribov, Lipatov. Altarelli, Parisi

1F~(x. <
now we can compute - ?I(r: %) _ O
dIn gy
3 Q
— d(lnM;)FQ(n ,u—f)—l_Q(n ,LLf) dln,ul;f =0
splitting
) function
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i % o)
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simplest example of DGLAP evolution

Dokshitzer; Gribov, Lipatov. Altarelli, Parisi

1P (x, Q2
now we can compute dF2(z, Q%) =0
dlnpy
. Q
dq(n, i Q dF>(n, %)
d(l f)FQ(n —) +q(n, puy) 7 Ho—0
Y " Y splitting
- function
dln Fy(n, ,%) dlnq(n py)
«— - qu( )
dlnpyr dlnpy 27
DGLAP evolution equation
SW
/ o ﬂf
q(n, pp) = q(n, po) €xp e — Pyq(n) In o

disclaimer: kept s constant for simplicity

— once we know the PDFs at a scale u, we can predict them at u > u,
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factorization — evolution — resummation

physical interpretation of the evolution egs.:

RGE resums collinear emissions to all orders

- to see this expand the solution in o N‘W M

s
exp. . ]_1+ 11,(,(,z)|n 1 5 { Pyq(n) In —’] T
O 2 2 MO

- the splitting functions P;(n) or P;(x) multiplying the log's
are universal and calculable in pQCD order by order in o,

* the physical meaning of the splitting functions is easy:

P,j(x) : probability that a parton j splits collinearly
into a parton i (and something) carrying a
momentum fraction x

N N A

(1-x) 99
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factorization recap: final-state vs initial-state

recall what we learned for final-state radiation '\ / -
 a,Cp dE df? ° L T3
“hig = O T E 62 ’ | E 1-z)P
and rewrite in terms of new variable k
Ohtg = Op asCF _dz dk2t2 where we have used b= l.._ ”f”’
T 1—2z ki kr = Esinf ~ Ef

KLN: if we avoid distinguishing quark and collinear quark-gluon final-states
(like for jets) divergencies cancel against virtual corrections

p p asCr dz dk?

Y > > o ~ —0




factorization recap: initial-state peculiarities

initial-state radiation: crucial difference - hard scattering happens after splitting
momentum \\ s’
gets modified zp

asCr dz dkt2 p
T 1—2z k?

og+h(P) = on(zp)



factorization recap: initial-state peculiarities

initial-state radiation: crucial difference - hard scattering happens after splitting
momentum \\ s’
gets modified zp

asCr dz dkt2 p
T 1—2z k?

og+h(p) = oh(zp)

but for the virtual piece the momentum is unchanged

\ ’
\ 7/

asCr dz  dk?

p p
s @ vl = =P TS e
~ /" — t

|




factorization recap: initial-state peculiarities

initial-state radiation: crucial difference - hard scattering happens after splitting
momentum \\ s’
gets modified zp

asCr dz dkt2 p
T 1—2z k?

og+h(P) = on(zp)

but for the virtual piece the momentum is unchanged

\ ’
\ 7/

asCe dz dk?

P p
w > @ ovih(P) =~ —on(p) T 11— 2 K2
~ /" - t

|

hence, the sum receives two contributions with different momenta

nsC,r:/dkt2 dz
J kFl—=z

lon(zp) — on(p)]

Og+h T OV4h =

w

disclaimer: we assume that k; << Q (large) to ignore other transverse momenta



factorization recap: initial-state peculiarities

initial-state radiation: crucial difference - hard scattering happens after splitting
momentum \\ s’
gets modified zp

asCr dz dk? p
T 1—2z k?

og+h(p) =~ on(zp)

but for the virtual piece the momentum is unchanged

p p asCeg dz dkt2

w> Oh ovh(p) 2 —on(p)— 1 — 2 K2
~ /" — t

hence, the sum receives two contributions with different momenta
leads to uncanceled

, 2 /\ collinear singularity
2E [T lonze) - o)
ki 1—2z

Tg+h T OV4h =

w

disclaimer: we assume that k; << Q (large) to ignore other transverse momenta



factorization revisited: collinear singularity

g+ +

mfmnte finite

[ﬂh zp) — on(p)]

* z=1: soft divergence cancels (KLN) as o, (zp) — on(p) — O
* arbitrary z: on(zp) — on(p) # 0 but z integration is finite

« but k; integration always diverges (at lower limit)
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* arbitrary z: on(zp) — on(p) # 0 but z integration is finite

« but k; integration always diverges (at lower limit)

reflects collinear singularity
cross sections with incoming partons not collinear safe



factorization revisited: collinear singularity

&+ +h —

|nf|n|te finite

[(Th zp) — on(p)]

* z=1: soft divergence cancels (KLN) as o, (zp) — on(p) — O
* arbitrary z: on(zp) — on(p) # 0 but z integration is finite

« but k; integration always diverges (at lower limit)

reflects collinear singularity
cross sections with incoming partons not collinear safe

factorization = collinear “cut-off”
- absorb divergen‘r small k. region in non-perturbative PDFs

2
~ “sCF/ dk /dXdz [on(zxp) — an(xp)] Q(X-/’Z)

fmnte (large) finite b




anatomy of splitting functions

splitting functions may receive two kinds of contributions:
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splitting functions may receive two kinds of contributions:

x is fixed by
. hard scattering

real emission
"something happens”

(1(1(;'17.;(_2)_ __ Qs /"1 dzPyql(2 )(1(1/~~/‘ )
dIn p? 27 Jx

p



anatomy of splitting functions

splitting functions may receive two kinds of contributions:

x is fixed by
. hard scattering

+
x(1-2)/z
=
real emission virtual emission
"something happens” "nothing happens”

dg(z. 12 P q(z/z, 1 B
()} )_ — / dzPgq(2 )1( / ) = /O dzPyq(2)q(z, p?)

dIn p? 27 -



anatomy of splitting functions

splitting functions may receive two kinds of contributions:

(1 ~5IU‘\‘
. X

S

x is fixed by

u? . hard scattering

+
x(1-2)/z
b (1-2)
N\
=
real emission virtual emission
"something happens” "nothing happens”
. , .1 i e 1
dg(x, u (s g(x/z, 1 g
1( / ) — _" (IZI),/({(:) 1( / y | ) s T / (IZI),/,{(T;)(](;'IV'./1.2)
dIn p? 2T Jx 2 2w JO

dinp2 27 ds ) 2 i

o
—

dg(z,p?) as [1 : q(z/z, p?) , L /14 z2
Combine ! /1 (I:Ir[q(»") = qu(:) = ](

Pyq®q

)4



anatomy of splitting functions

splitting functions may receive two kinds of contributions:

(1 -ﬁluf
-4 X

S

(1+0)u*

x is fixed by

u? . hard scattering

+
x(1-2)/z
b (1-2)
N\
7 7
real emission virtual emission
"something happens” "nothing happens”
B dee 02 | L . |
dg(x, 1 o 1 g(xz/z, 1 g
1(x, p*) Lo S0 dzPyq(2) 1(z/z, ue) s 7S / dz/’,/,/(:)q(;[r,/1,2)
dIn p? 21 Jx 2 2w Jo

dinp?2 27 Jds ) 2 1—2

o
—

kB . 2
dg(z,p?) as [1 ) q(z/z, p?) L 14z
Combine ! / dzl qq ( 2 ) = I)(Iq(:) = ](
I .

.1 1
involves “plus distribution” ./o dz [9(2)]+ f(2) = ./0 dz g(z) [f(2) — f(1)]

condition: f(z) sufficiently smooth for z— 1




properties of LO splitting functions

in general, quarks and gluons can split into quarks and gluons -> 4 functions

N ; 2 |-z

(0) (0) - 1+z 9 L E
Pag’ =P = Cr| 75y 3% ..>] ,
p0) P('O) — T (52 .

g9 —*tqg — 4R (~ +(1 ~)) !

in higher orders more complicated, as P o, # O arise



properties of LO splitting functions

in general, quarks and gluons can split into quarks and gluons -> 4 functions

soft gluon divergence (z=1)
regulated by plus distribution

| ' 1+2z% 3 |
(0) (0) ' 501 — »
Pog’ = Fgq = CF| (1—2) {-+2~>(1 ~)]
PO =P =Tp (2 +(1-2
g = =Tr(2*+(1-2))
' | 1 —2)?

Ei
>~— Z

. i ] 1 -2 | B |
[’58]:‘2('_.1 [:(1:) + ; +3(13)*bu(5(1:)] E

\ soft gluon divergence (z=1)

regulated by plus distribution

in higher orders more complicated, as P o, # O arise



properties of LO splitting functions

in general, quarks and gluons can split into quarks and gluons -> 4 functions

soft gluon divergence (z=1)
regulated by plus distribution

@ 1+2z% 3 -z
[)IUI . R[“) . ‘ P | — » E
qq 19 F| (1-2) {_+2 ( ) .
P[‘OH’ :P'O —TR( (1 —:')) Y
q9 /

symmetric under
5 z -> (1-2)
1+ (1 — 3‘)" except virtuals

|0J . 'O) Y
PO = PO = ¢y

PO —9c, |» 1 _4_1:—+-*(A1— 2) + bpd(1
qg — LU A | 4 1_: | 5 ~\ - 0

\ soft gluon divergence (z=1)

regulated by plus distribution

in higher orders more complicated, as P o, # O arise



PY(x)

_Dr:f', x) 0
P;':'- x) 2n
”r"-:'- X) 2C
P:'(x) = C, ( |

11_ 2
DeglX) + 50.1 \)

reaching for precision

8(1-x)

T

LO: 1973



reaching for precision

; - 67 ., 11 =
PO(x) = Gr(2pg(x)+38(1-1)) Pu' (x) = 4C,G; “‘”[13 Ga-+ 75 Ho-+ Hoo] + pes( 1) G-+ 2H.10 - Ho]

()., 5 1 2
F'(x) = 0 —(l x)+9(1- A)[14 3., —39]) —4C;n,(p“(x)[6+ ;Ho] +-3-|.l —-X)
qu:o'(x’ = 20y PeglX) +8(1 -~ x)[ﬁ ; 3-,,]) +4C, .p.,,u)[Hl,o —%Ho +Hz] —2pqq|j—x)[~;:+21~l_m

Piol ) - 2C ) 3 3
() PPl ; i ~Hao] - (1-3)[1 - 3Ho] ~Ho~ (1 +2)Hoo+8(1 )3 - 36+ 60 )
90 = Cu(aputt+ Ja-1) - st -» ;

PY(x) = PN () + 16(}((‘; - C—f-) (p“( —r)[C: +2H 30— Ho.o] -2(1-x)

LO: 1973

P,':'(x) = 4C,-n,(2—90-%—-2+6.r—4}‘lo +x° [-g-}lo—s—q] +(1+I)[5}’o “'ZHO.O])

201

3
PG(x) = 4CA"J(‘6‘-’+’51— 2Pqg(—X)H- ’°"’p“mu”+r[ f s 3 5

5 B
+4(1- 1)[50_0 .Hq+xH;]—4gx—6Ho,o+9Ho)+4C,nj wpq,(x)[n,,om,,.m:

2] 442 [Ho + Hoo+ 3] +2(1 ~x)[Ho + Hog — 228 + 5] 2 ~Hoo - 3Ho)

PE(x) = 4CCr (24 2pl0)[Hro 4 Hy + H - Hy| 2 [FHo -] 4 %2 -2
THy + 2Hos ~ 2Hyx+ (14) [2Hoo - SHo + 9] 2p(~1H-10) 4c,n,(§x
P (X) [%H: - -192] ) +4C;:(Pn(r)[3ﬂl —21’11.1] +(1 *I)[l"l:.o - % + %Ho] —3Hpp

1 -3-Ho +2Hyx)

P'(x) = 4Cny(1-x %p“(l) '9—3(% %) %uupﬂo ésu X)) +4¢2(27
+un)[‘—3‘uo+smo——]+2p.,<—x)[uo.o—:1u.o—;:]—%(%—f)—lmo

°Ho + 2pyg(x) [ Tg G + Hoo + 2Huo + 2] 4 8(1 -1)[3+3&:] ) + 4G (21

Curci, Furmanski, Petronzio; BC 10
NLO: 1980

. B2y
Floratos et al., ... +55+ 2~ 124+(1+3)[4 ~ 5Ho ~ 2Hao] - 58(1 -



P;; @ NNLO: a landmark calculation

10000 diagrams, 10° integrals, 10 man years, and several CPU years later:
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P, @ NNLO: a landmark calculation

10000 diagrams, 10° integrals, 10 man years, and several CPU years later:
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QCD - essential for precision physics



DGLAP evolution in full glory

taking quarks and gluons together: coupled integro-differential equations
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best solved in Mellin moment space: set of ordinary differential egs.;
no closed solution in exp. form beyond LO (commutators of P matrices!)
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DGLAP evolution in full glory

taking quarks and gluons together: coupled integro-differential equations
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best solved in Mellin moment space: set of ordinary differential egs.;
no closed solution in exp. form beyond LO (commutators of P matrices!)

main effect/prediction of evolution:
partons loose energy by evolution!

* large x depletion F,
* small x increase




DGLAP evolution in full glory

taking quarks and gluons together: coupled integro-differential equations
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best solved in Mellin moment space: set of ordinary differential egs.;
no closed solution in exp. form beyond LO (commutators of P matrices!)

main effect/prediction of evolution:
partons loose energy by evolution!

* large x depletion
* small x increase

exactly as observed in experiment
huge success of pQCD




DGLAP evolution at work: toy example

Xq(x,

02> xg(x,Q%)

2.5

Xg(x,Q?) ——

XQq + xqgbar

Q% =12.0 GeV?

taken from G. Salam
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ncrease Q - increase Q7 N T~

start off from just quarks, no gluons

* quarks reduced at large x

* gluons rise quickly at small x
(which, btw, also generates sea quarks)



DGLAP evolution at work: toy example

Xq(x, 02) xg(x,Q%)

3
xg(xQ?)
25 L Xq + xqbar
2 N\ Q= 15.0 GeV?
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* quarks reduced at large x

* gluons rise quickly at small x
(which, btw, also generates sea quarks)



DGLAP evolution at work: toy example

xq(x, 02) xg(x,Q°)

xg(x 02) —
25 L Xq + xqbar
2 PN Q? = 27.0 GeV?
15t

taken from G. Salam
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start off from just quarks, no gluons

* quarks reduced at large x

* gluons rise quickly at small x
(which, btw, also generates sea quarks)



DGLAP evolution at work: toy example

xq(x, 02> xg(x,Q%)
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DGLAP evolution at work: toy example

Xq(x, 02) xg(x,Q°%)

xg(x 02) —
25 | Xq + xqgbar
2 PN Q® =90.0 GeV?
1} AN
05 |
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0.01 0.1
X

taken from G. Salam
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ncrease Q7 N YT T increase Q’ N ¥

start off from just quarks, no gluons

* quarks reduced at large x

* gluons rise quickly at small x
(which, btw, also generates sea quarks)



DGLAP evolution seen in DIS data

F5 (x.Q%)
DGLAP (CTEQG6D)
s meerere
)
NMC 0 o data by
12 r Q%2 =120 GeV? - steep rise of F, at small x
' (due to gluon evolution)
08 e ‘
0.4 | e
x,
!\\
‘5\
0.001 0.01 0.1 1

taken from G. Salam



DGLAP evolution seen in DIS data

F5 (x.Q%)
DGLAP (CTEQ6D)
1.6 | ZEUS i * use one of the global fits
NMC of PDFs to data by CTEQ
1.2 Q2 =150 GeV? « steep rise of F, at small x
3 ' (due to gluon evolution)
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taken from G. Salam



DGLAP evolution seen in DIS data

Fp (x,Q%)
DGLAP (CTEQGD)
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DGLAP evolution seen in DIS data

F5 (x,Q%)
DGLAP (CTEQ6D)
16 ZEUS - * use one of the global fits
of PDFs to data by CTEQ
| NMC i
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DGLAP evolution seen in DIS data

Fb (x,Q%)

DGLAP (CTEQ8D)

or ZEUS

NMC +——
121\ Q? = 46.0 GeV?

N
0.8 N
0.4 r ~Z
0.001  0.01 0.1
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taken from G. Salam

* use one of the global fits

of PDFs to data by CTEQ

- steep rise of F, at small x

(due to gluon evolution)



DGLAP evolution seen in DIS data

FB (x,Q2)
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* use one of the global fits

of PDFs to data by CTEQ

- steep rise of F, at small x

(due to gluon evolution)



DGLAP evolution seen in DIS data
Fb (x,Q%)

. DGLAP (CTEQ6D)
1.6 | ZEUS : * use one of the global fits
of PDFs to data by CTEQ
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Q" =90.0 GeV (due to gluon evolution)
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DGLAP evolution seen in DIS data

Fb (x,Q%)

\ DGLAP (CTEQSD)
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* use one of the global fits

of PDFs to data by CTEQ

- steep rise of F, at small x

(due to gluon evolution)



DGLAP evolution seen in DIS data

Fb (x,.Q%
\ DGLAP (CTEQ6D)
16 -\ - * use one of the global fits
ZEUS of PDFs to data by CTEQ
; 2 2. - steep rise of F, at small x
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factorization in hadron-hadron collisions

What happens when two hadrons collide ?

straightforward generalization of the concepts discussed so far:

Jets, hadrons,
heavy quarks, ...
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factorization at work

key assumption that a cross section factorizes into

* hard (perturbatively calculable) process-dep. partonic subprocesses

* non-perturbative but universal parton distribution functions

has great predictive power and can be challenged experimentally:

e*tq —>¢e* + jet

qg —> 2 jets

N

q;(x4, @2

\ 4

L
Z
X
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v
7

proton 1 proton 2

Opp—2jets — Tqg—2 jets g1 g+ -



factorization at work

key assumption that a cross section factorizes into

* hard (perturbatively calculable) process-dep. partonic subprocesses

* non-perturbative but universal parton distribution functions

has great predictive power and can be challenged experimentally:

etq->¢e +jet qg -> 2 jets

7 <
q(x, Q? / q¢(Xs, Q3 I(‘&((‘ 95Xy, Q2)
proton proton 1 proton 2

Oep = Ueqg @ q Opp—2jets = Tqg—2jets @ q1 & g2 + *++



factorization: so far a success story

CMS L= 34pb‘ \'s = 7TeV
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results now start to being used
in global fits to constrain PDFs

particularly sensitive to gluons
gg — 88 84— g9q

two recent examples from the LHC:

1-jet and di-jet cross sections
many other final-states available
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proofs of factorization

* to prove the validity of factorization to all orders of pQCD
is a highly theoretical and technical matter
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proofs of factorization

* to prove the validity of factorization to all orders of pQCD
is a highly theoretical and technical matter

* serious proofs exist only for a limited nhumber of processes
such as DIS and Drell-Yan Libby, Sterman: Ellis et al.: Amati et al.: Collins et al.:

Pa

e

issues: factorization does not hold graph-by-graph;
saved by the interplay between graphs,
unitarity, causality, and gauge invariance

QT
e
@
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- factorization good up to powers of hard scale Q: O(A g/ Q)"

faith in factorization rests on existing calculations and the
tremendous success of pQCD in explaining data

PN
recall: the renormalizibility of a non-abelian gauge theory like QCD £+
was demonstrated by 't Hooft and Veltman v ﬁ’t

1999

-----
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describe large classes of processes



now we have studied all relevant
concepts of perturbative QCD !

recap: salient features of pQCD

* strong interactions, yet perturbative methods are applicable

« confined quarks, yet calculations based on free partons can
describe large classes of processes

keys to resolve the apparent dilemma:

 asymptotic freedom
* infrared safety
* factorization theorems & renormalizibility



pQCD: a tool for the most violent collisions




pQCD: a tool for the most violent collisions

high-p; jet: factorization!
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pQCD: a tool for the most violent collisions

"soft stuff”: difficult!
high-p; jet: factorization!
2t =
— / [;/.
T
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pQCD: a tool for the most violent collisions

“soft stuff”: difficult!

“underlying event”: more than difficult



to take home from this
part of the lectures

" factorization = isolating and absorbing long-distance singularities
accompanying identified hadrons into parton densities
(initial state) and fragmentation fcts. (final state)

" factorization and renormalization introduce arbitrary scales
— powerful concept of renormalization group equations
— ag, PDFs, frag. fcts. depend on energy/resolution

= PDFs (and frag. fcts) have definitions as bilocal operators

= hard hadron-hadron interactions factorize as well: fxfedo

= strict proofs of factorization only for limited class of processes




5 Part TV

some applications & advanced topics

scales and theoretical uncertainties; Drell-Yan process
small-x physics; global QCD analysis; resummations



Start your & \
business right &1
with Precision

Calculations
advise!

-

e

1

the Whys and Hows of
NLO Calculations & Beyond



why go beyond LO (and even NLO)?

recall factorization theorem for hadronic processes:

' . . 2\ 3~ 2
do =) / dx;dx; fi(x;, 12) fi(xj, 1) doj(as(per), Q2, 12, z;, ;)
1]

non-perturbative ¢ !iked | hard scattering of
but universal PDFs by u two partons — pQCD

@® independence of physical do on u (and u,.) has led us to powerful RGEs
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— at any fixed order N there will be a residual scale dependence
in our theoretical prediction
— since u is completely arbitrary this limits the precision of our results




why go beyond LO (and even NLO)?

recall factorization theorem for hadronic processes:

do = Z/ dx;dx; fi(x;, 1 )/ (zj, 1 )(1(7,}((1 (pr), Q2 , Tjy T5)
L]

non-perturbative ¢ !iked | hard scattering of
but universal PDFs by u two partons — pQCD

@® independence of physical do on u (and u,.) has led us to powerful RGEs

caveat: we work with a perturbative series tfruncated at LO, NLO, NNLO, ...
— at any fixed order N there will be a residual scale dependence
in our theoretical prediction
— since u is completely arbitrary this limits the precision of our results

.
: . d
simplest example: Y en(ur)al(ur) ~ O( +1(/l:))
e*e” — hadrons dlnpr =4 /
applies in general also for u. uncertainty is formally of higher order

-> gets smaller if higher orders are known



explicit example: scale dependence of ee” --> jets

recall: at NLO we have CT'\.I‘O(,HR) — Oqg (1 - Q ('ls(/lR) )

LO

result NLO coefficient all scale uncertainty
independent of scale from strong coupling
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explicit example: scale dependence of ee” --> jets

recall: at NLO we have U'\.[‘O(,IIIR) — Oqg (1 - Q “s(/"R) )

LO

result NLO coefficient all scale uncertainty
independent of scale from strong coupling

suppose we want to choose a different scale Q - what do we need to do?

o (Q2) coupling smqllf . o | o
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) = T 00, (@) (i Q) expond




explicit example: scale dependence of ee” --> jets

recall: at NLO we have O NLO(

IR) = Oqg (1 + c1as(pR))

o/

result NLO coefficient all scale uncertainty
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explicit example: scale dependence of ee” --> jets

recall: at NLO we have CT'\.[‘O(,UR) — Oqg (1 — Q ﬂs(/"l‘?) )

LO

result NLO coefficient all scale uncertainty
independent of scale from strong coupling

suppose we want to choose a different scale Q - what do we need to do?

Qo (Q2) couplingsmqll . o o | o
recall: a,(p?) = > ~ as(Q?) — 2bg 2(Q?) In(1:/Q)
s(hr) 1+ 2bgars (Q?) In(per / Q) expand
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variation of scale /’

introduces NNLO piece



explicit example: scale dependence of ee” --> jets

.\'LO(

recall: at NLO we have O ,U'R) — Oqg (1 - Q Os(l"R) )

LO

result NLO coefficient all scale uncertainty
independent of scale from strong coupling

suppose we want to choose a different scale Q - what do we need to do?

o (QQ) couplingsmqll o, o o .
recall: a,(p?) = 5 ~ as(Q?) — 2bg a2(Q?) In(1,/Q)
+(r) 1+ 2boas(Q?) In(p/ Q) expand

. HR
plug back into aNO =045 | 1 + a1 as(Q) — 2c1bg In re) az(Q) + O (a?) )
scale-dep. of g(e"e — hadrons) /
1.1 R variation of scale

Q=M, LO ——

1,08 NLO ———- 1 introduces NNLO piece
¥ 106 e
3 ST
2 1.04 r ; ) §\ﬁ\\_ -----
§ 102
2 : .
T ! comrentonal range LO is a pure el-mag process, ho os , ho scales
& 098 et !

05<x, <2
0.96 | ~
0.1 1 10

np/Q



explicit example - cont’d

next calculate full NNLO result:

.\'.\'LO(

o ILR) = Oqgg [1 + ¢ as(pRr) + CZ(/’R)OE(,“R)]

NNLO term starts to
depend on the scale



explicit example - cont’d

next calculate full NNLO result:

U.\'.\'LO(NR) = Oq5 [1 + C1 (\s(,U-R) + C2(//R)O§(,“R)]

NNLO term starts to
depend on the scale

in fact ¢, must (and will 1) cancel the scale ambiguity found at NLO:

o(iR) = o(Q) + 2c1bo|n%R



explicit example - cont’d

next calculate full NNLO result:

I\'.\"LO(

" (uR) = 045 [1 + c1as(pr) + c2(pr)aZ(1R) |

NNLO term starts to
depend on the scale

in fact ¢, must (and will 1) cancel the scale ambiguity found at NLO:

‘ HR
C2(/1‘R) - CQ(Q) L 2Cl bO In —Q scale-dep. of o(e'e” — hadrons)
T [
Q=M; LO ——
108’ NLO ———
7 106 NNLO = === |
3 TSs el
£ 104 prsasTiemeazar e el
1 M g 8 77
such that the residual scale dependence is now O(x3) & 02
T . .
2 conventional range
© 098¢ —
105<x,<2;
0.96 } ' '
0.1 1 10

MR/ Q



explicit example - cont’d

next calculate full NNLO result:

O,f\'.\"LO(

,U'R) = Oqg [1 + C1 O‘s(/l‘R) T CZ(/’R)OS(,“‘R)]

NNLO term starts to
depend on the scale

in fact ¢, must (and will 1) cancel the scale ambiguity found at NLO:

, HR
2 (/I'R) - CQ(Q) + 2 bO In _Q scale-dep. of g(e*e” — hadrons)
1.1 e e ey ———————y
Q=M; LO ——
108' NLO ———
? 1.06 . NNLO ===-=
28 1.04 : '''''' n:::f“"lztr_-:::-...
such that the residual scale dependence is now O(c3) é 1.02
i — 1 : :
é conventional range
e 098¢ -—
105<x,<2;
0.96 ' '
at all orders the scale dependence would disappear 0.1 ” 0

MR/ Q



explicit example - cont’d

next calculate full NNLO result:

(_)-NXI‘O(HR) = (_)'q(-7 [1 + Q Q‘S([IVR) T CZ(//R)OE(“R)]

NNLO term starts to
depend on the scale

in fact ¢, must (and will 1) cancel the scale ambiguity found at NLO:

scale "ambiguity” is a blessing in disquise: hackons)
varying the renormalization [factorization] scale . [u,] is S
a way of guessing the uncalculated higher order contributionsp ---- -

T 106 o e Tt
g ~~o.
L 104 LA el 5= IALELLEL
: : g A. ]
such that the residual scale dependence is now O(x.3) § 192
r 1 . :
2 conyentional range
¢ 098 | —
105<x,<2;
0.96 | | |
at all orders the scale dependence would disappear 0.1 i 10

“FI/O



example from hadronic collisions

take the “classic” Drell Yan process

* dominated by quarks in the initial-state

* at LO no colored particles in the final-state

* clean experimental signature

* at LO an electromagnetic process (low rate)

* one of the best studied processes (known to NNLO)

as “clean” as it can get at a hadron collider



uncertainties for the Drell Yan process — cont’d

at NLO:
LO piece

\,';iz Z/dx1dx2 (x1, )fj(xz /'F)[”o iji—z(x1,x2) -
+ as((Rr)01,ij—s z(x1, X2, j1F )]

°* no os at LO but prappears in PDFs
* &, enters at NLO and hence y,

* NLO terms reduce dep. on pc



uncertainties for the Drell Yan process — cont’d

at NLO:
LO piece

OppsZ = Z/dxldxz i(x1, E) i (x2s ) [Bo0.ijs 2 (X1, x2) +
+as(ir)o,ij—z(x1, X2, 1F )]

°* no os at LO but prappears in PDFs

pp » (Z7")+X

- o, enters at NLO and hence p, o T T
* NLO terms reduce dep. on pc 3 el -
S .
- one often varies prand Y, together = ; s
>
(but that can underestimate uncertainties) T Y B
3
> i -
iy 20— Vs = 14 TeV -
i L‘. - Mz )
i M/2 = uz<2M
N 74 NN BN PN BN
- -2 0 2 4




uncertainties for the Drell Yan process — cont’d

at NLO:
LO piece

N0, = Z/dxldxz fi(xa 12 Fi(xas 12) [Bo s 2 (31, x2) +
'J T O's(ﬂR)&l.ij%Z(XlsXZ ,u,:)]
°* no os at LO but prappears in PDFs

pp = (Z7")+X
- o, enters at NLO and hence pj, wf- ! ! 1 l ]

* NLO terms reduce dep. on pc

- one often varies pgand p, tfogether
(but that can underestimate uncertainties)

* NLO corrections large but
scale dependence is reduced

d®e/dM/dY [pb/GeV]




uncertainties for the Drell Yan process — cont’d

at NLO:
LO piece

(T;;J':Z Z/dxldXQ (X1 /IF) (X2 [1,_-)[0’0 U_,z(xl X2)
+ as(1R)01,ij—z (X1, X2, f1F )]

°* no os at LO but prappears in PDFs

pp - (Z.7°)+X

- o enters at NLO and hence y, of 1T T T T T
* NLO terms reduce dep. on L 5| MNLO
s F ]
- one often varies ppand p, together & |
(but that can underestimate uncertainties) 3 o Lo -
=
. o
* NLO corrections large but S | .
. 0 — Vs = .|
scale dependence is reduced © M !
[ M/2 5 u s 2M
* even better at NNLO 0'11‘L.“12.,u(1’ ol 1N

2 1



uncertainties for the Drell Yan process — cont’d

at NLO:
LO piece

Opprz = Z/dxld)Q x1, 1) fi(x2, pi ) [Bo,jjs z (31, X2) +
+ as((r)01,ij—z(x1, x2, tF)]

°* no os at LO but prappears in PDFs
pp ~+ (Z7°)+X

- o enters at NLO and hence y, of 1T T T T T
* NLO terms reduce dep. on L 5| MNLO
° P "
- one often varies ppand p, together & |
(but that can underestimate uncertainties) E o Lo -
=
. o
* NLO corrections large but S | .
. 0 — Vs = .|
scale dependence is reduced © M !
[ M/2 5 u s 2M
® even beTTer‘ GT NNLO ob A 1‘ | T — 12 | T — L I — l U T — i L \
- - 2

Y

perturbative accuracy of O(percent) achieved



changing scales in DGLAP evolution
estimate by 6. Salam: vary the scale of o in the DGLAP kernel

Uncert. on gluon ev. from 2 to 100 GeV
0.5

04
0.3
0.2
0.1
0
-0.1
-0.2
-0.3

0.4 PV PP
0.0001 0.001 0.01 0.1 1

X

. L 1'1"1[ Ll L 'TV'Y'] L} . LA EAL
B L O evolution

* about 30% in LO

Input: CTEQ61 at Q = 2 GeV
Evolutionl: HOPPET 1l A1

uncertainty on g(x, Q = 100 GeV)




changing scales in DGLAP evolution

estimate by 6. Salam: vary the scale of o in the DGLAP kernel

Uncert. on gluon ev. from 2 to 100 GeV

T T T
0.4 . I | O evolution
1o | T NLO evohstion + about 30% i LO

0.2
0.1
0
-0.1
-0.2

* down to about 5% in NLO

uncertainty on g(x, Q = 100 GeV)

-0.3 F Input: CTEQ61 at Q =2 GeV
Evolution: HOPPET 1.1.1
-0.4 ol s aaaal PR

aaaaal

0.0001 0.001 0.01 0.1 1

X



changing scales in DGLAP evolution

estimate by 6. Salam: vary the scale of o in the DGLAP kernel

Uncert. on gluon ev. from 2 to 100 GeV

S o4 B L O evolution
o . .
0] 0 NLO evolution . about 30% in LO
S 03 | mmmmm NNLO evolution
W02
c:. 0.1 * down to about 5% in NLO
g 0 p——
2 -01 * NNLO brings it down to 2%
g 02
3
= -0.3 F Input: CTEQ61 at Q = 2 GeV
0.4 | Evolution: HOPPET 111

0.0001 0.001 0.01 0.1 1
X



changing scales in DGLAP evolution

estimate by 6. Salam: vary the scale of o in the DGLAP kernel

Uncert. on gluon ev. from 2 to 100 GeV

B LO evolution
LY gp— NLO evoluti
G; — SYoRiton * about 30% in LO
g 03| mmmm NNLO evolution
0.2
C:. 0.1 * down to about 5% in NLO
2 -01 * NNLO brings it down to 2%
g -0.2 which is about the precision
€ -0.3 | Input: CTEQ61 at Q=2 GeV of the HERA DIS data
0.4 | Evoluion HOPPET 111

0.0001 0.001  0.01 0.1 1
X



Anatomy of a
Global QCD Analysis



how to determine PDFs from data?

parton cross section
calculable
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how to determine PDFs from data?

parton cross section
calculable

=

DIS hadron-hadron

hard scale Q hard scale pr

PDFs universal

task: extract PDFs and their uncertainties (assume factorization)

"= all processes tied together: universality of pdfs & Q2 - evolution
" each reaction provides insights into different aspects and kinematics

" need at least NLO accuracy for quantitative analyses

" information on PDFs “hidden" inside complicated (multi-)convolutions



anatomy of global PDF analyses

obtain PDFs
through global x? optimization

model ansatz for pdfs
with initial set of parameters

j=

evolve pdfs to relevant scale
with DGLAP

Y

calculate observable
and %2

|

DI ;
X~ minimum * e
yes

all data points

adjust parameters

set of optimum parameters
for assumed functional form

computational challenge:
* up to O(20-30) parameters
* many sources of uncertainties

e very time-consuming NLO expressions



anatomy of global QCD analyses

obtain PDFs
through global x? optimization

model ansatz for pdfs
with initial set of parameters

f=

evolve pdfs to relevant scale
with DGLAP

Y

calculate observable
and 12

2. . .
X~ minimum? )
ves

all data points

adjust parameters

set of optimum parameters
for assumed functional form

“resolution scale” u



anatomy of global QCD analyses

......... Bamasaass!
< da’ . qp3
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PHI NN St
\ '\ %
' \%
‘n,,\ : 9"‘@ obtain PDFs
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model ansatz for pdfs
with initial set of parameters
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|
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set of optimum parameters
for assumed functional form

“resolution scale” u



anatomy of global QCD analyses
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model ansatz for pdfs
k with initial set of parameters

. » ‘ /p [GeV) 4 *‘
evolve pdfs to relevant scale
with DGLAP
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calculate observable
and 12
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all data points

adjust parameters

set of optimum parameters
for assumed functional form

“resolution scale” u
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anatomy of global QCD analyses

......... anaaaasass )
< da’ » _q 3
\‘ E T;— |mb / Ge\ } %
\ | R
PHI NN St
\ '\ % £
' \%
‘n,,\ : 9"‘@ obtain PDFs
NLOQCD S (‘/L through global x? optimization
o %
e e e S e 1

model ansatz for pdfs
with initial set of parameters

/p[ [GeV] 4 *‘

evolve pdfs to relevant scale

2 with DGLAP g
C calculate observable z
and 2 -

2. . .
X~ minimum? )
ves

set of optimum parameters
for assumed functional form

“resolution scale” u
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anatomy of global QCD analyses

T ———— T ]
& L o Y gluon]
\. I dp |mb / Ge\ i(}. ]
% : ‘0, ]

B + ‘ J:s\ -
PHENIX dats ]
N\ F \% ' | |
\)‘.‘ ! 9 . - i A A a e | A

% : o obtain PDFs ST

e, ! o] _ .
o ¢( through global x? optimization . ,
A B~ o) ' Lo AP e~
E rd Oox
1 model ansatz for pdfs ‘

3 with initial set of parameters

Y IV Wbl NN TP e
M ' J p, [GeV]™ *‘

evolve pdfs to relevant scale

2 with DGLAP g
C calculate observable z
and 2 ~

o .. -
X~ minimum? T
ves

set of optimum parameters
for assumed functional form

v

plus a prescription to
estimate & propagate
“resolution scale” u uncertainties

Cn Cm



global analysis: computational challenge

* one has to deal with O(2800) data points from many processes and experiments
- need to determine O(20-30) parameters describing PDFs at u,

* NLO expressions often very complicated — computing time becomes excessive

—» develop sophisticated algorithms & techniques, e.g., based on Mellin moments
Kosower: Vogt. Vogelsang, MS



global analysis: computational challenge

* one has to deal with O(2800) data points from many processes and experiments
- need to determine O(20-30) parameters describing PDFs at

* NLO expressions often very complicated — computing time becomes excessive
—» develop sophisticated algorithms & techniques, e.g., based on Mellin moments
Kosower; Vogt: Vogelsang, MS

data sets & (x,Q2?) coverage used in MSTW fit
Martin, Stirling, Thorne, Watt, arXiv:0901.0002

#7‘1_ B - 105; E =
ata set pt T I %2107 A
i . ata se bt - ) zEus
AL MB 98 °F r\:c -d BCDMS np F 163 " 0D <DFDO Duchasive jets qob”
Hl 'udB Oy e 4] P\C 'Jd BCDh-"S ;l(.‘ F ls] o "
H1 low o 0697 o P NC 80 NMC “p F. 123 10 3 B DF lachure poesn<d
H1 hly_h Q" 08-99 e~ P NC 126 NMC ud F 13). 3 [0 Tised Target Lxperzoeat:
H1 high Q< 99-00 e”p NC 147 NMC pn/up 148 o CCFR NMC, BCDAS
ZEUS SVX 95 " p NC 30 E665 pp Fs 53 10‘5
ZEUS 96-97 ¢ p NC 144 E665 ud Fr 63 { E64#, SLAC
ZEUS 98-99 ¢ p NC 92 SLAC ep Fa 7 [
L D=0 o EX - NMC/BCDMS /SLAC F 31 :
ZEUE' (1’}--00 ’ Fr’ Cc 50 E866/NuSea pp DY 184 "
H1/ZEUS _"j E866/NuSea pd/pp DY 15 10
H1 9900 e¢' p incl. jet 24 NuTeV N F 53 E
ZEUS %-97 & p incl. jets 30 CHORUS vN F -ii -
£[| S O ) « P Inc ets 30 NuTeV N xF 45 1 ..... i
DO 1l pp incl. jets 110 CHORUS N xF 33 ] 7
COF 11 pp incl. jets 76 CCFR uN — X a6 [ S =
CDF I W — s asyn 22 NuTeV N — upX 84 0" /" -
DO I W Ji asym 10 - ¥
rl'\‘ I y ',.d KII aala sets | i:x; :A{:/A.ll aaaaad o osasaanl s s aaned 0 s assand s s aaued g ai
v p, ) P « "3 2 d K) K ] N |
CDF Il Z rap 29 ® Red = New w.r.t. MRST 2006 fit 10 10 10 1 10 10 1




which data sets determine which partons

Process Subprocess Partons I range

,:E ipn} — =X v'q — q q.9.9 r 2 0.01
n/p— * Y vd/u— d/u d/u xr 2 0.01

pp— ptp~ X uit, dd — ~* q 00155 £0.35

m/pp — putp~ X (ud) /(uit) — ~* d/i 00155 x5 0.35
P)N — p (pH) X W'qg—¢ a.q 0.01 < r <05
vN—=pp*tX W's —¢ s 0.01 < r<02
ON - pu*u~ X W*'s ¢ 3 0.01 < r<02
e*p— e X v'qg—q q.9.9 (HI(MH r <501
tp—i X W*{d. s} — {u.c) d.s T 2 .01
f+p—-r+l‘f'\ Y'e— ¢, 4'g— cc . q 0.0001 < x < 0.01
v,ip s et + X ~'g — qf q (HHEJ. il),l
pp— et + X 99,9999 — 2) 9.9 00153505
pp — (""L . I"”N:' N ud— Wid — W w.d. . d T E: 0.05
pp—(Z =YX uwudd— Z d xr 2 0.05

Martin, Stirling, Thorne, Watt, arXiv:0901.0002

0.8l

0.6

04

0.2

NLO fit, 68% C.L.

1 lllllll

- ll!llll

L | IIIIHI LI | llllll]

Q2

g/10 -
u —
. | —
| i
1
|
L
S\ d ]
EERTIT BRI ETTY ) o o

0
107

10°

107 10"

reaTnmn

=10 GeV? -




which data sets determine which partons

Process Subprocess Partons I range

Fipn} - =X Y'q—q 9.9.9 r 2 0.01
*n p— *X v d/u— d/u d/u xr 2 0.01
pp— ptpu~ X uit, dd — ~* q 00155 5035
m/pp — putp~ X (ud)/(uit) — ~* d /it 00155 5035
UDP)N — p(ph) X W' — ¢ a,q 001 £x=05
v N —-;f;l" X W's — ¢ 8 001 Sr 502
ON - u*u~ X W*'s - ¢ 8 001> <02
e*p— e X Y'q — q q.q.q 00001 5> 501
'+!» P X Wt :l{_s: ’ :H.l': d. s X E':‘(H)l
ep—e*tec X ‘¢ — ¢, g — ¢C ce.g 00001 <z <001
ep — jet + X v'g — 4§ g 001> <0.1
pp— et + X 99,99.99 — 2J 9.9 00152305

pp— (W* - )X wd - Wad - W ud, id
pp—(Z =) X uu.dd — 7 d

x ;_' 0.05

xr 2 0.05

Martin, Stirling, Thorne, Watt, arXiv:0901.0002

* notice the huge gluon distribution
* quality of the fit:

* 2543/2699 NLO

2
X"/ #datapts. | 34¢6/2598 LO

interplay of many data sets crucial

NLO fit, 68% C.L.
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when there is not enough room:
gluons at small x



what drives the growth of the gluon density

@'=106eV" observe that only 2 splitting fcts are singular at small x

2Cr

2C 4
qu(x)}xﬁo ~ .

ng(x)’xﬁo ~

X

-> small x region dominated by gluons



what drives the growth of the gluon density

@'=106eV" observe that only 2 splitting fcts are singular at small x

20k

: 2C
qu(x)}aﬁ—@ ~ ng(x)’x—@ ~ ==

X X

-> small x region dominated by gluons
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o A ALl A A |
10" 10~
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2 10

o
1 = e

1
X

 write down “gluon-only” DGLAP equation  only valid for small x and large Q?

dg(z,p®) _ as [1dz2C,

2
dlogu?> 27 ). 2 =z 9(x/z,107)




what drives the growth of the gluon density

@'=106eV" observe that only 2 splitting fcts are singular at small x

20k

: 2C
qu(x)}aﬁ—@ ~ ng(x)’x—@ ~ ==

X X

-> small x region dominated by gluons

0.4

0.2 ' '
o A ALl A A |
10" 10~

10

2 10

o
1 = e

1
X

 write down “gluon-only” DGLAP equation  only valid for small x and large Q?

dg(z,p®) _ as [1dz2C,

2
dlogu?> 27 ). 2 =z 9(x/z,107)

« for fixed coupling this leads to “double logarithmic approximation”

zg(z, Q) ~ exp (2\/anA log(1/x) log(QQ/Q3)>

predicts rise that is faster than log®(1/x) but slower than (1/x)°



In Q%

gluon occupancy

&
7 Qg(x) C> * DGLAP predicts an increase of gluons at small x
w but proton becomes more dilute as Q? increases

DGLAP :
transverse size of partons = 1/Q

w0

& JIMWLK

BK BFKL /@ :
°® §
saturation '

non-perturbative region a;~1
s

Inx



In Q2

gluon occupancy

b N
7 Qs(x) a /° * DGLAP predicts an increase of gluons at small x
. ! but proton becomes more dilute as Q? increases
., DGLAP : .
‘ ' transverse size of partons # 1/Q
% JIMWLK
: BK /@@\BFKL /@ A ;
i . Q—il .
%) e® § but what happens at smazll X
saturation H for not so large (fixed) Q¢ ?
non-perturbative region ag~1

In x



In Q°

gluon occupancy

- N
7 Qs(x) \ & ) * DGLAP predicts an increase of gluons at small x
' ek but proton becomes more dilute as Q? increases
: HeLAP transverse size of partons = 1/Q
JIMWLK
Wl \ BK @@\ BFKL /@
. °8\ r .
@g %) e but what happens at smazll X
saturation H for not so large (fixed) Q¢ ?
non-perturbative region ag~1

In x

‘high-energy (Regge) limit of QCD"

* aim to resum terms ® o log(1/x)
* Balitsky-Fadin-Kuraev-Lipatov (BFKL) equation: evolves in x not Q2

+ BFKL predicts a power-like growth xg(z, Q%) ~ (1/z)*"~!
much faster than in DGLAP



In Q°

gluon occupancy

! )
7 Qs(x) '.\... ) * DGLAP predicts an increase of gluons at small x
I but proton becomes more dilute as Q? increases
DELAR transverse size of partons # 1/Q
JIMWLK
R\ BK ‘ ™Y "\",B.Fi.'/ o\

Q& %) e | but what happens at small x

saturation ; for not so large (fixed) Q2 ?
non-perturbative region g *;

In x
“high-energy (Regge) limit of QCD"
* aim to resum terms ® o log(1/x)
* Balitsky-Fadin-Kuraev-Lipatov (BFKL) equation: evolves in x not Q2

+ BFKL predicts a power-like growth xg(z, Q%) ~ (1/z)*"~!
much faster than in DGLAP

BIG problem

* proton quickly fills up with gluons (transverse size now fixed )

« hadronic cross sections violate Ins bound (Froissart-Martin) and grow like a power



color dipole model
make progress by viewing, e.g., DIS from a "different angle”
, I-z AN

splitting into a quark-antiquark pair (“color dipole") which
scatters of f the proton (= "slow" gluon field) T



color dipole model

make progress by viewing, e.g., DIS from a "different angle”

S [ ‘e T s A ARAR Y
DIS in the proton rest frame can be viewed as the photon = |
splitting into a quark-antiquark pair (“color dipole") which

scatters of f the proton (= "slow" gluon field) T

* factorization now in terms of
W\N\,\C _ probability of photon ® probability of dipole
- ~  fluctuating into qq-pair scattering on the target

QED QCD




color dipole model

make progress by viewing, e.g., DIS from a "different angle”

Y‘ l-z . " . Y
"._.“-/\.v"-.,'\./‘--‘_'_'j i _:- r]'. '-_ _._ TSANANANANS

DIS in the proton rest frame can be viewed as the photon |
splitting into a quark-antiquark pair (“color dipole") which
scatters of f the proton (= "slow" gluon field) e
* factorization now in terms of

WWV\C _ probability of photon ® probability of dipole

- ~  fluctuating into qq-pair scattering on the target

QED QCD

* introduces dipole-nucleon scattering amplitude N as fund. building block
* energy dependence of N described by Balitsky-Kovchegov equation



color dipole model

make progress by viewing, e.g., DIS from a "different angle”

Y‘ l-z . " . Y
"._.“-/\.v"-.,'\./‘--‘_'_'j i _:- r]'. '-_ _._ TSANANANANS

DIS in the proton rest frame can be viewed as the photon |
splitting into a quark-antiquark pair (“color dipole") which
scatters of f the proton (= "slow" gluon field) e
* factorization now in terms of

WWV\C _ probability of photon ® probability of dipole

- ~  fluctuating into qq-pair scattering on the target

QED QCD

* introduces dipole-nucleon scattering amplitude N as fund. building block
* energy dependence of N described by Balitsky-Kovchegov equation

N
* non-linear -> includes multiple scatterings for unitarization

* generates saturation scale Qs -

saturation

* suited to treat collective phenomena (shadowing, diffration) /

(g << |

* impact parameter dependence i/

1/Q, A



when N*LO is not enough:
all order resummations



when a N*LO calculation is not good enough

observation: fixed N*LO order QCD calculations are not necessarily reliable
this often happens at low energy fixed-target experiments
and can be an issue also at colliders, even the LHC

reason: structure of the perturbative series and IR cancellation

at partonic threshold / near exclusive boundary:
- just enough energy to produce, e.g., high-p parton

* "inhibited" radiation (general phenomenon for gauge theories)



when a N*LO calculation is not good enough

observation: fixed N*LO order QCD calculations are not necessarily reliable
this often happens at low energy fixed-target experiments
and can be an issue also at colliders, even the LHC

reason: structure of the perturbative series and IR cancellation

at partonic threshold / near exclusive boundary:
- just enough energy to produce, e.g., high-p parton

* "inhibited" radiation (general phenomenon for gauge theories)

2
simple example: i Q
Drell-Yan process

Q2 i In2k—1(1 — 2)

= — | X Ox
1 —2

S

“imbalance” of real and virtual contributions: IR cancellation leaves large log's



all order structure of partonic cross sections

I
[

let's consider pp scattering: = =
: 2pT &<
[ ~ [
logar Thms related to gp=2T _, 3 v ’?,
partonic threshold Ve —
general structure of partonic cross sections at the k' order:
pf‘.dd"" = p".‘,dd”;"”'l 1 + A, a, In* (1 — i‘-"’-) + B a, In (1 = f"'_"-)
D7 '11)1\ 7 ‘11)'1 £ | s \ Loy | s \ Lo )

NLO

+ ...+ A, a_f_ In”’ (’1 - z”;) e
“threshold logarithms"



all order structure of partonic cross sections

o

general structure of partonic cross sections at the k' order:

I
[

let's consider pp scattering:

logarithms related to -~ __ 2P7 .

o —
partonic threshold : vE

|| “‘u

I

4 d6 g e . 4t _,
P o = pPr . 1 + Aya; In Q\ 1 — .r-!-) + B a4 In (1 - _1..1‘.)

NLO

+ oot Aok ™ (1-37) + ...
“threshold logarithms"

where relevant? .. convolution with steeply falling parton luminosity Lab:

; ([" P -~
do Z / —‘Cub (‘) ({O’”b(zl\ z=1 emphasized

-
a,b 1
in particular as t — 1
large at small t/z

— important for fixed target phenomenology: threshold region more relevant (large 7)



resummations — how are they done

- Dk - 1 { 1 -
u,/; 12k (1 — z2) may spoil per'.'rur'bahve series
unless taken into account to all orders

resummation of such terms has reached a high level of sophistication

Sterman; Catani, Trentadue; Laenen, Oderda, Sterman;
Catani et al.; Sterman, Vogelsang: Kidonakis, Owens; ...

* worked out for most processes of interest at least to NLL

* well defined class of higher-order corrections

» often of much phenomenological relevance .
even for high mass particle production at the LHC TTYY ~



resummations — how are they done

oy _~_,> i i L
ok 1n2k(1 — . ;2.)  may spoil per'.'rur'bahve series
unless taken into account to all orders

resummation of such terms has reached a high level of sophistication

Sterman; Catani, Trentadue; Laenen, Oderda, Sterman;
Catani et al.; Sterman, Vogelsang: Kidonakis, Owens; ...

* worked out for most processes of interest at least to NLL

* well defined class of higher-order corrections

» often of much phenomenological relevance A
even for high mass particle production at the LHC CTTYY ~

resummation (= exponentiation) occurs when “right” moments are taken:
Mellin moments for ki 2krs =2 o ) T
threshold logs ag INTH(1 — 27) — ag In“F(N)

- fixed order calculations needed to determine "coefficients”
* the more orders are known, the more subleading logs can be resummed
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resummations — terminology

Fixed order calculation >

___________________________________________________________________________________________

NLO H ()bLz ()b IJ (lb +
NNLO (tf[fI (\3L'3 (\3L2 qu 2%
3 - 3 1 3 3
“f L6 al LS ay L s lis T
5 4 1 5
():Lg (): L7 (): | “SL +



resummations — terminology

Fixed order calculation >

___________________________________________________________________________________________

NLO ()bLz ()b IJ (lb +
NNLO K «o2L? at I® a? L? alL +
3 x5 314 313
“.:EL(, ad L° ay L s lis T
7 p. 1715
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Fixed order calculation >
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some leading log exponents
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T ™
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some leading log exponents
(assuming fixed o, for simplicity)

color factors for soft gluon radiation matter:

unobserved parton
Sudakov "suppression

> Ol N |
DIS exp [ S84, In?(N) — Crl, > lnz(N‘)]
v n

moderate enhancement, unless x,. large
Bj 9

\i'?;, ra qq — Yg exp (Cp + Cp — ICA> ol 1112(N_)]
prompt an ! 2 s
hotons /.\k i -
P o qg — 79 exp (CF O ;cp) oe hﬁ(N)J
e exponents positive — enhancement
R ™
inclusive t‘:ﬁg‘ D; c observed partons /unobser'ved
hadrons ‘A:Z: &ir oo ..9.()‘()‘ |

-
i

1 s
55 55 exp [ (CA + (_‘;A -+ CA - §CA) i I]lz(N)]

expect much larger enhancement



resummations: window to non-perturbative regime

important technical issue:

resummations are sensitive to strong coupling regime

— need some "minimal prescription” o avoid Landau pole (where o, —o0)

Catani, Mangano, Nason, Trentadue:

define resummed result such that series is asymptotic
w/o factorial growth associated with power corrections
[achieved by particular choice of Mellin contour]

— power corrections may be added afterwards if pheno. needed
studying power corrections prior to resummations makes no sense



resummations: window to non-perturbative regime

important technical issue:

resummations are sensitive to strong coupling regime

— need some "minimal prescription” o avoid Landau pole (where o, —o0)

Catani, Mangano, Nason, Trentadue:

define resummed result such that series is asymptotic
w/o factorial growth associated with power corrections
[achieved by particular choice of Mellin contour]

— power corrections may be added afterwards if pheno. needed
studying power corrections prior to resummations makes no sense

window to the non-perturbative regime so far little explored




“convergence” of an asymptotic series
see, "Renormalons” review by M. Beneke, hep-ph/9807443
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suppose we keep calculating ém(_)v by n-+1 37 | factorial
higher and higher orders o <\ ~S ~0 growth

— big trouble: the perturbative series is not convergent but only asymptotic



“convergence” of an asymptotic series

see, "Renormalons” review by M. Beneke, hep-ph/9807443
_ 12

suppose we keep calculating émou
higher and higher orders N

—_—

n+1 on, factorial
Xs .'*30 n! growth

— big trouble: the perturbative series is not convergent but only asymptotic

] ] Ry
illustration:

minimal term

TF' resummln 0015
' ; R, = /0

: | | asymptotic value
[wu’rh o= O.1] - of the sum‘

113 A ——r § — T - [{l’l.\.(//l//l e Z (l' ”I

I?—

15 n» taken from M. Cacciari



pQCD — non-perturbative bridge

= "renormalon ambiguity” <+ incompleteness of pQCD series

— we can only define what the sum of the perturbative series is
like truncating it at the minimal term
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= what is missing is a genuine ambiguity
— eventually lifted by non-perturbative (NP) corrections:




pQCD — non-perturbative bridge

= "renormalon ambiguity” <+ incompleteness of pQCD series

— we can only define what the sum of the perturbative series is
like truncating it at the minimal term

= what is missing is a genuine ambiguity
— eventually lifted by non-perturbative (NP) corrections:

= QCD: NP corrections are power suppressed:

NP QQ /\2
R — oo~ pn ) = (23"

the value of p depends on the process and can sometimes be predicted
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QCD: the most perfect gauge theory (so far)

simple £ but rich & complex phenomenology; few parameters
in principle complete up to the Planck scale
(issue: CP, axions?) WE AB E
highly non-trivial ground state responsible
or all the structure in the visible universe F
f DF_GLUE
emergent phenomena: confinement, ‘
chiral symmetry breaking, hadrons MARINA LEWYGKA
confinement asymptotic freedom
% hard scattering
£ cross sections
. and
2 renormalization group
non-perturbative
structure of hadrons im.er.pmy between
e.g. through lattice QCD High Energy and perturbative methods

Hadron Physics
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enjoy the other lectures |



