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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

= How reliable is a theoretical QCD calculation?
keywords: scale dependence; NLO; small-x; all-order resummations

" What is the status of some non-perturbative inputs
keywords: global QCD analysis

throughout this will be blended with discussions of some recent results and
advanced topics relevant for LHC, RHIC, HERA, COMPASS, EIC, ...



bibliography — a personal selection
textbooks:
" the "pink book" on QCD and Collider Physics | ot Cother P
by R.K. Ellis, W.J. Stirling, and B.R. Webber Gy 6 good reterence e

" 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

lecture 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.Ibl.gov

Talks & leCTur'eS on ‘rhe Web: e.g. by D. Soper; 6. Salam; 6. Zanderighi; J. Campbell; 6. Sterman; ...

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

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



Part 1:

Part 2:

Part 3:

Part 4.

tentative outline of the lectures

the foundations

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

the QCD toolbox

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

inward bound: “femto spectroscopy”
QCD initial-state; DIS process; partons;
factorization; renormalization group; scales;
hadron-hadron collisions

applications:

global analysis of PDFs; scales and theoretical
uncertainties; all-order resummations; ...




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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Standard Model

Higgs Physics
New Physics

hadron colliders inevitably
have to deal with QCD

studying the Higgs boson
or discovering (perhaps) some

New Physics requires a

sophisticated quantitative
understanding of QCD




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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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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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
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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
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

N Z?"Y“‘ deC”P'ef " spectrum fully classified by assuming:
dg At et U Zm Q » quarks have spin %
I * 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)iavor multiplets = octets and decuplets

bar'yon decuplet
+ 12 A+ +
dJ‘

S KR

d 172 uu
S

o172 ‘u
E></' Em/ "
A

88 ()™

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

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

anti-blue
green

ijk




QCD matter sector: charm
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quark generation

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




QCD matter sector: charm
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quark generation

Computer reconstruction of
ay’ decaynlheMmkl
detector at SLAC, making a
near-perfect image of the
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 L)) FNAL in 1977
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quark generation

Mess GeV

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 (o)) FNAL in 1977
3 8
+ Lo
} o
1 L2
d s b :
Q3
down | strange @ bottom T o AP
N\ §
1st 2nd 3m I h
quark generation S

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

jet +

- Top anti-top production
in proton anti-proton Y,
Q ) collision at the Tevatron H
o
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1 J L ;3 A\ J jet
1 st 2nd 3rd
quark generation

jet

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

. . th b
(vector boson mass and couplings are sensitive to top mass) : ‘<§
W
z, W zZ,Ww VA
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

) 10° A
A up-type quarks t
1 f= 'V down-type quarks .
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Yukawa coupling

E
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103 £

. 1074k
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-5

quark generation 10

10-6

= 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 2

" hence, investigate quarks through "R ratio”
electric charge
/ of quark
eTe” — hadrons . Lin units of e]

R= x N, Q
f

eteT — Ut /r

assumed number
of colors of quark

NS

b

*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 2

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

/ of quark
[in units of e]

eTe” — hadrons .
R = x N. 3 Q>
eteT — Ut /r 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
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experimental results for R ratio
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* mass effects near threshold
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experimental results for R ratio
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QCD color interactions heuristically &)

==

* QCD color quantum number is mediated by the gluon J_\: 3'/, /

analogous to the photon in QED g | i \

" gluons are changing quarks from one color to another
as such they must also carry a color charge (unlike the charge neutral phoTon in QED)

example: red (R) R
..... ___ gluon R
D000 0! (RB) —————
B " "
i )\ color flow
blue (B) B important calculational tool



QCD color interactions heuristically &),

. . ‘\~ /
* QCD color quantum number is mediated by the gluon ,. / A 2‘,‘&/ /\
analogous to the photon in QED ¥

. 3
j @ . |
[ P

" gluons are changing quarks from one color to another
as such they must also carry a color charge (unlike the charge neutral photon in QED)

example: red (R) R
______ gluon R
500« (RB) ———
B " "
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 0
(1,0,0) 1 0 0 |
0O 0 0

1 y
LY Il_[ 5 J



QCD color interactions heuristically 7

\ s //
* QCD color quantum number is mediated by the gluon ’ﬁ_ 3';*, [
analogous to the photon in QED (}

K4

" gluons are changing quarks from one color to another
as such they must also carry a color charge (unlike the charge neutral phoTon in QED)

example: red (R) R
______ gluon R
500« (RB) ———
B " "
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 ‘ more formal expression
between quarks and gluons || as Feynman rule

[only color structure here]
0O 1 0 0
(1,0,0) 1 0 0 '
0O 0 0

1 ) . 4A
o, L, Pj c fU(]



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
quar'ks 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

. _ /I
come as colors triplets VUV=|le| — WV =
®

(fundamental representation)

local SU(3) invariance dictates:

non-Abelian group structure:

- invariants (“color factors") :

NS .

- 8 massless spin-1 gluons
(adjoint representation)
- all interactions between
quar'ks and gluons (covariant derivative)

- Lie algebra: [t_,t,]=if, T

-

. Sk
£ e
/ \ o
¥l ey _E_Y*F- .,I)"!_E"

b Y
N \{-Q_Q-}/

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




the gauge group SU(N) with N=3

* choose special unitary group SU(3) as the gauge group for QCD
* SU(N) is group of N x N matrices U

* N x N generic complex matrix has N2 complex (= 2 N2 real) values



the gauge group SU(N) with N=3

* choose special unitary group SU(3) as the gauge group for QCD
* SU(N) is group of N x N matrices U

* N x N generic complex matrix has N2 complex (= 2 N2 real) values
UUT =UTU = 1yxn det(U) = 1
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the gauge group SU(N) with N=3

* choose special unitary group SU(3) as the gauge group for QCD
* SU(N) is group of N x N matrices U
* N x N generic complex matrix has N2 complex (= 2 N2 real) values
UUT =U'U = 1yxn det(U) =1
unitary provides N2 conditions unit determinant (‘special”): 1 condition
-> SU(N) group has N? - 1 generators (- QCD has 8 gluons)

* generators are traceless hermitian N x N matrices

generator
. /<) ﬂ/ )
U = el()“(x')t a=1,2,..,N°—-1
/’ arbitrary parameter
element of the group constant or x dep.

"generalized phase”

. e SRV 7 2° ties can be studied from
~ 14+ 10.(x)t? (6 proper
a(. ) T C ( ) infinitesimal transformations

“rotations in color space”

. why SU(3) ? quarks and anti-quarks are different [rules out real SO(3)]

4

* only compact simple Lie group with complex triplet representation



color algebra: Fierz identity, Casimir operators
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color algebra: Fierz identity, Casimir operators

a’ a’ 1 Y N 1 N C
= powerful Fierz identity Z(t )i (t)1a = 5 { 00k — 0okl
a

K] T (OCT)

k
" N-1 Casimir operators (commute with all generators; proportional o identity)

* fundamental representation i k %

2 _
I — Crdy Cp =~

* adjoint representation (defined by if.,. — 27Tr([t*. tP]t¢)—> 8 (8x8) matrices)

v \

?‘f?o‘f\ﬁr oo = (U4 wvoooe Z facafbea = Cadab Ca =N
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= vector boson fusion is an important Higgs search channel at the LHC

N \/ (i o

simple picture

tree level :

diagram CIIIL H  receives NLO

W corrections, e.g.
( ’. /\ | d
vanishes when interfered with LO diagram
= useful Jacobi identity @ @ @
d
f:_albefcde + fbcefade + fcaefbde =0 + + d =0

find = 0
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color at work: leading color approximation

example from J. Campbell's lectures

= to simplify large scale QCD calculations, one often works in the
leading color approximation

what is it all about?

= simplest example: 2gluon + W production (W boson dropped - color neutral)
/6666(
A :}:2(6( KTTTTL
I N )}%}\
Cy:TATH Co: TPTA Cq : fAABTX

hence, only two T LN
color ordered Ci+C3: ¢ Co —Cs : A,gééﬁi

structures EELLLD




leading color approximation (cont’d)

= need to square amplitudes to get cross section, e.g.:
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leading color approximation (cont’d)

= need to square amplitudes to get cross section, e.g.:

A A
7 RN
Ci+Csl": Y B B Y —

\ \
= Cf = C} = N,C}

(same for |Co — C3|2)

bo



leading color approximation (cont’d)

= interference term needs to be massaged (use Fierz identity)
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= interference term needs to be massaged (use Fierz identity)
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leading color approximation (cont’d)

= interference term needs to be massaged (use Fierz identity)

o

|:()| - Ca :":(’;3 C3)* : IN
LAV

j_z_i ]( i> i iy
e 2 N\ )
k o e k g k*ﬁ /

does not contribute: Tr (1¢) =0

= combine results for [after some reshuffling, use N, C.2 = (N2 C. - C)/2 ]

?\T'.Z (V l
iVe VF 7 ?y |2 ? |2 2] ? |2
V4 / LV & X
. 2
leading color 1/N_* suppressed
. . this structure only appears
contribution for QED-like diagrams w/o

the three gluon vertex



leading color approximation at work

10 fr'om BlackHat collaboration

%‘ : | I [ ] | ] LI I | I I | I I 1 I | I 171 | lg
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3 i
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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
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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

/

LQCD - \If(’iaﬂ’y“—fn)w -
— (BuAy — By AL)? TOEH
— gVA Ty

1 : =P
= 59COuAY = AR fape AMPAY | b S

Ry
,
4. Py o~
@, LA
G f

. b 5c | 2 NS
- Zg fabcA/tAf/fach“( A P o
7y
technical complications due to the gauge-fixing & ghost terms: ghost loop
gauge-fixing: needed to define gluon propagator; ZIm[ Tl XKW bmt WK
breaks gauge-invariance but all physical results are i .

independent of the gauge 2

=2
pol

—g N —_—1. s p
+ X+ >"“5J
L / hat

— —V

ghosts: cancel unphysical degrees of freedom — unitarity
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recall: gauge invariance in QED

[:QED - L:Dirac + LMaxwell T Eint

— 1 _
‘I’(i& - ln)‘I’ - ZF“UF“U - q\IJ'\/"l,‘PAu

_ 1
V(P —m)¥ - F, F"

photon field carries
no electric charge

. I __ £ field strength itself
field STI"GHQTh tensor F/ll/ — ();IAI/ ()I/A-/l gauge invariant

electromagnetic vector potential A,

covariant” =

covariant derivative D,, = (),, +1q A// D,y transforms as @

invariant under local gauge (phase) transformation

( . . .

v(x) — o/ (x) = ew‘(x)\Il(x) * dictates interaction term

1 * photon mass term would

—aua(x) violate gauge invariance
) ~ m?jA/,A”
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recall: gauge invariance in QED

CQED - £Dirac + EMaxwell T ['int

- 1 _
P(ig —m)¥ — ZF’”’FW — q¥y, TAH

= 1
UilD —m)P — ZF“UFW

electromagnetic ve« “h“
more cumbersome to |
field strength 'rens+ prath 'tielf
demonstrate for QCD |merian
covariant derivative 17, — U, + I( 7 )

D@ transforms as @

invariant under local gauge (phase) transformation

[\I'(x) — ‘I"(x) — ela(X)\p (x) h * dictates interaction term
1 * photon mass term would
A,(x)— AL =A,(x) - aaua(x) violate gauge invariance
S J
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a closer 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)

‘.“

1 wra T, (F) /2 N (f)
cz_ZF;\F +;‘1’; (iDs; — mg &)W,

JLv

J

\\

gluon field strength color index
a=1,.8 i=12,3

* color plays a crucial role (unlike QED, field strength not gauge invariant)

a a a abc A bacC
F2, = 9,A2 — 9,A2 — g f2PAPAC

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

also in the interaction (Dp)ij = 0, 035 + 168 (£%)35 A,

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

« coupling g, is the only parameter (masses have e-w origin)
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QCD gauge transformations

= demand that QCD Lagrangian is invariant under local gauge transformations
i.e., redefining the quark and gluon fields independently at each space-time point has no impact on the physics

more cumbersome to demonstrate short-hand
notation
- redefine quark fields: W(x) — W'(x) = e * " W (x) = U(x) ¥(x

likewise W' = WU

* one way is to study explicitly an infinitesimal transformation U(x) = 1 + 1o, (x) t2
see QCD book by T. Muta for details

* covariant derivative must transform "with the quark field"
D,¥ — (D)%) = Uj;(x)(D )k (x) Pr(x)

* sufficient to demonstrate wa = (£) /s (f)
L= ——F’ F* v, i — myg 0;) W,
gauge invariance of quark term ad Z i (iDy —mpe o) :/

- aside: gauge field transforms as t"A, — t"A, = Ut*A, U ' + —u)U) U~

{:)S
non Abelian part
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* easiest to see by first re-writing field strength tensor as
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* exploit that the commutator transforms as the covariant derivative itself
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* find that field strength is not gauge invariant (unlike in QED)
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QCD gauge transformations (cont’d)

= invariance of the first term 1 = (£) /e - (f)
L=—-=F!F2 -+ . 5 — )ii )W
more difficult to show 4 = B zf: i (i2 J my 03;) j

* easiest to see by first re-writing field strength tensor as

1

[D D to proof: use definition, commutation relation for
igs [ v generators, and consider action on a field

* exploit that the commutator transforms as the covariant derivative itself
D,,D,ix¥x — Uj; [D,, D, ]jx Pk

* find that field strength is not gauge invariant (unlike in QED)
(ta F )ij ’ Uik(ta F? )klUlgl

v JLv

* however, the combination that appears in the Lagrangian is invariant

1 1 1
¢ ’ . I v _ o ¢ — | § v -1
JFLFL = S Tr(ta Fy t° FYY) — — S Tr(Uta Fy, U U FL'UTH)
trick: use Tr(t,t,)=1/2 5, use cyclicity of trace to remove U's ¢/

= like in QED, a gluon mass term is prohibited by gauge invariance
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= the Lagrangian encodes all the rich physics phenomena of QCD

= in these lectures we are interested in perturbative QCD
-> how to read off Feynman rules to compute cross sections?

quark and gluon propagators
simple prescription:

« consider free, non-interacting theory (g, = 0)
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using the QCD Lagrangian: propagators

= the Lagrangian encodes all the rich physics phenomena of QCD

= in these lectures we are interested in perturbative QCD
-> how to read off Feynman rules to compute cross sections?

quark and gluon propagators
simple prescription:

« consider free, non-interacting theory (g, = 0)

1
» . < [ F: ‘ a\2
Lfre.c — \I’i(l()ﬂ’“,’“ - m)()lJ‘I’J 2(()/1A: ()VA:I )
* make replacement (Fourier transf.) 1J,, — P, and take "“i x inverse"”

quark propagator:
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quark propagator:
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using the QCD Lagrangian: propagators

= the Lagrangian encodes all the rich physics phenomena of QCD

= in these lectures we are interested in perturbative QCD
-> how to read off Feynman rules to compute cross sections?

quark and gluon propagators
simple prescription:

« consider free, non-interacting theory (g, = 0)

, = - 1., .
Lfmc — \I’i(l()ﬂ",” - m)()ij\Ilj Z(()“Aﬁ — (),,Afl)z
* make replacement (Fourier transf.) 1J,, — P, and take "“i x inverse"”
quark propagator:
Ts [ L . . ¢ +m 1 P g
W;(puY" — m)od;;W; » 1 g 0ij J > I
gluon propagator:
i . , L : :
~A,(p%g" — p"p")A, inverse does not exist

2

encounter similar problem in QED
problem is freedom of gauge



gauge fixing and the gluon propagator

solution: add a gauge fixing term to the Lagrangian, e.q.,

1, I A A
Egauge—ﬁxing - 2/\((), A/:.)z

arbitrary A \Lor'enz condition J"Aj, =0
Lagrange multiplier




gauge fixing and the gluon propagator

solution: add a gauge fixing term to the Lagrangian, e.qg.,

1 a
Egauge—ﬁxing — __(()/IA )

2\ \\
arbitrary A Lorenz condition A, =0

Lagrange multiplier

* leads to extra term such that an inverse now exists

a_jt. .V AAa —i pﬂ'pu b
—A Hp” A — — (1 - a
) PR Sy (g“” (1=2) p? )5

Al P B,v

* particularly simple choice is Feynman gauge (\-1)




gauge fixing and the gluon propagator

solution: add a gauge fixing term to the Lagrangian, e.q.,

1

O A a2

Egauge—ﬁxing - (()/ All)
2\

arbitrary / \Lor'enz condition J"Aj, =0
Lagrange multiplier

* leads to extra term such that an inverse now exists

i a L. IV A A —i p“‘pu N
—A/1 pl P Au ? (g;w o (1 o )\) ) Oab

2\ p?
Al P B,v

* particularly simple choice is Feynman gauge (\-1)

* gauge fixing breaks explicitly gauge invariance though
but since A is arbitrary this leaves us with a powerful check of calculations

any dependence on A must ultimately cancel in physical observables




another peculiarity: ghosts

= gauge fixing leads to consistent quantization of QED

= more trouble ahead for non Abelian theories:

* covariant gauges introduce unphysical longitudinal d.o.f. for the gluon
as for a photon only transverse d.o.f. are physical
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* complex scalar field which obeys Fermi statistics

* new Feynman rules: propagator and gluon-ghost-ghost coupling

* eats unphysical degrees of freedom in polarization sum
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* covariant gauges introduce unphysical longitudinal d.o.f. for the gluon
as for a photon only transverse d.o.f. are physical

* solution: add another term to cancel unphys. d.o.f Lghost = 0, I}aT ng z;b

* complex scalar field which obeys Fermi statistics

* new Feynman rules: propagator and gluon-ghost-ghost coupling

* eats unphysical degrees of freedom in polarization sum

.’ »
o . g

— Y Y, s rvv'v{
. 5

o

)
y -

A=+1.-10 by 2=+1-1 LN
= alternatively one can choose a non-covariant (axial) gauge Laxial = ——(n"A%)*
S
* at the expense of a more complicated gluon propagator arbitrary
direction

i ‘ n,p, +n,p, (n* + £p?) P.Pv \ .
— 8B .2 ()ab

p2? n-p _ (n-p)?



using the QCD Lagrangian: interactions

= interactions between quarks and gluons can be simply read off from
the terms in the Lagrangian containing g,

< Aa
2
: A a from the covariant derivative
—-1g (t). i
/\ g ()e (7 )’l as in QED except for color
b,i c,]
4 BB
q C y aB a By B ra
3, —g £ [(p—a)g"+(q-1)"¢"+(r-p)°g"]
’/p "“‘-’i{;- (all momenta incoming)
A« Cy gluon self interactions
from the g, term in
Aa~ ) BB - CXBD r af v6 aé Byq the gluon field strength
N Y —18 £ g & 78 8 . no QED analogue
N Y . 2 [.XAD C r aB 76 ay f6-
<% —1g £ g & 8 8
£ e - fXAB CD  ay B ad By
S X —1g £ g & 8 8 .
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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 ferms of two Casimirs: C, and C;

= powerful pictorial methods; possibility of “leading color approximation”



Part IT

the QCD toolbox

asymptotic freedom, IR safety,
QCD final state, factorization
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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?
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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
interplay

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
3 Abelian
“screening” of the charge “anti-screening"
o 5 _%_] o
| R l|
Gﬁ"" B . :’ R'(':
> (&) - >
r T r
2 4
as(Q)~ 113 Q~1/r
(5Ca —3TENy) In(Q2/A?)




asymptotic freedom

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

non
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asymptotic freedom
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Gross, Wilczek;
Ny Politzer ('73/'74)
Nobel prize 2004

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

asymptotic freedom

non

Abelian
"screening” of the charge “anti-screening”
- ~ R- ) o
'e- e_ a ‘ . ,.-'”;c_"--,v ‘
et € R 8
(G R)
e " "
B (RY-
et et . ) B Ae
g —— & OB~ >
| /c r
47

2y .
e 9 | as(QF) = - )~ 1/r
who wins (3Ca — 5TENy) '”(QQ/,/V\Q) Q~1/
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typical hadronic scale O(200 MeV)
A depends on N, pert. order and scheme




more formally: the QCD beta function

van Ritbergen,Vermaseren,Larin
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more formally: the QCD beta function
van Ritbergen,Vermaseren,Larin
(7,73 74, 80, 97 |
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more formally: the QCD beta function

van Ritbergen,Vermaseren,Larin
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more formally: the QCD beta function
van Ritbergen,Vermaseren,Larin
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some further observations

recap |
. * negative contribution fo bodue fo Wy oo
b= —ag (i) Z bia. (1) ,45;53‘-’"'-767,.;\
’ * positive contribution to bo due to  wwwy  Srowen
"lbﬁrﬂ_ﬁ"
ll,\-,. — ‘ll’f]‘/f L. . .
by = * positive contribution larger —> bo> 0

127

(—> overall: negative beta function)
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some further observations

recap o~
. * negative contribution to bodue o o oo

2 2 - A

D= —a(p) Z bicx, () &
: * positive contribution to bp due to e Srov

RQgas”

11.\’,. - 4llf'1‘[(
127

/)() e

* positive contribution larger —> bo> 0
(—> overall: negative beta function)

91.2GeV

3 ; * coupling depends on number of active flavors
: (need matching a thresholds)

a,(p)

* can read of f QED beta function (Tr coefficient)
(only one flavor) 1

2
‘th):.g—”(l ’+‘

DN

b, negative —> overall: positive beta fct.
0.118
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consistent picture from many observables

0= July 2009 DIS [pol strct. fctn.) t—o—;—c
s, DIS [Bj-SR]
o (Q) It S. Bethke, aer.O90_8. 1135 DIS [GLS-SR] .
oA T{oop Inc?.@hc Scattering t-decays [LEP) o
04 L) oce &2 Anmhilation ) ) X '
\ oa Heavv Ouarkonia X|‘3 v -DIS] n—.-!—a
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L (& e
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! 1 § ) I
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exp. evidence for log(Q®) o
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let's study electron-positron annihilation to see what this is all about ...



e"e annihilation: the QCD guinea pig

pre

1 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 (2+(3_ — qq

Zz=

‘ —
o

* angular distribution of jet
axis w.r.t. beam axis as
predicted for spin-3 quarks

0
—— —
,/

jets play major role in hadron-hadron collisions at TeVatron, RHIC, LHC




e"e- annihilation: three-jet events

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

- jets resemble features
of underlying 2->3 hard
process eTe  — qqq

4

g
{ "W _
L 0

* 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

£

)
- > -

%



e"e- annihilation: four-jet events

some events even had a fourth jet

* angular correlations between
four jets depend on C,/Cr and T./C;

* sensitivity to non-Abelian

three-gluon-vertex
LO: Ellis, Ross, Terrano

- crucial test of QCD when
combined with results for
event shapes (thrust, etc.)

extensively studied at LEP

2

0.5 4

—_

| | Combined result
* SU3) QCD

ALEPH 4jet -/

T rr LA A ) L B A B A |

SU(S)

OPALN,, -
DELPHIFF -

Wy

/ / — Event Shape

86% CL ervor ellipses

L)




e"e- annihilation: four-jet events

some events even had a fourth jet extensively studied at LEP

SU(S)

| | Combined result
* SU3) QCD

* angular correlations between
four jets depend on C,/C- and T./C- >

—

SUE) OPALN *
ALN,, -
DELPHIFF A

* sensitivity to non-Abelian

three-gluon-vertex . C.
LO: Ellis, Ross, Terrano

—

- crucial test of QCD when 0.8
combined with results for
event shapes (thrust, etc.) o

e‘e” experiments played a vital role in establishing
QCD as the correct theory of strong interactions
and SU(3) as the underlying gauge group
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* 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 <

]
- REC
l_-y

(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\.+
s O will find that most "stuff”
_< i O is observed in the directions

; of produced quarks & gluons
energetic partons hadronization ! ot parton-hadron duality

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/
. Krauss et al.
AMEGIC++ | 5
http://projects.hepforge.org/sherpa/dokuwiki/doku.php
E. Boos et al.
CompHEP |
http://comphep.sinp.msu.ru/
C. Papadopoulos, M. Worek
HELAC
http://helac-pheqgas.web.cern.ch/helac-phegas/helac-phegas.htmi
F. Maltoni, 1. Stelzer
Madgraph
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let’s have a closer look at the R-ratio already encountered in Part I

+

eTe~ — hadrons

R

X j\'rc Z ch
f

ete” — putp~

at LO described by: vertex

“read against
the arrow”

My = u(p1)(—iey")v(p2)

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

s P

simplest process in pQCD: ete™ — 999 o &«
(all partons massless) T\

some kinematics first:

 energy fractions 2pi-q _ B >z = 2(Xpi) -9 _
& conservation: ' T g s/ o s
* angles: 2p1-p3 = (P1+p3)°=(¢—p2)°=s—2q p>
= x123(1 — Cc0sf13) = 2(1 — o)
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(other angles by cycl. permutation)



exploring the QCD final-state: e"e-— 3 partons

P1
V//
. . 1 — — /‘” 'P3
simplest process in pQCD: ¢ ¢ — qqg ° o |
(all partons massless) 9 \
q°=s \'P

some kinematics first:

2

- energy fractions = __ 2pi-q . E; - 2(3Xpi) - q .
o PP — Z P = : S—

. s 1 R — lll‘
& conservation: ! 3 Vs/ ' 3
. . . — i )2 — P, - 2
- angles: p1-p3 = (p1+p3)°=(q—p2)*=s—-2q p>
& x123(1 — Cc0sf13) = 2(1 — o)
2 (other angles by cycl. permutation)

xa=1 massless
3
allowed values for x, ~_ "Dalitz plot"
1 2
X

lie within a triangle

2



collinear and soft configurations

at the boundaries of phase space we encounter
special kinematic configurations:

B
-—

T T2 & 3 collinear -

4

-

- "edges": two partons collinear

eg. 13— 0& 19— 1

g
=

collinear

- —a

IBAUI[0D € %
l

- "corners"”: one parton soft

1 pé‘—>o<=>a3z‘—>0




collinear and soft configurations

P1
. * > Hps
at the boundaries of phase space we encounter ’ q<
special kinematic configurations:

—
e

TP 72 & 3 collinear

——— 41mz 2

structure reflected
in the cross section:

3 — .
:

soft

IRQUI[O € 79 |

t
|
|
\

€

P2

- "edges": two partons collinear

eg. 13— 0& 19— 1

- "corners"”: one parton soft

pi' - 0s x; — 0

/s
1/ do

oodxidxy

Qg ’I‘% -+ 7'%

2 F(1—2)Q - zo)




collinear and soft configurations

at the boundaries of phase space we encounter

special kinematic configurations:

_——

e »; -

T T2 & 3 collinear
, .

soft

| &2
collinear

—
U -

]
soft

‘-““Y--'-' 47“] Z 2

structure reflected
in the cross section:

- "edges”: two partons collinear

eg. 013> 0 19— 1

- "corners”: one parton soft

pi' - 0s x; — 0

1/ do

O'OdL]_d.LQ

Cr
r L1 —21)(1—z0)

collinear singularities:
X,— 1t gluon || antiquark

x,— 1: gluon || quark



collinear and soft configurations

at the boundaries of phase space we encounter
special kinematic configurations:

B

L g

32 & 3 collinear o T - "edges": two partons collinear
, .

soft

eg. 013> 0 19— 1

| &2
collinear

e

- "corners”: one parton soft

l pét—>0<=>a?i—>0

soft
c—‘___?‘_ ———— 4”“ Z 2

—

. -
structure reflected 1 / do  _ as - z{ + 3
in the cross section: oodxidro 27 (1 —z1)(1 —x))
soft gluon singularity: collinear singularities:
x;— 0:p3— 0 x;— 11 gluon || antiquark

< X— 1&x,— 1 x,— 1t gluon || quark



aside: some steps of the actual calculation
—~ . A ] . . P1 _
Mqgg = U(p1)igsg't m’eq?uV(m) ~ey ke  u

I

— U(p1)iegy O }(lgs/t v(p2)
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aside: some steps of the actual calculation

propagator

_o . . .
Maag = U(p1)igsgt m’eq nV ey kEn e
! color ke
i

- 0Py g v (P2

polarization

make gluon soft k <« p; , and square the amplitude

|M§§g| = Z

A,pol

pr-e pQ.F)
p1.k  po.k

0(p1)ieqy,t" v(p2) &s (




aside: some steps of the actual calculation

propagator

_ . I, P1

Mgqag = U(p1)igsf tAﬁ—H('eq‘m v(p2) ety 7w e
! . color k e
l P2

= 0Py (p2)

polarization

make gluon soft k <« p; , and square the amplitude

_ . P1-€ P2.€
M?. | ~ u [€q" ,tAv ( — )
I qgl %l (pl) ql (PZ) 8s P1~k PQ./(

2
P1 P2\~ 2 > 2P1.p2
- C = |Mz5|C
I ql gs (p k p’_)k> | qu ng (Plk)(sz)

Eikonal factor

2
sum over gluon

polarizations




aside: some steps of the actual calculation

propagator
— : A I . P1 P1
Maqgg = U(p1)igsft m’eq%v(m) ey, kgn el
B : color k.e
’ P2 P2

— U(p1)ieg e klgsﬁ/t v(p2)

polarization

make gluon soft k <« p; , and square the amplitude

2
~ _ A P1-€  P2.€ sum over gluon
|M qg| A§| U(,Dl)leq f[lt V(pZ) 8s (P1~k pg./(> polarizations
Pl p’) 2 2p1'p2
S 23l Crg

include phase space for gluon Eikonal factor

~

d¢qég|Mc2;ag| (d(DQQIM ql)

factorize LO
phase space

I
d”k CFg2 2P1-P2 note: color will in general
2E( ) S (P1~k)(P2-k) not factorize in soft limit




aside: some steps of the actual calculation - cont’d

d3k 2p1-p2
> Ny 2 2 1-F2
Pqag|Mazg| = (d%aalMaal) SE7 55 CF& o0 o)




aside: some steps of the actual calculation - cont’d

d3k 2p1.p2
2 | ~IM2.]) —— :
dd)qagquégl - (d¢qq|Mqa|) 2E(27)3 Cre: (p1-k)(p2.k)

soft emission factor dS
do 2asCr 2p1.p2 0= lek

EdE dcos 22 .
T x 2pk)(2pak) & = azimuth
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d3k 2p1.p2
2 | ~IM2.]) —— :
dd)qagquégl - (d¢qq|Mqa|) 2E(27)3 Cre: (p1-k)(p2.k)

soft emission factor dS

EdE dcos 6 d9 2asCrl  2Pi-P2 9 = Hp‘.k
27 m  (2p1.k)(2p2.k) ¢ = azimuth
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express in  —
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aside: some steps of the actual calculation - cont’d

d3k 2p;.
'—3'CFg52 P1-P2
2E(27) (p1.k)(p2.k)

soft emission factor dS

d¢q§g|M§ag| = (dd)qc7|Mc?56|)

EdE dcos 6 d9 2asCrl  2Pi-P2 9 = Hp‘.k
27 ©  (2p1.k)(2p2.k) ¢ = azimuth

7

express in  —
terms of E,0 E2(1 — cos? #)

end up with

- 2a5Cp dE dO do

dS
T E sinf 27

» It diverges for E — 0 — infrared (or soft) divergence
» |t diverges for # — 0 and & — ™ — collinear divergence



general nature of these singularities

soft/collinear limit:
internal propagator goes on-shell

1 B 1 M= ¢»
(p1 +p3)2 2E1E3(1 — cosfq3)

here:

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



general nature of these singularities

soft/collinear limit:
internal propagator goes on-shell

1 B 1 M= ¢»
(p1 +p3)2 2E1E3(1 — cosfq3)

here:

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

this structure is generic for QCD tree graphs: 2
Spinors pP1 T P3 P3
M ~ (Mn /
n—+1 [“ ”] 1,3on—shell (p1 +1)3)2 o -
iy
basis for parton-shower MC codes 1 {”b;
like PYTHIA, HERWIG, SHERPA, ...
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Our cross section is not defined properly,
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
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interlude: light-cone coordinates
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p® =2pTp — P}
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towards a space-time picture of the singularities

interlude: light-cone coordinates 0
P~ p*
+ _ . 0 3
p* = (p° £p°)/V2
2 - —2
p> =2pTp~ — pf

p~ = (p7+m?)/2pT

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

Fourier transform
momentum space - - coordinate space

P

p-xr = pJr r +p il

— P X

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



space-time picture of the singularities

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



space-time picture of the singularities

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

P1
- define k = p, + p; /
- use coordinates with k* large and k= 0 vy P3
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space-time picture of the singularities

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

Pi
. define /

- use coordinates with k' large and k= 0 0/ o
« 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?



space-time picture of the singularities

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

P1
- define k = p, + p; /
- use coordinates with k* large and k= 0 | o oo P3
« k?= 2 k’k- ~ O corresponds to o
soft/collinear limit — k™ small q \
P2

How far does the internal on-shell parton travel in space-time?

kT~ V's/2 large TN / §
k™ (k7 + k) /+/s small S
0

l Fourier
~ 1/k— large
z~ ~ 1/kT small




space-time picture of the singularities

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

P1
- define k = p, + p; /
- use coordinates with k* large and k= 0 | o oo P3
« k?= 2 k’k- ~ O corresponds to o
soft/collinear limit — k™ small q \
P2

How far does the internal on-shell parton travel in space-time?

kT o~ /5/2 large TN / '
k=~ (kf +k%)/y/s smal »\X
0

l Fourier
~ 1/k— large
z~ ~ 1/kT small

travels a long
"\ distance along
. 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 (=degenerate) limit, i.e.,
are insensitive fo what happens at long-distance



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 (=degenerate) limit, i.e.,
are insensitive fo what happens at long-distance

1 lo|2 measurement fcts.
Tl = — / dQQ ¢ 0[ ] 82 (1)1 1)2)/ (define your observable)
21, dS25
do[3] .«

1 .
+ 5 [ dwrdB3ds2s S3(p1, P2, P3)

dS2od E3dS23




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 (=degenerate) limit, i.e.,
are insensitive fo what happens at long-distance

dol|?2 measurement fcts.

] 82 ([)]_ P2 ) — (define your observable)
dS2o

1 7 do 3] —

— [ dwodE3dS S3(p1, po,
g 3!./“"2( 3023 A Edsa 3 (P P2:P3)
_I..

— a./(mg

infrared safe iff [for 2=0 (soft) and O < i < 1 (collinear)]

n+1(p1 ~~~~~ (1 — /\)Pn )\pn) = Sn (pl- c o ,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. e'e” at O(a,), i.e., n=2)
8n+1(p1: JURE (1 o /\)pn: >\pn) — S'n-(ple JOI ap'n)

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

extension of famous
theorems by

Kinoshita-Lee-Nauenberg

and
Bloch-Nordsieck

1



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

simplest case. S,,,(pl, e ,p,»ll) =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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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

2
Py

R ratio: o Meers| /\ N
/ N\ »s N
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virtual corrections
at a given O(as)



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

infrared safe by definition

2
Py

R ratio: e A Y N
/ AN N S
o - P »
o(eTe™ — hadrons) N
= olete — ptp-) Ne_eg (1+A8qcp) need to add up real and

virtual corrections
at a given O(as)
* energy of hardest gluon in event

not IR safe:

 multiplicity of gluons or 1-gluon cross section



example II: thrust distribution

somewhat less trivial: do/dT (measure of the "event shape”)

Sn(p1,---,pn) = O6(T —Tn(p1,.--,pn)) | procedure:
n | ﬁ ) ﬁl vary unit vector n to
In (})1 e pn) = max |z =1 177 maximize the sum of the
’ . " 1 75 jections of p, on n
_41,:]_ |7)'l,| pr'OJeC p|
T=1: pencil-like event | 41;:;1
T=1/2: spherical event , =~ ="




example II: thrust distribution

somewhat less trivial: do/dT (measure of the "event shape”)

Sn(Pls . -Pn) — 5(T - Tn(m, ‘oo ,pn)) procedure:
n Lﬁ . fi| vary urjni’r vector n to
I'n (1)1 ..... pn) = MaX ’7—; 'Z'=nl Z_‘ maximize the sum of the
B ]7).zj| projections of p, onn
T=1: pencil-like event P
T=1/2: spherical event ﬁ///

why infrared safe?

- contributions from soft particles with Pi — O drop out
* a collinear splitting does not change the thrust:

(L —Np; -] + |Ap; - 7| = |p; - 7
(L= N)p;| +  |2p;| = |5




example II1: event shape variables

there is a long list of similar
infrared safe observables:

event-shapes: fertile ground
for comparison between
theory and experiment

- validity of pQCD calculations

* many ways to test SU(3)
(color factors)

- spin of quarks and gluons

- measurements of o,

taken from S. Bethke, hep-ex/0001023

Typical Value for:
Name ol Definition QCD
'Z;!x’xm) | resummed
Thrust T=mx |[r— 1 2213 =12 | ed)
i\ Tl Olaz)
Thrust major Like l.h(‘mcvcr Lej and MW i o an <IN olod)
planc | oy
Thrustminor | L T» BOWEVEr Toin a0 Mo it | 0 <2 | ohkd
direction L 10 'yand iy
$=150Q,+0Q,xQ,5.5Q, are —
Sphericit } = o <V < ,
phericity Eigeavalues of S = ;:l\ ‘p? i l ‘”::‘:mj
ipr
Aplanarity | A=15Q, 0 0  SIZ |ipcd
\I'_(Z)C -X. F-)u.?».
Jet (Hemis- (S: lhnq:huu.].ton’-r)
phore) masscs 3"&:““{(3‘;‘-“;) 0 213 =12 Kresummed)
\lD-.:N. M2 0 <13 Olo?)
lf‘\ sty
3 [ -
B o B.= ’%Tp.l— :Br=B,+B-| 0 <L2V3) snuz\z),wgmgrd,
D‘_ =mu(B.B_)| 0 =l 2\r3) <142¥3) o5
? -
Encrgy-Energy = B A re o)
By ) Syvii) resurmmed)
e mowE 355 | | fo o
*3 0 x O RO R
Asymmetry of
e | ABECG) = EECR) - EECG) ‘ Olod)
r2 20 w2
Differential | p(y) = Réld-¥)- Raly) ( resummed)
2-jet rute - Ay Ola?)




most important example : n-jet cross section

experiment QCD theory ?‘-b

/'/'I

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
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most important example : n-jet cross section

experiment QCD theory r

/"/

approx. equivalent \}

infrared safety

real physical event theor. jé‘r event
with 3 hadron-jets with 3 parton-jets

jets are the central link between theory and experiment

But what is a Jef exacﬂy"

— L e

Ty " & ngllmur

recall: 2

_ _ soft
ete™ — qqq

(S
4
. J

jet "measure”/"algorithm":
classify the final-state of

... hadrons (exp.) or partons (th.)
according to the number of jets

L
-~
—
-
—

1 &2
collinear

—
—— =g

wHIO0 € M | &

soft well inside: 3-jets
"7 | near edges: 2-jets




most important example : n-jet cross section

experiment QCD theory r

///

approx. equivalent N

|
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 Jef exacﬂy"

e

TYTTT 2& 3coll|n(, ar

recall: 2

_ _ soft
te™ — qag

—+— jet "measure"/"algorithm":
classify the final-state of

... hadrons (exp.) or partons (th.)
according to the number of jets

€

1 &2
collinear

-—

Ao &,
‘ E® 5‘“

soft well inside: 3-jets [ "2 or 3" depends
"7 | near edges: 2-jets on algorithm




jets — the central link between theory and experiment

input to almost all analyses at the LHC:
BSM & Higgs searches, top physics, PDF analyses, MC validation, ...

tt decay modes

heavy objects have multi-jet final-states

- 107 top-antitop pairs for 10 fb! |

all hadronic

tau + jets

* vast number of QCD multi-jets:

4 jets | # events for 10fb !
3 9-.10°
4 7-107
5 6 -10°
6 3.10°
7 2 .10%
8 2.103

tree level estimates:

Draggiotis, Kleiss, Papadopoulos
All-hadronic pT(JCT) > 60 GCV, B,J > 30d€9, |le| <3

(BR~46%, huge bckg)




seeing vs. defining jets

|
\
1 L
\ 5 %
AN -
‘ 3 A N
\ SN

¥ ]

clearly (?) a 2-jet event
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seeing vs. defining jets
~

)
\
-\ 4
8 \ AL

¥ 3

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



basic requirements for a jet definition

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
number of jets

IR safety aga

(anti-) kr algorithms are the method of choice these days

Cacciari, Salam, Soyez (FastJet tool)




1%t jet definition: Sterman and Weinberg
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1%t jet definition: Sterman and Weinberg

g definition:

| event has 2 jets if at least a fraction
(1-€) of the event energy in contained
in two cones of opening angle

real emission

3 20:Cr [ dE db E
/ / ﬂ?—jet - ”’qa <1 -1 - - (R (—()) X
(] E+E4+Es< eE w J Esind | Q
N (1-0(E-)ew-0)-v(50)))
. A\ Q /J g Q’
/> virtual

like the total cross section but
emission with large E and 0 is cut out



1%t jet definition: Sterman and Weinberg

g definition:

| event has 2 jets if at least a fraction
(1-€) of the event energy in contained
in two cones of opening angle

real emission
2a5Cr dE db E
ﬂ?—jet :(Tqa <1- - - (R (—()) X
- E,+E;+Ey< eE m J Esinf | Q
\‘J X (1 0 ( = ) o0 — §) ) Vv (E u)))
. A\ Q J By Q
/> virtual

like the total cross section but
emission with large E and 0 is cut out

the results makes no sense
(spoils KLN cancellation)

-

/"

) 20 Cg - * if € and/or & become too small
og=o09 (14 Inelno



classes of jet algorithms
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classes of jet algorithms

there are many algorithms to choose from!
basically two classes: "k-type" or "cone”

cone type - 1E%

long. boost invariant cone size

R =/ An? + A¢?

k; jet Cone jet

top-down approach bottom-up approach
cluster particles according to their cluster particles according to their
distance in coordinate space distance in momentum space

put cones along dominant direction of ~undo branchings occured in the
energy flow perturbative QCD evolution:

. . e.g., pair particles with the smallest
potential problems with IR safety relative k-
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geometrical characteristics of jets taken from

G. Salam

Cone (ICPR) | [eswwmimrwmm) most cone algorithms produce

- - circular jets in y-® plane
N | | loved by experimentalists

p, [GeV]
300
250
200

150- k. jets have irregular shape

because soft junk clusters first

— i (2 2 2
1 d;; = min(kT;, kT;) AR
6
anti-k; has circular jets
hard stuff clusters with neighbors
ARZ
d:: = y
§ = (k2 k2
max (ki K;)
- [_k,R=1[Fastlet] |
s ke alg. ) i~ . SN dE7aseds)
300 - ‘ - AN

250 |
200"
150-
100-




geometrical characteristics of jets

Cone (ICPR) | [Fewwmwmwiwmm)

P — P —

p, [GoV)

300
250 ]
200
150-
100,

50

[

300
250 |
200"
150-
100-

p, [GeV] kt alg | — _g-mm_l

taken from
G. Salam

most cone algorithms produce
circular jets in y-® plane
loved by experimentalists

k. jets have irregular shape
because soft junk clusters first

d;; = min(k%;, k?rj)AR%

anti-k; has circular jets
hard stuff clusters with neighbors

ARZ
d:: = y
11 ™ B B
T max(kZ., k?rj)
5. (GoV] .. [ sntikd=78505]
160~ "
140 N .

120 N\, I
100 i ,

default choice for ATLAS and CMS




jets — final remarks

* n-jet vs. (n+1)-jet rate depends on algorithm
— have to choose the same jet definition in exp. and theory

* have to be careful when comparing between different experiments
or experiment and ’rheory (often different jet algorithms!)

* many widely used jet definitions are NOT IR safel
extensive study by Salam, Soyez, JHEP 0705:086,2007



jets — final remarks

n-jet vs. (n+1)-jet rate depends on algorithm
— have to choose the same jet definition in exp. and theory

have to be careful when comparing between different experiments
or experiment and ’rheor'y (often different jet algorithms!)

many widely used jet definitions are NOT IR safe!
extensive study by Salam, Soyez, JHEP 0705:086,2007

use of non IR safe definition invalidates pQCD approach
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divergencies cancel divergencies do not cancel



jets — final remarks

n-jet vs. (n+1)-jet rate depends on algorithm
— have to choose the same jet definition in ex»

G
Ition invalidates pQCD approach

jet1 jet 1 jet 1 (=] G N T—
jet 2
n n
Og X (—co) O X (40 0g X (=eo) 0L X (+oo)
infrared safe not infrared safe

divergencies cancel divergencies do not cancel



latest achievement: e"e— 3 jets at NNLO

Gehrmann-De Ridder, Gehrmann, Glover, Heinrich; Weinzierl

Cr S ‘]

up to 7 jets in NLO !
leading color approx
Becker et al., 1111.1733
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\ 2y Lo, ¢ * requires calculation of 3 classes of processes
/T el * numerous IR singularities to identify and cancel
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latest achievement: e"e— 3 jets at NNLO

Gehrmann-De Ridder, Gehrmann, Glover, Heinrich; Weinzierl up to 7 jets in NLO |l
leading color approx

o Becker et al., 1111.1733

¢ Y-

\'\, b/ - " . .
N\ 2y Leit. ¢ * requires calculation of 3 classes of processes

L.// \"7\.{ * numerous IR singularities to identify and cancel
B g
<IN q

= 2-loop matrix elements (3 partons)

explicit IR poles from loop integrals

= 1-loop matrix elements (4 partons)

explicit IR poles from loop integrals
implicit IR poles from 1-unresolved radiation
soft, collinear

" tree level matrix elements (5 partons)

implicit IR poles from 2-unresolved radiation
double soft, soft/collinear,
double single collinear, triple collinear



structure of NNLO cross section

- complicated phase space (d®) integrations done with numerical (MC) methods

- different strategies for IR cancellations, most common: subtraction method

tricky issue: find NNLO subtraction functions which
- approximate cross section in all singular limits
- are sufficiently simple to be integrated analytically

Nn—jets __ R poe1sa,
dONNLO = / (do™ ) A<":':
. dcbn—i—:?
-+ (do"'t — doV ™) N@;;
¢ (/Q)”_+_1
+ [ do¥? + [ doVS!
' (/®“ v (/(I)’.',_+_l
analytically analytically

each line above is free of IR poles and numerically finite; implemented in EERAD3 code
1402.4140




structure of NNLO cross section

- complicated phase space (d®) integrations done with numerical (MC) methods

- different strategies for IR cancellations, most common: subtraction method

tricky issue: find NNLO subtraction functions which
- approximate cross section in all singular limits
- are sufficiently simple to be integrated analytically

I n—jets ( y R I ) opesaa,
AoONNLO = do |
. dq)n-l—?
+ / (do"'t — doV ™) @
“ (lq)n—{—l
+ / doV? [ do” + / doV 51
Jdod,, b JdP,, 41
analytically analytically

each line above is free of IR poles and numerically finite; implemented in EERAD3 code
1402.4140

crucial step towards full NNLO corrections for 2 — 2 QCD processes
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impact on e*e” jet rates
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inhibited radiation: all-order resummations

:§L=1 |ﬁi : ﬁ|

T=1: pencil-like event

recall thrust variable: 7" = max| .

T g
1 v | v 1
10’ ALEPH data
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=
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\
\

10~ .
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1 #. ‘
-1 = annll
10 ‘
0 EF T

T=1/2: spherical event

find: near perfect agreement

with NNLO theory



inhibited radiation: all-order resummations

‘,z =g —p
: . i=1IPi T T=1: il-li
recall thrust variable: 7' = max|; <=1 | - | 1 /ZPeanP:le ||"|i|::2leevveen:‘r
i=1 |Di ] - 5P
’ 1 . | ' 1 N 1 ) | ' | N 1 .‘O.'f‘.
107 ALEPH data fam®@i =1 find: near perfect agreement
¥, 2200 GeV with NNLO theory
10° e : =
- - '—,o-’:
‘ e Eg=199 Gy closer look: frouble for T — 1
10 ° " . S 0 —e—
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inhibited radiation: all-order resummations

n = -
. - :). " ’1 _ : ] — )
recall thrust variable: 7' = max|. ==1 Pi - 71| =1+ pencil-like event

n =l T=1/2: spherical event
1 i | ! | N 1 ! | ' | ' 1 ,‘0"“, ]
107 ALEPH data ‘c-°_‘f_'+-'; find: near perfect agreement
) —E, 00 G 3 with NNLO theory
10 " e
. . ) e E =159 GeY, closer look: trouble for T — 1
10 L -- — | ] v-—o—-
t_5 10 _—0——‘" :__._
© — = U
~10° A — . T
. —— ——
. — _,.._'_'? =161 GeV
10 4 : _— 4
_ _ = T E‘::l_ssc. A
1o - = = * —J I | this is a general phenomenon
o s ;’—I s °
& e E912C0 for gauge theories !
J— e
1 ) e f.‘v* s related to inhibited radiation near
. — JUUUS ey partonic threshold/excl. boundary
2 oall 0(®) NNLO
10 1 l"‘-.- | 1 | | 1 | 1
06 065 07 075 08 08 09 005 p 1



inhibited radiation: all-order resummations

What goes wrong for thrust?

* T=1 corresponds to 2-parton final state (just two back-to-back jets)

. if T=1 only soft/collinear gluons can be emitted (“inhibited radiation™)
in events with an extra gluon

* IR singularities cancel between real emissions and loop corrections
but leave large logarithms behind in each order of o,

here: (o In?[1-T] )" — spoil convergence of pQCD series even if as«1

Can this be cured?



inhibited radiation: all-order resummations

What goes wrong for thrust?

* T=1 corresponds to 2-parton final state (just two back-to-back jets)

. if T—1only soft/collinear gluons can be emitted (“inhibited radiation”)
in events with an extra gluon

* IR singularities cancel between real emissions and loop corrections
but leave large logarithms behind in each order of o,

here: (o In?[1-T] )" — spoil convergence of pQCD series even if as«1

Can this be cured?

Yes! re-organize pQCD series to resum large logs to all orders

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

of great phenomenological relevance in hadronic processes

—_ L A2

examples: i PR o — more in

F Reres s Part IV
high mass particles at the LHC Drell-Yan pairs at fixed target exp.



recap: 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)

N ) Kk N k
| P | P
' 20,Cr dE db " 2asCp dE db
m E 9 m ?7 valid in

soft-collinear limit

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 (as needed to set up an event generator)



role of the Sudakov exponent

* the possible way to proceed is to ask
"what is the probability of NOT radiating a gluon above a certain scale k. ?"

.. | 20, Cp [dE [ dO _,
P(no emission above k;) ~ 1 — - T)(_)(LU — ky)

——

N



role of the Sudakov exponent

* the possible way to proceed is to ask
"what is the probability of NOT radiating a gluon above a certain scale k. ?"

o | 20, Cr [ dE [ df
P(no emission above k;) ~ 1 — :

—O(EfO — k
E | 5 t)

\\ / }}-k

p

——

N



role of the Sudakov exponent

* the possible way to proceed is to ask
"what is the probability of NOT radiating a gluon above a certain scale k. ?"

200, Cp dts [df
P(no emission above k;) ~ 1 — - 7(‘)(14‘” — ky)

\\ / k

p

—

/"

= generalized to all orders by exponentiation (Sudakov exponent)

2(1SC;: Q dE /2 dg bounded between
A(kt Q) = exp [ / / _@(EH - kt) O and 1 (probability)

(here: some simplifying assumptions !l)

dP dA(k4. Q)

= probability distribution for gluon emission given by FTo T
vil vil



role of the Sudakov exponent

* the possible way to proceed is to ask
"what is the probability of NOT radiating a gluon above a certain scale k. ?"

. , 2,Cp [dE [ dO __,
P(no emission above k;) ~ 1 — 5 (—)(—)(_L'() — ky)
T Yy .

\\ / )_j-k

p

= generalized to all orders by exponentiation (Sudakov exponent)

—@ EO — kt) O and 1 (probability)

@ /2 d bounded bet
A(ke. Q)Nexp[ 2(lsCF/ dE/ d ] ounded between

(here: some simplifying assumptions !l)

dpP dA(k4. Q)

" probability distribution for gluon emission given by~ —— = —
Vil vt

= used in MC to generate subsequent ordered branchings, e.g., ky; > ky, >

= stop at some small cut-off scale and then use some model to produce hadrons



some popular parton shower programs

T. Sjostrand et al.
http://home.thep.lu.se/~torbjorn/Pythia.html

PYTHIA

G. Corcella et al.

HERWIG

http://hepwww.rl.ac.uk/theory/seymour/herwiq/

S. Gieseke et al,
HERWIG++ >

http://projects.hepforge.ora/herwiq/

F. Krauss et al. -
SHERPA | ) -
http://projects.hepforge.org/sherpa/dokuwiki/doku.php e
H. Baer et al.
ISAJET

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

* can 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)

LHC, RHIC, COMPASS, ..., EIC, ..



identified hadrons: a new “long distance problem”

consider the one-particle inclusive cross section:

A identified hadron

\\ q P e.qg. (A =m) d0'(6+€_ — a4+ X)

»7 dEnr

2 yw hot measured

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

consider the one-particle inclusive cross section:

h A identified hadron
\\ q e.qg. (A =m) d0'(6+6_ — a4+ X)
»7 dEnr

2 yw 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 (zidentified) 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?

AN o A 5 .3 I:.pfonlc
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\ q @ d ,uz/
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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

2 3 — Yensor
_ 4o~ d pL Hv g
, 25 v
/ -~ SQ ‘ﬂ hadronic

2 X tensor

p
- T
hadronic tensor W : /="

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

needed to factorize long-distance physics



concept of factorization - pictorial sketch

factorization = isolating and absorbing infrared singularities
accompanying observed hadrons
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accompanying observed hadrons
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fragmentation 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,g

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: h
fragmentation 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 F(y,

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

long-distance

more explici'l'ly not calculable

A A A A
short distance

Factorization
e
. P IR safe, calculable
i

o . |
Y*l \ = ¢ \ “(q)e \(q)llﬂ, Y ;Y\,W\‘ VM*

A=L,T (pol. of y7)

do T’

[ 1T 2 ‘L H 2
— 4 (z, 14 cos<o ['%(z. sin< 0
dzd cos ) 28 L A ( ' Q)( + ) + -1( Q) ]

where ’TL(z Q) = ZF’ L2, —) ® Dh(~,,11,f)




factorization - detailed picture

long-distance

more expliciﬂy not calculable

A A A A
short distance

Factorization
_—
: p IR safe, calculable
i

o . |
T'E} = &M (@S @Wp T ok W

A=L,T (pol. of v)

do ra? | T 5 I D
= I'4 (z, 14 cos<0 '3 (z, sin< 0
dzd cosf) 2 LA (2,Q)(1+ )+ A (2,Q) ]

here | Fp™(2,Q) = Y F M (2, ® D”;@
where Za: (T\B/

factorization scale (arbitrary!)

characterizes the boundary between
short and long-distance physics

physics indep. of u;. — renormalization group



factorization - detailed picture

long-distance

more expliciﬂy not calculable

A A A A
short distance

Factorization
e
4 p IR safe, calculable
i

o . |
Y*I';;\ = '{\”(’l)“i(‘l)”'ﬂu Y* w Vb‘\/\z*

A=L,T (pol. of ¥7)

do ra? T 5 I LD
— 4 (z, 1 cos< I°3( z. sin“< 0
dzd cos ) 2s L A ( | Q)( + ) + A ( Q) ]

where ’TL(~, Q) = Z F(;""L(A,,(\; ® D (/z@
f A

a

“convolution” factorization scale (arbitrary!)
f(z) ® g(z) = / Yy ¢ ( ) a(y) characterizes the boundary between
Jz Y short and long-distance physics

physics indep. of u;. — renormalization group



factorization - detailed picture

A A A A

o Factorization
—_—

T'E) = &t @@ W T
A=L,T (pol. of v")

long-distance
more expliciﬂy not calculable
t distance
e, calculable

do ﬁn?

dzdcosf)  2s |

g -~
~/ @

factorization scale (arbitrary!)

characterizes the boundary between
short and long-distance physics

physics indep. of u, — renormalization group



take home message for part I
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

" infrared cancellation leaves large logarithms behind which become
important in certain regions of phase-space —> all-order resummations

" 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

g , relevant kinematics:
(1-y)k
e’ Q2 -
- €T — Yy =

- 2p- ' - k
q (@2=-q) - :

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

QQ = zYs

Xp :
* x: long. momentum fraction of

struck parton in the proton

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



partons in the initial state: the DIS process

start with the simplest process: deep-inelastic scattering

g , relevant kinematics:
(1-y)k
e Q2 g
al Tr = Y =

- Y
k g (@?=-cp) wa ok

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

QQ = TYSs

Xp :
* x: long. momentum fraction of

struck parton in the proton

, P
\proton - y: momentum fraction lost by
electron in the proton rest frame

"deep-inelastic": Q%> 1 GeV? resolution: i 2 x 10 16m
"scaling limit": Q2—o0, x fixed| | r~1/Q @ Q[GeV]




a typical DIS event

@9 2= 25030 GeV? vy =056 x=0.50

| \; . | I proton
= <JI1 1 ]
Z Al I

. l
o\ |
) V.

\I

_

Z
/’ — H1 Run 122145 Event 69506
P Date 19/09/1995

jet



a charged current DIS event y

a charged current event with W-boson-exchange l

(the electron turns into a neutrino which is “invisible") -

missing p+

== M =

e
\ 4
"jet" from .

struck quark

ZEUS

for simplicity we will restrict ourselves to photon exchange though



analysis of DIS: 15t steps

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

- 402 d3k' 1
.sl_om 'S do = — 4L/“’(l<:, q, s \WWuw(p,q,S)
s 20k Q :
q /
leptonic hadronic tensor
Tensor contains information

spin S from QED about hadronic structure



analysis of DIS: 15t steps

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

- , 402 d3K' 1
._i?m 7 do = 7 L/“ (k,q, s )IWu(p, q,S)
s 2R QF :
, /
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:

9., - 9

| (_‘..- ’».\"‘
p/\--l‘{\o
[V P. p. )
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q° q> q?
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. , L[ _ .
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electroweak theory tells us how the virtual vector boson (here y7) couples:

- y 402 d3k' 1
._il?m s k do = = L/“ (l\ q, .S)Wu,y(p, q, S)
s 2R Q8 :
, /
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:

9., - 9

p /f:iiij‘j?'\p

n \e P p.

,  q'q q , q .\ . N

= -¢""+ l| r,(Q° 1+ Pt — ——=q¢" | | P* — ——q¢" [Fole.Q7);
(1- 0 ’ (1— (1- ’.0 O’.

unpol.structure fcts.F, ,
S S (P.g)— P.(SN.
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WHY (P, q.S) = v d*z "% (P.S| J,(z)J,(0)|P.S)
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analysis of DIS: 15t steps

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

- y 402 d3K' 1
._SLPm > k d(f — ? /“ (l‘ q, ‘S)Wul/(pa q, S)
s 2| QP ,
, /
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:

9. - q

p a lf.’f‘"\p

, ( “( v " '.. }) . ¢ ’ f) . ’ :"‘Aﬂ .'T“‘
= -g"+5 /| v, Q° 1+ pr— —Z2g | (P — =g [Fale. Q)
“ ) o q° ¢ " e

unpol.structure fcts.F, ,

) ~ :“‘ " . ' .:“‘ S ( f ) . ( \ I_ ) { . ( :"‘ " . ~I ':“‘

+ 2 -\[-i"”"m(/,, — (. Q%)+ - ,” (:( I}I:/-_»Z.r.(u)* )
P (-, (P “q)* )

L g
WHY(P,q.S) = - d*z 1% (P.S| J,(z)J,(0)|P.S

pol. structure fcts. g, , - measure W(P,q,S) - W(P.q,-S) !
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let's do a quick calculation: consider electron-quark scattering * ¢
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DIS in the naive parton model

et v k'

let's do a quick calculation: consider electron-quark scattering * 2
— Al W - . )
find Z',\/I‘z - 20?{04 S j - with the usual 8 = (k + pq)? \ € p p
£2 Mandelstam'’s - (k K')2 proton—

next: express by usual DIS variables

Q? p-q
PI = (/ s

2
— = Irys
2p - q p-k @ ¥




DIS in the naive parton model 7

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

24
(k + pq)? \ &P

A2 ~ 2

find i[ .:\/l‘2 — 20204 s”Tu with the usual S p
q £2 Mandelstam's i (k K')2 —proton

: i = (pqg — k')?
next: express by usual DIS variables
=£Q?/(xy) =¢s

= q° = -Q?

1=S8(y—1)

Q? P q
T = Yy pr— QQ = Ir'Yys flnd
2p - q p-k

e U

>

—_



DIS in the naive parton model

_I
et k

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

24
Ad + ]':‘12 (k e pq )2 _\

find i[ .v\/l‘2 = 20204 S with the usual S gp p
q £2 Mandelstam'’s - (k K')2 —

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

Q? P a2 . 8 =£Q%/(xy) =¢s
T = y = Q" = zys find . 2 2
2p - q p-k t=q°=-Q
ua=S8(y—1)

and use the massless 2->2 cross section

do 1 o
dt 16782 Z’M‘




let's do a quick calculation: consider electron-quark scattering *
: T S
find » |M|* = 2ele* ——

next: express by usual DIS variables

Q2
€Tr =
2p - q

DIS in the naive parton model

Al W
- u with the usual
t2 Mandelstam's
pP-q .
i — QQ = Irys find
p-k

and use the massless 2->2 cross section

do

dt

1 2
16782 Z’M‘

to obtain

et k!
q

S (kf'" pq)z ‘Ep p
t = (k k')? proton
i = (pqg — k')?
a — 02/ P} - £
S =£Q /(Xy)=¢&s
P o = Q2
0=s(y—1)
do 2r e’




DIS in the naive parton model ,k,

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

24
Ad 4 f12 g (k m pq)z \ E p

find i[\/{‘z — 20304 = ; with the usual p
1 t2 Mandelstam'’s i— (k k')2 —

- f 7 1AW 1
next: express by usual DIS variables 4= (pq — k)

Q? P-q 8§=¢Q%/(xy) =¢s
T = Yy = QQ = xYs find . o o b
2p - q p-k t=q°=-Q
ua=8S8(y—1)
and use the massless 2->2 cross section
(lf.T . 1 Zl\/t‘z b . d(T B 271'(&2(3'(":,' , 92
dt 167s2 ) to obtain dQ2 . Q4 1+(1-y)
next: use on-mass shell constraint
pf = (Pq (1)2 = (12 +2pq - 9 ==2p-q(x—¢&)=0

this implies that € is equal to Bjorken x



DIS in the naive parton model ,

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

24
&2 N2 A : . j

. < . ‘g p
find Z M ‘2 — 20304 ; with the usu'al p
£2 Mandelstam's f= (k—XK)? —

next: express by usual DIS variables

Q2 8 =£Q%/(xy) =¢s
5= y="""Q>=ays  find - 2 2 )
2p - q p-k t=q?=-Q
a=8(y—1)
and use the massless 2->2 cross section
do 1 - lo 2rale?
- — M|? : ag _ q (1 _ \2
dt ~ 16732 Z’ | to obtain aQz = Qe 1+ (1—-y)°

hext: use on-mass shell constraint

]);2 = (Pq q)2 = (12 +2pq - 9 ==2p-q(x—¢&)=0

this implies that € is equal to Bjorken x

do dra?

to obtain axdQ? = Qi 1+ (1 -

)] e20(x )



DIS in the naive parton model cont’d

et v K

compare our result : X
(lf.T "1:'()211 + (1 ).)Jl -)5., ) \E,p 14
- : 7 )| —e,o(2 e
dxdQz = Q1 ST Y I%OE TS ——

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

d?o 4ma® | o, o (1—vy)
[1 F(1—=y)°|F1(x) + -

dxdQ? Q4 | X (F2(x) = 2xF1(x))



DIS in the naive parton model cont’d

et v K
7/

k =2
compare our result %
do 47.’()2[1 (1 _)2]1 25 ) \EP p
— —_ —8 .. 0 -
dxdQ? Q4 ( b 2 a' * TS proton

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

d?s Ao’ , , (1 —vy)
= 1+ (1 y)4F,(x) + —

(Fa2(x) — 2xF1(x))

Callan Gross relation

_ _ 2 5(v _ €
and read of f Fa = 2xF, = “Cq 0(x — &) reflects spin 1/2 nature of quarks




DIS in the naive parton model cont’d

e,

(I
do Aro® | Il 1

\EP
1+(1-y)]: (‘M\( £)

dxdQ? - Q4 " ‘ 2 | proton

compare our result

)

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

%o dno? AP ASAF, (x) + = Y) (Fy(x) — 2xF1 (x))
— r)- X (FolX X X
dxdQ? Q4 ‘ AT 11X X \ T 4T 1\~
_ — vo2 S(v ¢ Callan Gross relation
and read off e *Cq o(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 )

L\

Fy = 2xF, = Z / dé q(€) xcfl dx — &)
' Jo

q.q

DIS measures the charged-weighted
— Z e? x q(x) sum of quarks and antiquarks

q.q’ "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 II)

4-vector hadron rest frame | Breit frame —_|
. 1 ~ 1 Q@ '.1?77121 -
(1)+? P "I)T) \/5(7”'}1(”"111 O) \/5(.“13, Q’ 'O)

1 Q2 - 1 #
(aF.a7@r)| gm0 | 5(-Q,Q,0)




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 ;vm% ~
(])+= P [)T) \/5(711.},', my, O) 75 7 C‘,)” 0)
2 1 .
+ o~ 23 e @6 | (¢
((] ) (] ’ (]T) \/5( mp, 'Il'lh;‘l" O) \/5( Qa Qs 0)
S eee——

Lorentz boost
in general (a+,a—,c'iT) — (ewa+,e a”,arp

here: e» = Q/(xm,)



space-time picture of DIS — cont’d

N\ ‘
simple estimate for typical time-scale of interactions .|/
among the partons inside a fast-moving hadron: —X
‘\\
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rest frame: Az'" ~ Ax~ ~ — '
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space-time picture of DIS — cont’d

simple estimate for typical time-scale of interactions N

among the partons inside a fast-moving hadron: X

1
rest frame: Azt ~ Az~

~J ——

m

.
1Q _ Q |
Breit frame: Az ~ —% = —> large
mm m
1m 1
Ar ~ —— = — smdll
me@ Q

interactions 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
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J
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foundation of naive Parton Model ="

Breit frame:
proton moves very fas‘r and Q>>m, is big

. 1 @ Tm? . 1 "
+ oy ) =, h ) = —
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space-time picture: interactions of
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foundation of naive Parton Model ="

Bjorken, Paschos

Breit frame: struck quark

proton moves very fast and Q>>m, is big ~ on-shell
. 1 ,Q am? - _ 1 -
+ = ) = . w T h + =) = _
(™, p7, Pr) \/5(", 0 ,0) (¢7,q7,4r) \/5( Q,Q,0)
space-time picture: interactions of 0o tsx
- . + | partons dilated
X\ | struck quark X AX* % Q/m?
\\\ kicked into
] x direction
) S ! \/§ ? y

interaction localized
to within Ax" =~ 1/Q

<




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 xzmj

g ya
T T Pr) = D (+(_(-'--—1 — 0 \\v
(r™,1 ‘11)—\5(_"- 0 ,0) (¢7,q ‘11)—\5( Q,Q,0) /\

space-time picture: interactions of P aE0 eSS X
o + | partons dilated
X \.\ | struck quark X AX* = Q/m?
.\ | kicked into
x~ direction
\Y j upshot:
\ * partons are free during
. 1 5 the hard interaction
VY 75(_@* Q,0) * lepton scatters of f free
partons incoherently
interaction localized * convenient to introduce
to within Ax" = 1/Q momentum fractions

\ O<£;Epl+/p+<1
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fast moving. adapted from 6. Sterman'’s lectures

“projectile” | “\"observer”

accelerated charges produce classical radiation

QFT assembles field from infinite # of soft quanta

Lorentz transformation x3 = 7(fct’ — x5) = —vA




fast moving.
“projectile”

a “classical” view of factorization

-1

q
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adapted from 6. Sterman’s lectures

accelerated charges produce classical radiation

QFT assembles field from infinite # of soft quanta

Lorentz transformation x3 = 7(fct’ — x5) = —vA
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a “classical” view of factorization

-1

q

“observer”

adapted from 6. Sterman’s lectures

@ accelerated charges produce classical radiation

QFT assembles field from infinite # of soft quanta

~A= ¢cBt’-x,

Lorentz transformation x3 = 7(fct’ — x5) = —vA
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scalar field q q
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a “classical” view of factorization

fast moving.
“projectile”

-1

q

“observer”

D

~A= ¢cBt’-x,

adapted from 6. Sterman’s lectures

accelerated charges produce classical radiation

QFT assembles field from infinite # of soft quanta

Lorentz transformation x3 = 7(fct’ — x5) = —vA

EorenTz

. (]
field x-frame | x' frame e
scalar field q q
o 5 |wesas | 15
gauge field aq —qy 0
Ao (x) x| (xF +~2A2)1/2 v
“field strength” q —q7A 1/~2
s (x) Bk 5 1 AT &




a “classical” view of factorization

fast moving. adapted from 6. Sterman'’s lectures
"pr‘ojecﬁle" “observer”
g (— @ accelerated charges produce classical radiation

QFT assembles field from infinite # of soft quanta

I olliddd J ' Lorentz transformation x3 = 7(fct’ — x5) = —vA
=

upshot

g physical fields are Lorentz contracted

fast moving "projectile” sees much shorter distance x3 than "observer”

1 physical field does not overlap with observer until moment of “scattering”

fo corrections (= “advanced effects") power suppressed o (1 — f3)

A\ -
\

Er much the same reasoning for final-state A

- >



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)

Fp (o) =2 (gan(o) + gun(@) ) = = (gao(o) + Gn(a) )

* measuring both allows to determine uP and dP separately _\7

* hote: CC DIS couples to weak charges and separates quarks and antiquarks



momentum sum rule in the naive parton model

- u. 0.267
d. o.111

u. 0.066

d. 0.053

s, 0.033

(=1 0.016

total 0.546

half of the momentum is missing
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0.5

quarks: xq(x)

CTEQED fit
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X
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U, 0.267
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d. 0.053
s, 0.033
Ce 0016
total 0.546

half of the momentum is missing

gluons |

quarks: xq(x)
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momentum sum rule in the naive parton model

/oldxz-xf,-(")(m) — 1

u.

0.267

o.111

0.066

pIeIE |G

0.053

0.033

0.016

total

0.546

half of the momentum is missing

gluons |

but they don't carry electric/weak charge

how can they couple?

quarks: xq(x)
0.6 ; .
| Q’ =10 GeV’

05 | . ~

ol CTEQSD fit
04
03 dy Uy
0.2
01 f \\fs

0=



momentum sum rule in the naive parton model

- u. 0.267
1 d. o.111
/ da:za: FPz) =1 u. 0.066
0 i d. 0.053
s, 0.033
Ce 0.016 quarks: xq(x)
total 0.546 o ' '
| Q” =10 GeV’
05 | l
| CTEQSD fit
half of the momentum is missing os
| 0.3 dy
gluons | )
0.2
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how can they couple: e T

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



momentum sum rule in the naive parton model

- u. 0.267
1 d. o.111
/ da:z:z FPz) =1 u. 0.066
0 i d. 0.053
s, 0.033
Ce 0.016 quarks: xq(x)
total 0.546 . | '
‘, Q” =10 GeV’
05 | .
| CTEQSD fi
half of the momentum is missing os
0.3 d u
gluons | ~
0.2
] . | dg
but they don't carry electric/weak charge ol N\
S8 u
Ca " .S
? 0
how can they couple: Y

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

gluons will enter the game and everything will become scale dependent
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Naive parton model vs. experiment

HERA F,
2
S =3 ZEUS NLO QCD fit . . . .
Z — mmesma | find strong scaling violations
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Naive parton model vs. experiment

HERA F,
2‘ T a0 =3 ZEUSNLO QCD i
= x=0.000161 ZEUS NLO QCD fit . o . o

ER {;/f/{% [ s mwrs | fiNd strong scaling violations
SR ~.!~ ? 0.00( o H194.00

B YA ) + HI (pre

[ y 4 . ZEUS 9697

BCDMS significant rise at small x
4

. / approximate scaling only
e et £ x=0.13

[* s eeprasdiop 1 around x = 0.15
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now we have to study QCD dynamics in DIS
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DIS in the QCD improved parton model

we got a long way (parton model) without invoking QCD ! 4

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

el | )
[ 4 .
L . ‘
/
N
40

~A0

-

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



regularization methods

regulating divergencies is the 15" step in higher order calculations

standard regulators in QCD calculations:

- dimensional regularization
change dimension of space-time to 4-2¢
— calculations (integrals) rather involved;

works in general, i.e., to all orders
issues: v5 (spin, e.-w. couplings), SUSY, helicity violation
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regularization methods

regulating divergencies is the 15" step in higher order calculations
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regularization methods

regulating divergencies is the 15" step in higher order calculations

standard regulators in QCD calculations:

- dimensional regularization
change dimension of space-time to 4-2¢
— calculations (integrals) rather involved;
works in general, i.e., to all orders
issues: v5 (spin, e.-w. couplings), SUSY, helicity violation

-.small quark/gluon mass

/im‘ui‘rive and transparent; stick to four dimensions

Ie‘rs. choose | issues: does not work beyond NLO
this one

depending on the choice, singularities will be "hidden" as
large logarithms log"(m?/Q?) or as 1/¢"

only if we have done everything consistently, including factorization,
we can safely remove the regulator and can compare to experiment
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general structure of the O(o,) corrections

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

(collinear emission)  coefficients
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to see what happens to the logs we have to convolute our results with the PDFs
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factorization of collinear singularities

for the quark part we obtain: N

FQ(J?,QQ) — . X |/”O( )_{_aS /lld?é
u—qq/

, ‘ @ Q q similarly for
fa,0(z) [qu (E) m( + C (5) H the gluonic part

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)

as [ld€ | , [T l’%
/(1(’ /1/) - /(1 O( )+ /’ ju.O(‘s)[‘I‘l ¢ In ‘ +‘:‘!‘/

2
& mg

absorbs all long-distance singularities
at a factorization scale y; into f_,

physical/renormalized densities: not calculable in pQCD but universal



general structure of a factorized cross section

putting everything together, keeping only terms up to oy
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putting everything together, keeping only terms up to oy
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general structure of a factorized cross section
putting everything together, keeping only terms up to oy

the physical structure fct. is independent of u;
(this will lead to the concept of renormalization group egs.)
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general structure of a factorized cross section

putting everything together, keeping only terms up to oy

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)

oo > [1d§

a=q,q
P, (_) N2 ((CT — ) _)
qq E 72 N ~qq E
/ — /

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

due to the renormalization
of ultraviolet divergencies

{(5(1 _E)+ —

choice of the factorization scheme

this result is readily extended to hadron-hadron collisions



lesson: theorists are not afraid of infinities

JOAN CARTIER

ALRIGHT ‘RJJTH’ I RBOUT GOT THIS ONE RENGRMALIZED,
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H1 Collabdration

rise of F, can be expressed as

Fy = cx M) 2 < 0.01

’| driven by evolution of

gluon distribution

F, flattens around Q%=1 GeV?

change from partonic
to hadronic behavior

transition can be
described in the
“color dipole model”
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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
(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)




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
(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 Opel‘ators Curci, 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*ys)
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PDFS as bi_local Operators Curci, 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*y5)

1 rdy= _.c + - - =
fa(&pp) = = [ Z—e 8PV (pWa(0,y™,0)7F FWa(0)Ip) s
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/ N |
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 definition:

¥y + =
F = Pexp ( g /O dz— AL (0,27, O)'Ib)

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

* interpretation as "number operator” only in "A*= 0 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

—,/;\;}_ ques'rion: how many constituents
P —> . «0000>. (quark, anti-quarks, gluons) have momenta
home o between xP and (x+dx)P and how many
\.7“_ have the same/opposite helicity?
o helicity
o=/ Ax)=
/ 2 2 I 1 2 rl .2 o
» 4 - ) 4 . P P rl
I%\z x| |=>= | X 5Ty {1
X) = -
gx)= oy Ag)= g
Pt | TP Pt pi A~k
= = 1X > = |X > }\ > | X
unpolarized PDFs helicity-dep. PDFs

— LHC phenomenology, eftc. — spin of the nucleon



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
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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 distribution 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

again, we need a suitable regulator for
divergent loop integrations:

UV cut-off vs. dim. regularization

intuitive; involved;
not beyond NLO works to all orders
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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 ﬁ ey
(Planck scale) : : (Nuclear scale)
10 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

fa(X,Mf), AfG(X,Mf), DGH(Z,Mf),
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— we cannot predict their values within pQCD



RGE: the swiss army knife of pQCD

we use o, (and f_, D.") to absorb UV (IR) divergencies
— we cannot predict their values within pQCD

however, a key prediction of pQCD is their scale variation



RGE: the swiss army knife of pQCD

we use o, (and f_, D.") to absorb UV (IR) divergencies
— 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 u; and . are not intrinsic to QCD
— a measurable cross section do must be independent of w. and

K, f do = 4 — 0 w=mmp renormalization
" diy f dInp, ¢ group equations




RGE: the swiss army knife of pQCD

we use o, (and f_, D.") to absorb UV (IR) divergencies
— 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 u; and . are not intrinsic to QCD
— a measurable cross section do must be independent of w. and

P f oA — 0 w=mmp renormalization

d,u,,,,: f ~ dlIn P f group equations

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



scale evolution of o, and parton densities

do

simplest example of RGE: running coupling o, derived from dn 0

recall das 3n a2 3 5 4 5 _
= —[pas — pr1ai — Bra. — Bza; + ... as
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scale evolution of o, and parton densities

do

simplest example of RGE: running coupling o, derived from dn 0
recall das a2 .3 o 4 o 5 o Os
oart T din /12 = —fBpas — fr1a; — Bra; — Bza; + ... as ym

scale dependence of PDFs: more complicated

| e Q
simplified example Fr(z,Q%) = q(x, /,‘/.) R Fr(z, %)
F, for one quark flavor [ f
physical quark pdf  hard cross section

-1
versatile tool: Mellin moments | f(n) = / dez" 1 f(2)
JO

turns nasty convolution into ordinary product

1 1 d (z\ |
/ dez™ 1 / U./(//)!} ( l ) =
JO —..!

Y \Y ,

-1 1 1
/ drz 1 / dy / dzdo(x — zy) f(y)g(z) =
JO JO JO



simplest example of DGLAP evolution

Dokshitzer; Gribov, Lipatov; Altarelli, Parisi

1F5(z, Q2
now we can compute dFa(z, Q ):O
dlnpy
” Q
dg(n, pg) - Q df>(n, =)
U I41) 1, ) 4 g, ) i = 0

dlnpy fiy dlnpy



simplest example of DGLAP evolution

Dokshitzer; Gribov, Lipatov; Altarelli, Parisi

1F>(x, Q2
now we can compute : il(nl Q%) =0
a ,u.f
” Q
d ~ dFQ(na _)
Q(nwuf)FQ(?% Q) 4+ q(n,,uf) Ly’ 0
oty " oty splitting
2 function
dIn Fy(n, %) gIn (n,pur) « N
1 q\n, [Lf . sP
—_ - - = 22 Pyy(n)
dlnpr dlnpyr 2T

DGLAP evolution equation



simplest example of DGLAP evolution

Dokshitzer; Gribov, Lipatov; Altarelli, Parisi

dF>(x, Q?
how we can compute ?I(: Q%) =0
din g
” Q@
d dFQ(n7 _)
dln H i dnpyg splitting
A Q function
leFz(naE) dlnq(n py) % 5 (n)
— —
dlnpr dlnpy 27 ¥

DGLAP evolution equation

A/SW

g(n,pr) = q(n, pg) €xp [g"qu(n) In (M)]

110

disclaimer: kept as constant for simplicity




simplest example of DGLAP evolution

Dokshitzer; Gribov, Lipatov; Altarelli, Parisi

1F>(z, Q2
how we can compute : il(: Q%) =0
din g
” Q@
d dFQ(na _)
dlnuf i iy splitting
A Q function
leF2(naE) dlnq(n py) % (n)
— —
dlnpr dlnpr 7

DGLAP evolution equation

A/SW

q(n, pp) = q(n, po) €xp ’g“ Pyq(n) In (ﬁtf)]

10

disclaimer: kept as 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 c: ST s

g

expl...] = 1—{—2

(Xg

!

2
. /lf
Pyq(n) In +. ..

pg 1
Pio(n)In —
1a(1) 10+2 [2%‘ 10

~ /

-~



factorization — evolution — resummation

physical interpretation of the evolution egs.:

RGE resums collinear emissions to all orders

- to see this expand the solution in c: ST s

2
'S Lf 1 'S Lf
expl...] = 1+ P () In L4225 p () In B 4.
2 po 2 |2m

10

!

-~

\

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



factorization — evolution — resummation

physical interpretation of the evolution egs.:

RGE resums collinear emissions to all orders

- to see this expand the solution in o W M

12
expl...] = 1+““1>,,,,(n)|n’ ’+ S Prg(n) In 2L 4.
27 [0 2T 10

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

N N4

(1-x) 99
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o, Cr dE d6? ° P 3
Uh_+_g 2 Uh 2 ” © 0 v &
T E 0 | E =(1-2)p
and rewrite in terms of new variable k+
2
OSCF dZ dkt E=(1- Z)p

where we have used

g ~ 0
‘h+-g h T 1—z ktz kt = Esinf ~ E#



factorization recap: final-state vs initial-state

recall what we learned for final-state radiation  °\ / 2p
 agCr dE df? ° L T3
Thte = O T E 62 ] | E 1—z)P
and rewrite in terms of new variable k+
Ohtg ™ Op asCF _0z dk; where we have used b= 1_._ | Z':l,p
T 1—2z ki kt = 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 \\ ’’
gets modified

asCr dz dk?
T 1—2z k?

p

og+h(p) = oh(zp)
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initial-state radiation: crucial difference - hard scattering happens after splitting
momentum \\ ’’
gets modified

asCr dz dk?
T 1—2z k?

p

og+h(pP) = oh(zp)

but for the virtual piece the momentum is unchanged

\ P
\ /

p p
@ oty
~ /" — t

|




factorization recap: initial-state peculiarities

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

asCr dz dk?
T 1—2z k?

p

og+h(P) = oh(zp)

but for the virtual piece the momentum is unchanged

\ P
\ /

asCr dz dk?

p p
e @ A A Y
~ /" - t

|

hence, the sum receives two contributions with different momenta

aSC;:/dkt2 dz

21z [on(zp) — on(p)]

(s

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 \\ ’’
gets modified

asCr dz dk?
T 1—2z k?

p

og+h(pP) = oh(zp)

but for the virtual piece the momentum is unchanged

p p asCg dz dkt2

w> Oh ovin(p) >~ —an(p) T 1- 27 K2
~ /" — t

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

g CF dk t2 dz /\ collinear singularity
o~ [o(zp) — oa(P)]
t — Z

Og+h T OV4h =

w

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



factorization revisited: collinear singularity

2
asCr [Q dk? dz
/0 2 1o ~lon(zp) — on(p)]
\H’_/\—\,_/

infinite finite

Og+h T OV4+h =™

0

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

- but k; integration always diverges (at lower limit)
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infinite finite
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cross sections with incoming partons not collinear safe



factorization revisited: collinear singularity

Og+h T OV4+h =™

0

2
s Cr /Q dk? dz on(2p) (o)
- oplzp) — o
/s k? | 1=2 h\ZpP h\P
W —_
infinite finite
* 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 divergent small k;region in non-perturbative PDFs

asCr /Q" dk? [ dx dz
/l

0] = — k_t2 | 1—2 [on(zxp) — an(xp)] q(x, 11%)
v finvite

finite (large) p
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splitting functions may receive two kinds of contributions:



anatomy of splitting functions

splitting functions may receive two kinds of contributions:

x is fixed by
. hard scattering

real emission
"something happens”

.2 , 1 o 312

(1( (1-' . J ] N ( ._l.‘ Ao s y

I( e ) -~ / (12“/(/(.:) I( / da )
€T 2z

dIn p? 2.




anatomy of splitting functions

splitting functions may receive two kinds of contributions:

(140 4 3
x is fixed by
. hard scattering

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

dq(z, 1?) _as [1 B (s (1(;1:/3,;1,2) as (1 12 Py (2) gz 2)
2 T ‘ az (/(/(") - az qq\~ qg\xr, L
dinp 2 Jx z 27 JO



anatomy of splitting functions

splitting functions may receive two kinds of contributions:

(1 '(3IL1'\'
. X

A

x is fixed by

u? . hard scattering
’ +
x(1-2)/z

p

N

=

real emission virtual emission
"something happens” "nothing happens”

d([(:lf, 11'2) — Qs ! dz P " (1(;17/3, 11‘2) &s R 1z P, (‘) g2
2 — ) Ay (I(/(,.',) - az (l(l i (I(.I. Il )
dIn L 21 Jx A 2w JO

g2 s 1
dq(x, u Qs
1( y | ) J— > /’ (12.' [)(jr/(":)

_ q(z/z, u?)
dIn p2 2m Ja

-

1+ 22
.)+

Pyq(z) = C'F( T2

combine |

-

-

Pyq®q



anatomy of splitting functions

splitting functions may receive two kinds of contributions:

(14+0)u~ (1+3)u?

x is fixed by X

u? hard scattering
- .

+
x(1-2)/.
p (1-2)/z
N
=
real emission virtual emission
"something happens” "nothing happens”
dq(z, u?) / q(z/~ p2) s /'1 ; 5
‘ dz P, —— dzPgq(z)q(x, 1
dlnu. qq(2) 7 Jo qq (z, p°)

dq(z,i?) _ as / q(a /::./1 ) 1422
i I ' —_ dz Py P(-( 2)=Cp .
combine 1 dIn p? 27 Ja 19(2) 1a(2) f( 1 — » )+

i

W

qu"-'(]

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

1+22 3 | |-z
PO = Py = Cr 4251 -2
£ =g, 02 1
0) 9 :
Py = Py =Tr(2*+(1-2)) Y

0 (0) |

Pog = Pog' = Cr _.__an
| 1 -2 | . |

P(O) 204 I: (1 ~> + — +:(12)"'hu(5(13)] E

in higher orders more complicated, as P, # 0 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. )I Elz

PO =P =Tgp (2> + (1 - 2))

49 49

-
0 . 1+(1-2)
(0) _ plO) _
ny: _1).0(1 = CF . -»——Lm
1)(01:-)("{~< : ) +I:+~(‘1 2) + bod(1 ] E
99 " T\1-2), 2 . v

\ soft gluon divergence (z=1)

regulated by plus distribution

in higher orders more complicated, as P, # 0 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 + z2 3 |-z
»(0) )‘“ ' - e
1‘” =lag = C (1 — z) :_+2(>(1 ")] >

P(},[}) _R;S)_TR(:Q'%(I_:)) /

symmetric under

, o z -> (1-2)
»(0) »y(0) ] T (] - 3)" except virtuals
I'M:I.qq = Cp - \
PY) =904 |2 : -+ o +2(1 = 2) + bpd(1

gg — “VA |~ 1 — 2 J <\ z, 0

\ soft gluon divergence (z=1)

regulated by plus distribution

in higher orders more complicated, as P, # 0 arise



reaching for precision

Pyl(x) = Cr(2pgq(x)+38(1-x
e Fl=Pq

pl':' X

Py'(x) = 0

p e, or

Fag \X) = My DeglX

Ppi (X) = 2Crpglx)

a / 2
Peg'(x) = ("‘(‘qun\n- l:.ﬁ.l \) 1y 8(1-x

LO: 1973



reaching for precision

| 6 . 1 )

PEx) = Gr(2pglx) +38(1-x)) PR () = 4C,Cp (P[5~ G+ Ho + Hoo] + penl 1) [ + 21,0 Hoo]
o 7

A¥x) = 0 IT“ x)+8(1- 1)[1 ,“ 39] ~4Crny p.,,(:::)[9 3I'Io]+ (1-x)
(]

Peg (x) = 2nypg(x) +8(1 - n[ﬁf,,])uc, .p,qx)[HLo—zﬂo+H_] 2pea(x)[G2 4 2H 10

P,;:'(x) = 2Cr pg(x)

: ~Hag) (1) [1 - 3Ho] ~Ho (1 +x}Ha0 +8(1 ~¥)[3 - %o+ 651
PY(x) = C,(4p,,(.\')+%8(l x)) T 8(1-x) -

PO (x) = PR () + IGCF(CF - %‘) (p“(—:r)[g_\+lﬂ_1,o—ﬁo.o] =2(1-x)

LO: 1973

Pg'(ﬂ o 4(.}"_,(3;—74-&( 4H, +x° [3 ]+ofl+x)[5Ho—2Ho.o])

201

218
Pg(x) = 4Cny (53 2+ 257~ 2pg(-x)H- ’°"p“(”ﬂ“+r[ R

K3
+4(1 - 1)[}100 .Ho+rH,] ~4Gx — 6Ho o +9Ho ) +4Cen, ’pu(l)[H;o+Hn+H:

~Ga) +4 [Ho + Hoo + 3 ]wu ) [Ho + Ho - *tﬂ;+4] Hoo——Ho)

AL(x) = 4C4Cr('+’Pn‘I)[Hm+Hn+H ——Hxl [-Ho —] +45 -

THo +2Hos mmuu)[.uo,o SHo + 9] 2pe(~xH-10) 4C,n,(—3-x
2, 19)) L4, | 7 7

_pn(x) —H -——] +4C; (pn(r)[ﬂ‘h —2}{._,] +1_1+x)[}h.°—5+5}{°] —3Hpe

+1 -Ho ’Hl)

) 10 13 A\ 2. 2 9
P (x)--lCn,(l X ?p,,u) ?(; x) -(l‘x)Ho 38(1 x))+4C, (27

+(143)[ X Ho+ 8o — 3] 4 2 () [Hop ~ 2H 10— &) - 5 (2 -¥) - 128y

44 ) . - -
Curci, Furmanski, Petronzio; '}'l’ H;‘o‘ 2pra(0) g G+ Hao + 2o+ 2] +8(1 - [3 +35] ) + 4G (285

Floratos et al., ... #3430~ 1241004 Ho - 2Hag] - 3801 - NLO: 1980



P;; @ NNLO: a landmark calculation

10000 diagrams, 10° integrals, 10 man years, and several CPU years later:
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10000 diagrams, 10° integrals, 10 man years, and several CPU years later:

- -,,.;..»#._.;n.;. Koo o o= L ey B e S W
L Y

" -~ et e+ By Wy Wty Tt 3 Wt
s N _‘.'3’"" 1"""‘"!’" . i 2 A — ’H
e ]2 R R P LBt et A i A e

P s W = s+ W A 0 S e '-.

So. A .8 - -
ST W V. WO L0 WL WO SR WO
Ty W Wy W]

RLTRLT I SRl PO ;... [ _s.', c, -..

'
D e

(- = ws

~ pore
—f\.-m.-\. - -'wb. 1—.-:r\ -A-“—.- o " ]
iy .-1.-.. e P e e,

e Ty Wl W R B

R = R

UL yH'-y L
-;a--\..-'r..‘-;y-- ."'f‘ ,.-.,.'a' e
-:-\.— [N YV DTN ':-\

A

8 -t e

(,su-._.".,,.

B L O T |
e 5 ‘ol ol Sl
.'..-..;\-‘p.-.-‘\.--\--u.--l’-\.-\.ﬁ:--.\.?! -—g 'A 7\—{\- -*,:"onv\-'--f\‘-f-.
Nl N | etngote G- Bro-Janiras@ote -l
= 2. S B "'. R R . L
N M SR MG e W
) -..f\..nﬂ‘--’nA.--..v\.~\u¢\-.-~-"‘ -
N+ 0+ B B ¢ s
Dt s s B s s

P = W = e oy =AM = O e M
ML I PV

'.I.,.. W ey R ;l...."-r e

N L T T T TN GV, --.(\-;. f\n
L O W RN x-.-\.»u
e mmy Tee Tw "ELTEEY S .

. wy !

- e
o S

B e P e B

e Y 8 s Wy o
W T,

—— e

- -l
i

i - wi_ s et »_ 3
bt Shan e e S STt i Al iy ol
':‘ G M - ] 0 iy G <
B R A Sl SETTT SRR SR R T
J - o
?'*"'.l'rr’"
Py gt e o e A
R R e PRI R L )

-

A

-

—‘_"“_o&,u'\.‘.%'-"-“.-"“l.'-. . - R - "'. :H' -"v '-- o
-..- ,.~,.,~ 'r*-""--r .-“,.-\, S —— M B M Wy x.~qg - x.»..

- ) - o,
TR TS CUETE e S
.;A..-u-"‘ "'?’““f‘"
VS LI e B WY

2 ~ '
O T M s ]

N

T W T TR e w,
ek R R - 40"' LA
- A\ -

..g‘ ' - - L 'ug T -

<"\~.--|--'v‘?‘f\n- -'1’7‘
ey W e ey
R R R . . TR i

.-"'\-ni‘n ,-—su-‘y\-\.-'fv-

A L -
D e e e

s 3 s »
B ans AL SR TR T R T2
P A+ P

2 > -

..
e

-1.-. S By : k -.'-.---,—«5&.-..?.}_.}»;.'_.':..,‘.,.-. W W i+ Ty s W W+ T
= w1 3.8 2
= -7- e ~\—.:-|—- ‘-...-s,.;..g...,._..,_(,.‘.':./l;\,_;,: e ]l )
T I N Al | R

-y ey Te ':', =

Moch, Vermaseren, Vogt

2004
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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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DGLAP evolution in full glory

taking quarks and gluons together: coupled integro-differential equations

d q(ma/-l') — /1$ 7')(1(1 qu . Q(I/Z,/,L)
dinp \9(z, p) Jz 2z \Pgq Pag (2,00 g(z/z), 1)

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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best solved in Mellin moment space: set of ordinary differential eqgs.;

no closed solution in exp. form beyond LO (commutators of P matrices!)

main effect/prediction of evolution: °I L"L,'Q
partons loose energy by evolution!

* large x depletion F
* small x increase
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DGLAP evolution in full glory

taking quarks and gluons together: coupled integro-differential equations

~d  (q(z, p) :/'1@ Paq Pqg , Q(ﬂ?/z-,/t)>
dinp \9(x, 1) Jz 2z \Pgq Pgg (2,00 g(z/z), 1)

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: @

[

o o°
D

partons loose energy by evolution!

* large x depletion F,
* small x increase

exactly as observed in experiment
huge success of pQCD




Xq(x, 02> xg(x,Q°)

X
xg(x 02)
o5 L Xq + xqgbar .
2 Q% =12.0 GeV? -
15 F -
1 - .
05+ -
O Y | o
0.01 0.1
X

taken from G. Salam

DGLAP evolution at work: toy example
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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°)

3 ———
xg(xQ ) — LLH.O 7’11 P
06\ LN
55 | Xq + xqbar - ° o —> 9.0 ) = (o Y
' increase Q _‘ > increase Q? “
2 PN Q°=15.0 GeV* ]
start off from just quarks, no gluons
1.5 + |
\ * quarks reduced at large x
.l \ _
N * gluons rise quickly at small x
(which, btw, also generates sea quarks)
0.5 - T \ ]
0 L —— —
0.01 0.1 1

taken from G. Salam



DGLAP evolution at work: toy example

; xq(x, 02) xg(x,Q°)
xg(x 02) —
25 | Xq + xqbar
2 P\ Q? = 27.0 GeV?
15 |
1 i \\\\\\1
05 |- I
0 T\
0.01 0.1
X

taken from G. Salam
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DGLAP evolution at work: toy example

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

xg(x, Q%) ——

o5 | Xq + xqgbar

2 I\ Q” = 46.0 GeV’
15 |
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taken from G. Salam
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DGLAP evolution at work: toy example

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

xg(xQ%) ——
25 | Xq + xqgbar
2 ™\ Q? = 90.0 GeV?
1 B .\\\ \\ l
0.5 |
O 1 i ro— ..,L\.\
0.01 0.1
X

taken from G. Salam

LL"LO 71'1 O@ m‘6 o

° 0 o( 2] 00‘.

ncrease Q7 N YT T increase Q’ A

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

Fb (x,Q%)

6 DGLAP (CTEQSD)

ol ZEUS

NMC —=—
1.2 | Q2 = 12.0 GeV?
0.8 | "«
0.4 | I S
B
xx\.
0.001 0.01 0.1
X

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

F5 (x.Q7)
DGLAP (CTEQ6D)
S e el
NMC 0 s to data by Q
1.2 Q2 =150 GeV? - steep rise of F, at small x
' (due to gluon evolution)
08 " :
04 | T, -
.
0.001 0.01 0.1 1

taken from G. Salam



DGLAP evolution seen in DIS data

Fb (x,Q%)

DGLAP (CTEQS6D)
167 ZEUS
NMC ———
1.2 N Q® = 27.0 GeV?
08
0.4 | ey
.
o\
N
N\
0.001  0.01 0.1
X

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

F5 (x.Q°)
DGLAP (CTEQ6D)
16 ZEUS . * use one of the global fits
of PDFs to data by CTEQ
| NMC
12 _ 2 2 - steep rise of F, at small x
\ Q" =35.0 GeV (due to gluon evolzu‘rion)
0.8 B \\\\\ }
0.4 | T~
i‘x
"
0.001 0.01 0.1 1

taken from G. Salam X



DGLAP evolution seen in DIS data

Fb (x,Q°)
DGLAP (CTEQG6D)
1.6 ZEUS 2 * use one of the global fits
of PDFs to data by CTEQ
12+ 2 2 _ - steep rise of F, at small x
\ Q" =46.0 GeV (due to gluon evolzu‘rion)
N\
AN
0.8 r \_\ -
0.4 B z n
,{x
.\\
O PR | PR | TSR
0.001 0.01 0.1 1
X

taken from G. Salam



DGLAP evolution seen in DIS data
FB (x,Q2)

DGLAP (CTEQ6D) -
1.6 \ ZEUS
NMC
12 3 Q2 = 60.0 GeV?
\'\
0.8 | AN
04 |
0.001 0.01 0.1
X

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,Q%)

DGLAP (CTEQ6D)
1.6 K ZEUS - * use one of the global fits
of PDFs to data by CTEQ

12 L N\ 2 2 - - steep rise of F, at small x
Q" =90.0 GeV (due to gluon evolution)
08 | N .
\\‘\.
x_
\\\
O NPT | PETEETET A | y .\;\.\“.
0.001 0.01 0.1 1
X

taken from G. Salam



DGLAP evolution seen in DIS data

Fb (x,Q%)

6’; DGLAP (CTEQS6D)
1 [\ ZEUS |
121 Q% = 150.0 GeV?]
0.8 : i
e
0.4 ) :
\
0 | ] N \'.\.
0.001 0.01 0.1

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.Q%)
\" DGLAP (CTEQ6D) |
1.6 |\ : * use one of the global fits
| ZEUS of PDFs to data by CTEQ
: 2 2. - steep rise of F, at small x
1.2 \ Q" =150.0 GeV (due to gluon evolzu’rion)
0.8 | \e :
\e
04 - \ - major success of pQCD
AN and DGLAP evolution
\\
0 PR | s s e s canl — ..\.\.
0.001 0.01 0.1 1
X

taken from G. Salam



perturbative stability of evolution

Moch, Vermaseren, Vogt
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perturbative stability of evolution

Moch, Vermaseren, Vogt
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aside: universality of splitting fcts

example taken from J. Campbell

let's look at collinear singularities in a "QCD-ish" effective theory

“00000) Higgs €O be simplified in the limit of infinite top mass
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coupling usual gluon
C=_—-=2 nggs field strength
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aside: universality of splitting fcts

example taken from J. Campbell

let's look at collinear singularities in a "QCD-ish" effective theory

00000 - can be simplified in the limit of infinite top mass
o HIgQgs
tOp I
qw? effeCTive H F F/u/
5oV Lagrangian 5% / 'W
coupling
o nggs .usual gluon
. . C = field strength
gives rise to new Feynman rules 67 v
B, —C\f/\?\ q iC'5AB (:‘/) - q _4‘/"' > _ ;/'{(/”) C,r ’—E}&\l' Cqsf \BC '.c,"""'l,'r" q")
v (}\f\‘ ) ‘ »C’f-;\‘ L
[f,' B.3 "'I Ciw’f‘v__. q” (q r)
£0 4O
i (.“/6\)/' {.a (Op g"*(r” )
1 (8’ ”(_}\ [; )
“b  __H resembles all the features of QCD and
7R, reproduces full QCD calculation to within 10 - 20%
l)(\ (™ < (N

so, what do we encounter in an actual calculation?



sketch of a calculation in the effective Hgg theory

start with the tree-level diagram (recall: one-loop in full QCD)
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sketch of a calculation in the effective Hgg theory

start with the tree-level diagram (recall: one-loop in full QCD)
P2

%

(6663 """" H (Migg|* = 2(NZ — 1)C?my
P1

then add another gluon

P2 D3

I Mquql l\' ( \73 — l )("2(/3' v
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sketch of a calculation in the effective Hgg theory

start with the tree-level diagram (recall: one-loop in full QCD)

P1
then add another gluon

P2
[ Mirgqql® = ANe(NZ —1)C?g7
my + (2p1.p2)* + (2p1.p3)* + (2p2.ps)*
o} P1.-P2 P1.-P3 P2.P3 >

P1

&

and evaluate in the collinear limit for p, and p; >
2p2-ps — 0 A

use 2pi-P2 — zmi

2])1 ‘P33 — (1 — Z‘)Il'l.f_i



... arriving at a familiar function

find

2 coll. (nr nr2 2o 4 [1+24+(1—
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... arriving at a familiar function

find

co oo " 1_34 ‘1_:.\4
2 <l AN (\ 1)("2.(];?172,}{ ( o T { | ) )

can factor out the LO result |Miiggl” = 2(N2 = 1)C*m7;
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... arriving at a familiar function

find

4 (1_ )4
2 coll. 4 Ay -2 2 9 1+2%4+ (1 — Z)
M iggql® == AN (N7 — 1)C*gimy < — |

collinear sing. associated with
familiar gluon-gluon splitting fct.

§ | 224 (1 —2)2+ 2%(1 — 2)?
Pyq(2) ‘2_\,.( 1= )




... arriving at a familiar function

find

44 (1_ )4
92 coll. r AT2 \ 2 2 4 1 T 2 + (1 - ,J)
J\/lllggy 44\1‘.(‘\(_‘, B 1)(v G T gy <

22(1 — 2)pa.pa

can factor out the LO result |Miiggl” = 2(N2 = 1)C*m7;

S P
1. 2.‘13

21)‘).[)3 |\/t Hag . gg(z) universal /

¢ col
(Mp 999 |2

collinear sing. associated with
familiar gluon-gluon splitting fct.
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... arriving at a familiar function

find

2 ol 1as 1+ 24 —2)*
L 2—”‘4.\L(\ _1)(-'2 fn}l{< +( ) )

1
22(1 — 2 )])2.1,7:'&

can factor out the LO result |Mugqgl” = 2(NZ — 1)C%my,

| \/1 |2 coll. 2.(/3
JVYIH gqq .
g4q4g )1 1)

. MHJJ ’ 99(2) universal v

collinear sing. associated with
familiar gluon-gluon splitting fct.

) . 22 4+ (1 — 2)% + 2%(1 — 2)?
1",,,<-..‘_>_\,.< i ..;+_.( ’)

P2 P3

similarly, one can obtains qu from

P1



factorization in hadron-hadron collisions

What happens when two hadrons collide ?
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What happens when two hadrons collide ?
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straightforward generalization of the concepts discussed so far:

Jets, hadrons,
heavy quarks, ...
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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, ...

J
\

-l
i ! T

I
N
A » b ".
— : . ==
I
I

is

do = / dwida; fi(xi, 12) (2, 12) d3ij(os(ur), Q2 12, i, 25)

non-perturbative . linked hard scattering of
but universal PDFs by ' two partons — pQCD




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

q(x, Q2 q4(x4, Q2 / ‘ g,(X,, Q2)
_\I_“ _\}_, {/
proton proton 1 proton 2

(Tep = (ch CZ(_:! q 0pp—>2jets — (qu »2 jets ’:>_-<:‘ q1 18} ) de e



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

L

-~

qx,Qd | ax,@d || g,(%, Q2 |
proton proton 1 proton 2

Oep = Ueq @ q Opp—2jets = Tqg—2jets D q1 D g2 + + -~



factorization: so far a success story

Vs =7TeV

CMS L =34pb’
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1;:. || Exp. uncertainty -

107F Antik, R=0.5 Y
2030 100 200 1000

P, (GeV)

results now start to being used
in global fits to constrain PDFs

particularly sensitive to gluons
gge —+ 88 84— g9

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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* 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 number of processes

-----

Pa

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

-----

Pa *

| : issues: factorization does not hold graph-by-graph:
Ee ., :
g sayed .by the m‘r.er'play be’rweer.t graphs,

- : unitarity, causality, and gauge invariance

- factorization good up to powers of hard scale Q: O(Aqp/Q)"

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

recall: the renormalizibility of a non-abelian gauge theory like QCD ( '*%,g__ )
was demonstrated by 't Hooft and Veltman /i
1999
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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
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high-p; jet: factorization!
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pQCD: a tool for the most violent collisions

“soft stuff”: difficult!

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

"soft stuff”: difficult!
high-p; jet: factorization!

'\‘-\Kis] I8 i
SN,

“underlying event”: more than difficult



to take home from this
part of the lectures
INWARD BOUND - FEMTO’SCOPY

" 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: ffdo

= strict proofs of factorization only for limited class of processes




Part IV

some applications & advanced topics

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



30+ years of hadron collider physics and counting



30+ years of hadron collider physics and counting

CERN SppS [1981 — 1990]
pp collisions 540, 630 GeV

W,Z discovery, jets, ...
early successes of QCD




30+ years of hadron collider physics and counting

Fermilab TeVatron [1987 — 2011]

pp collisions 0.63, 1.8, 1.96 TeV

top discovery, jet physics, ...
further established QCD

CERN SppS [1981 — 1990]

pp collisions 540, 630 GeV §

W,Z discovery, jets, ...
early successes of QCD



30+ years of hadron collider physics and counting

Fermilab TeVatron [1987 — 2011]

pp collisions 0.63, 1.8, 1.96 TeV

top discovery, jet physics, ...
further established QCD

CERN SppS [1981 — 1990]
pp collisions 540, 630 GeV

W,Z discovery, jets, ...
early successes of QCD

BNL RHIC [2000 — ..]

pp collisions up to 500 GeV

the World's first and only polarized collider
spin dep. phenomena, spin strct. of the nucleon
also very versatile heavy ion program



30+ years of hadron collider physics and counting

Fermilab TeVatron [1987 — 2011]

pp collisions 0.63, 1.8, 1.96 TeV

top discovery, jet physics, ...
further established QCD

a CERN LHC [operating]
CERN Spp5 [1981 — 1990]

_ pp collisions up to 14(?) TeV
pp collisions 540, 630 GeV §

a QCD machine, discoveries ?

W.,Z discovery, jets, .. also a PbPb and pPb program

early successes of QCD

BNL RHIC [2000 — ..]

pp collisions up to 500 GeV

the World's first and only polarized collider
spin dep. phenomena, spin strct. of the nucleon
also very versatile heavy ion program



Fractional contributions

jets: which parton processes contribute

Inclusive jet cross sections with MSTW 2008 NLO PDFs
Tevatron,\'s = 1.96 TeV

0.6
0.5

0.4F
0.3f
0.2f

0.1:99 — Jets

0

I -

15 LA
0.9F
0.8F

0.7°F

gq — jets

Qi<§<bjj

qq — jets :

.
100

p, (GeV)

Fractional contributions

09F

0.8
0.7
0.6

0.5¢
0.4}

0.3

0.2f

0.1

hadron colliders are gluon dominated

LHC \/‘— 14 TeV

T T LB |

00<y<08
qq — |ets-

- gq—jets

-gg — jets

[ fastNLO wnthp =pu_=P,
-k, algorithm wlth D 0. 7

lll 1 | —— lll 1

100 1 000
p, (GeV)

up to rather large p;

from G. Salam's lectures



pQCD at the energy frontier

pQCD essential in solving the master equation:

"New Physics = data - Standard Model”
issues:

* large rates for SM processes
e.g.: leptonic events for 10 fb! from
W's (300M), Z's (33M), top (2.4M)

- even lots of multi-particle states
—> background to "new physics"”

* QCD + e.w. effects mix

LHC well above e.w. scale M,
—> e.w. bosons are “light"

o (nb)

10"
10°
10
10°
10°
10°

107

Campbell, Huston, Stirling

proton - (anti)proton cross sections

T
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* NLO
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pQCD at the energy frontier

pQCD essential in solving the master equation:
"New Physics = data - Standard Model”

issues:

* large rates for SM processes
e.g.: leptonic events for 10 fb! from
W's (300M), Z's (33M), top (2.4M)

- even lots of multi-particle states
—> background to "new physics"”

o (nb)

* QCD + e.w. effects mix

LHC well above e.w. scale M,
—> e.w. bosons are “light"

need:
precision, precision, precision ...

for hard scattering, PDFs, theor. uncertainties
+ novel methods for processes with many legs

10"
10°
10”
10°
10°
10°

107

Campbell, Huston, Stirling

proton - (anti)proton cross sections

mans T YT T T
L i
£

- Oy —=

3 Tevatron LHC

- NLO
3
r
ﬂ,ez(E'rw > \5/20)

g,
w

ML BELAALLL RS L. I

O

{ 0,,(E. > 100 GeV)

3

3
ﬂ'.

ﬁl{...l.E#'. > .151'4)
Oyqel My, = 150 GeV)

ML BRALALL IR B R

F 0,04(M,, = 500 GeV)

C [ i
aaal i raanal 1 el

0.1 1 10
vs (TeV)

" -3 -}
10 cm’ s

events'sec for |



Campbell, Huston, Stirling

Q' (GeV))

pQCD at the energy frontier

LHC parton kinematics

‘0, ——y - e | n | — haan |
F X, .= (M4 TeV) expity)
10°F QaM M=10TeV
3 -
10 3 E
4 ]
10° M=1TeV -
10 r __]
10 § ’//,/ '%
3 y 1
10 .F / } '_g
[Ny - 2 4 (5-2
107 r - <
E M =10 GeV ’
‘ fixed
HERA
0 F . target
10° [ pr o amd o — P asaell
107 10 10 10* 10 10° 10’ 10

PDFs: vastly extended x,Q? landscape

- HERA —> LHC: evolution across
up to 3 decades in Q?

* M < 100 GeV physics: small x relevant
* TeV scale physics: large x relevant

» large angles/rapidities: extreme x



pQCD at the energy frontier

LHC parton kinematics

o) vy A ] ey Ry | e -y v
= | x= (Wra Tev) expisy) i PDFs: vastly extended x,Q? landscape
- 10 F’ QM M=10TeV r:
u‘) ) 3
3 ’ ‘ .
2 “F i+ HERA —> LHC: evolution across
::Ei 10‘% M=1TeV : 'i up to 3 decades in Q2
3 N ? * M < 100 GeV physics: small x relevant
g- .; 10 E- }
@ - 3 .
S ¢ .} * TeV scale physics: large x relevant
N 10 F— Ve E
o - ” - . . .
N A - » large angles/rapidities: extreme x
UK 3
= 2 4 8]
107
E-M =10 GeV “Hard™ Scattering
A 4 S ’ :l::;i h outgoing parton
10° '- Al 2 aauni assant 2 aaunic s ssmed 2 el A - v
107 10° 10° 10 10 10° 10° 10 -
. proton proton
underlying event < ] : \‘_ ™ underlying event
real events at the LHC are very messy: " Sy

- possible interactions of spectator partons
leading to multiple interactions/underlying events

outgoing parton

—> relies on event generators (Sherpa, Herwig, ...);
state-of -the-art: merge with NLO calculations (M\C@NLO, POWHEG, ...)



Start your Q \
business right
with Precision

Calculations
advise!

-

e

£-1
the Whys and Hows of
NLO Calculations & Beyond
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why go beyond LO (and even NLO)?

recall factorization theorem for hadronic processes:

(I(T_Z/(h dx; fi(x;, 1 )f (zj, )(10,]((1 (ur), Q%, 1%, x ;)

non-perturbative  linked | hard scattering of
but universal PDFs by v two partons — pQCD

M independence of physical do on u (and u,.) has led us to powerful RGEs
caveat: we work with a perturbative series truncated at LO, NLO, NNLO, ...
— at any fixed order N there will be a residual scale dependence

)
—
in our theoretical prediction L.ﬂ .

— since u is completely arbitrary this limits the precision of our results

: _ y N
simplest example: “ Y enlur)al(ur) ~ O (a1 (ur))
e*e” — hadrons dInpr = /
applies in general also for u. uncertainty is formally of higher order

-> gets smaller if higher orders are known
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result NLO coefficient all scale uncertainty
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suppose we want to choose a different scale Q - what do we need to do?
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explicit example: scale dependence of e'e- —> jets

recall: at NLO we have (T’\'I'O(/IR) — Oqg (1 + ”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 smqll_ . . | o
recall: o 2y = 5 ~ ag(QF) — 2bp aZ(QF) In(p/Q)
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recall: at NLO we have OX['O(/I-R) — Oqg (1 + ”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?
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explicit example: scale dependence of e'e- —> jets

recall: at NLO we have UXI'O(/IR) — Oqg (1 + ”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 (QQ) coupling smqll_ . o, o | o
recall: ag(u?) = > ~ ag(QF) — 2bp aZ(QF) In(p/Q)
S(Mr) 1+ 2b0043(Q2) ln(,ur/Q) expand

plug back into gN© = 043 <1 F o as(Q) 2C1bo|n,1—R“§(Q) * 0(“3))

variation of scale /,

introduces NNLO piece



explicit example: scale dependence of e'e- —> jets

recall: at NLO we have (fx['o(/.I‘R) = Oqg (1 + caas(er))

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) coupling smqll 5. . | o
recall: ag(u?) = > ~ ag(Q°) — 2bo aZ(Q°) In(py/Q)
«(1r) 1+ 2bgars (Q?) In(per / Q) expand

plug back into oNO = 043 (1 - a1 as(Q) — 2a1bo In ER 02(Q) + 0 () )

scale-dep. of g(e'e — hadrons)
1.1 TMRRSS e e e s variation of scale
Q=M -0 introduces NNLO piece
. 1.08 NLO ===- 7 P
t 106 ~o_
3 ST e
2 104 . refuce S Mmmme o
2 M e |
g 1.02 ] .
- LO is a pure el-mag process, no os , ho scales
: con\:/entional ran
& 098 -— *
05<x, <2
0.96 | -
0.1 1 10

pp/Q



explicit example: scale dependence of e'e- —> jets

recall: at NLO we have (fx['o(/.I‘R) = Oqg (1 + caas(er))

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) coupling smqll 5. . | o
recall: ag(u?) = > ~ ag(Q°) — 2bo aZ(Q°) In(py/Q)
«(1r) 1+ 2bgars (Q?) In(per / Q) expand

. LR
plug back into oNO = 043 (1 + 1 as(Q) — 2c1 b In % as(Q) + O (Hg))
scale-dep. of g(e*e — hadrons) /’
1.1 variation of scale

L 1os Q=W th ] introduces NNLO piece

t 106 ~o_

8 ST
2 104 . .w et Mg

2 ' -

g 102 } .

- LO is a pure el-mag process, no os , ho scales
J jentional

og 0.98 COﬂ\an lonal range ‘

| 05 <x, <2 | note: the scale ambiguity gets amplified
o1 YT if we ask for more than two jets at LO

ua/Q o (1) = a2 (Q?)(1 — 2nbo as(Q?) In(1:/Q) +
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next calculate full NNLO result:
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NNLO term starts to
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explicit example - cont’d

next calculate full NNLO result:
™M O(uR) = 0gg [1 + a1 as(ur) + c2(ir)as(ur) ]

NNLO term starts to
depend on the scale

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

LR
Cz(/l.R) — CQ(Q) - 2C1b0 In % scale-dep. of g(e’e — hadrons)
H Q=M L0 —

1.08 NLO ===~ 1
1.06 h_ NNLO ==« -

=

-
' ——
—
-
—

such that the residual scale dependence is now O(a>)

Oee—’hadfonsloee—;qq
o
n

0.98 -— -
05<x, <2,
0.96
0.1 1 10



explicit example - cont’d

next calculate full NNLO result:

I\'.\"LO(

o ILR) = Oqg [1 + c1as(pur) + 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) — C2( Q) -1 2C1b0 In 6 scale-dep. of g(e’e — hadrons)
1.1 :
Q=M L0 —
108 r NLO . -
7 106 k. NNLO = ===
$ et
L 104 :'.'.':a-v'-f“*-l:-_-r:_-_-:...1
¢ : : 7
such that the residual scale dependence is now O(a®) g 1021 | | 1
T 1 i i
conyentional ran
|§ 098 } &4————’490
05<x, <2,
0.96 |
at all orders the scale dependence would disappear 0.1 i 10

MR/ Q



explicit example - cont’d

next calculate full NNLO result:

(_T'\'XLO(HR) = (_Tq(-7 [1 + Q Q‘S(NR) T CZ(/IR)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: hadrons)
varying the renormalization [factorization] scale u [u.] is [
a way of guessing yet uncalculated higher order contributions p ---- -

T 106 Fo_ e e
8 \\\‘\
C 104 psasmimeasar s ey
2 -
such that the residual scale dependence is now O(x;’) 3 1.02 1
t 1 ‘ :
conyentional ran
08 098 } — 9
05<x, <2
0.96 |
at all orders the scale dependence would disappear 0.1 ‘ %

HR/Q



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

US;O)Z — Z /XmdX2 f,‘(Xl.;l%) G(Xz.,ui-) [50_0-_)2(X1.X2) T
bt + as(pRr)01,ij—z (X1, X2, j1F)]

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

* NLO terms reduce dep. on p¢



uncertainties for the Drell Yan process — cont’d

at NLO:
LO piece

Tz =) /dxldxz fi(x1, 1) (2, 1) [B0,js 2 (x1, x2) +
' +(l‘s(/lR)al.Uﬁz(Xl,Xg.,UF)]

* no os at LO but prappears in PDFs
pp = (Z,7")+X
- o, enters at NLO and hence p, wp T T T T

* NLO terms reduce dep. on p¢

X o

GRS o tetete T o

.0:0:0:020:0:0:020:0: Patetele e e e e e e e s
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- one often varies pgand p, tfogether
(but that can underestimate uncertainties)
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uncertainties for the Drell Yan process — cont’d

at NLO:
LO piece

Opphz = Z /dxldxz fi(x1. ) f; (x2, F) [G0.ij—z(X1,x2) +
ij o A
’T'(“s(/lR)Ul.ij—)Z(leQ-,UF)]

° no os at LO but prappears in PDFs
pp » (Zy")+X

- o, enters at NLO and hence pj, o | ' L
* NLO terms reduce dep. on p¢ 5wl S R
Q ! R RRLRR
N [ R R R IR
one often varies p-and p, together a oottt
[ F R — : J
(but that can underestimate uncertainties) 3 “wr- B
=
. ©
* NLO corrections large but s w
. - 20— ¢ Vs = 14 TeV A
scale dependence is reduced A w=%  \]
:/ M/2 5 pus2M \j
o‘ 1 l | 3 L 1 I 1 1 1 1 l ) | L 1 1 l 1 1 1 1 l 2 \
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uncertainties for the Drell Yan process — cont’d

at NLO:
LO piece

Opprz = Z /dxldxz fi(x1, ) £ (%2, 1) [Bo,5i 2 (0, x2) +
-1- Qs(/lR)Ul U_)Z(Xl,xz.'ll[-')]

° no os at LO but prappears in PDFs

pp - (Z.7°)+X

* &4 enters at NLO and hence o 1 T T T ]
* NLO terms reduce dep. on L g | NNLO
60 |~ —
. Y
- one often varies prand p, together & |
(but that can underestimate uncertainties) E “of- o -
=
. 'U
* NLO corrections large but >
. % — Vg = -
scale dependence is reduced ° e ey
[ M/2 5 u s 2M
* even better at NNLO N 7 B 1 !
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uncertainties for the Drell Yan process — cont’d

at NLO:
LO piece

Opphz = Z /dxldxz fi(x1, u) fi(x2, i) [60.jj— z(x1, x2) +
ij » A
-7-(l‘s(}lR)Ol.Uﬁz(Xl.XQ.;IF)]

° no os at LO but prappears in PDFs

pp - (Z.7°)+X

- o, enters at NLO and hence pj, o 1 T T T
* NLO terms reduce dep. on p¢ =
. 3
- one often varies p-and Y, together &
(but that can underestimate uncertainties) E
-
. o
* NLO corrections large but 3
scale dependence is reduced ©

* even better at NNLO N 70 PR R BRI B

|
o
Y

perturbative accuracy of O(percent) achieved



changing scales in DGLAP evolution

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

Uncert. on gluon ev. from 2 to 100 GeV
0.5
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0.1
0
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-0.4
0.0001 0.001 0.01 0.1 1

X

B (Oecvoluion

* about 30% in LO

uncertainty on g(x, Q = 100 GeV)

Input: CTEQ61 at Q =2 GeV
Evolution: HOPPET 1.1.1
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estimate by G. Salam: vary the scale of o in the DGLAP kernel

Uncert. on gluon ev. from 2 to 100 GeV
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* about 30% in LO
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uncertainty on g(x, Q = 100 GeV)




changing scales in DGLAP evolution

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

Uncert. on gluon ev. from 2 to 100 GeV

S o4 B LO evolution
> . .
G S NLO evolution . about 30% in LO
S 03 I mmmmm NNLO evolution
W 02
3 0.1 * down to about 5% in NLO
D
c 0
2 -0.1 * NNLO brings it down to 2%
g 02
3
- -0.3 } Input: CTEQ61 at Q = 2 GeV
0.4 [ Evolulion HOPPET1.1.1
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X



changing scales in DGLAP evolution

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

Uncert. on gluon ev. from 2 to 100 GeV

B L O evolution
% 04 NLO luti
o — CVORKionN * about 30% in LO
g 03| mmmm NNLO evolution
0.2
3 0.1 * down to about 5% in NLO
\6
2 -0.1 * NNLO brings it down to 2%
g -0.2 which is about the precision
c -0.3 | Input: CTEQ61 at Q = 2 GeV of the HERA DIS data

0.4 | Evouion HOPPET 111

0.0001 0.001  0.01 0.1 1
X



other motivations for NLO and beyond

* much more realistic final states, e.g., more partons can form a jet

LO NLO NNLO



other motivations for NLO and beyond

* much more realistic final states, e.g., more partons can form a jet

LO NLO NNLO

- higher orders generate non-trivial k; effects/dependence

LO NLO NNLO



state of the art — the current precision frontier
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a NNLO NLO LO red: barely fouched yet
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1
d NLO LO green: done
a NNLO NLO LO red-green: partially done
a NNLO NLO LO red: barely touched yet
a NNLO NLO LO
table presumably
a NLO LO already outdated
LO matrix elements up to 2 — 8 and phase space integration (automatically
generated); interfaced with parton shower; large u uncertainties though
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state of the art — the current precision frontier

251 1252 1253 [2->4 1255 [2-56_
LO

1
g NLO LO green: done
a NNLO NLO LO red-green: partially done
a NNLO NLO LO red: barely touched yet
a NNLO NLO LO
table presumably
a NLO LO already outdated
LO matrix elements up to 2 — 8 and phase space integration (automatically
generated); interfaced with parton shower; large u uncertainties though
NLO all 2 — 2 SM/MSSM processes; matching with parton shower started

some 2 — 3 results: pp — jjj, Hjj. VVV, ..
NLO  some 2 — 4 results: pp — VVjj, Hjjj, ttbb, t1jj.Vijj, VVbb: also Wjjj]

NNLO Drell-Yan type 2 — 1 processes (fotal and differential cross sections).
NNLO splitting functions; e*e” -> jjj: progress tfowards general 2 — 2 processes
including heavy flavor production (o1.+ at NNLO done)



new computational techniques & tools emerging

traditional Feynman diagram technique still going strong
but becomes very clumsy for high-multiplicity processes:

n # diags
+ / 4 4
Y o rapid growth in complexity,
. = 7| 2485 but final answers often very simple
o A 8 | 34300 ,
. \ o | ss0a05 | — new ways to compute amplitudes?
10 | 10525900
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* use analytical properties of amplitudes (unitarity) as calculational tools

¥ * build amplitudes from simpler amplitudes with fewer legs by recursion
# - get "loops from trees”



new computational techniques & tools emerging

traditional Feynman diagram technique still going strong
but becomes very clumsy for high-multiplicity processes:

n # diags
+ / 4 ?4
v rd (5) 2“250 rapid growth in complexity,
. = 7| 2485 but final answers often very simple
® A 8 34300 .
. \ o | ss0a05 | — new ways to compute amplitudes?
10 | 10525900

ideas:
* use analytical properties of amplitudes (unitarity) as calculational tools
¥' * build amplitudes from simpler amplitudes with fewer legs by recursion
# - get "loops from trees”

amazing progress in a short time (few years) guided by two principles:

The best way to have a good idea is to have a lot of ideas --- Linus Pauling
Those are my principles, and if you don't like them ... well, I have others --- Groucho Marx

currently aiming at full automatization at 1-loop level



new computational techniques & tools emerging

traditional Feynman diagram technique still going strong
but becomes very clumsy for high-multiplicity processes:

for some ideas, see:

Berends, Giele 1988 - recursion relations (off-shell) ple

5
Britto, Cachazo, Feng 2004 - recursion relations (on-shell) / unitarity s’

Cachazo, Svrcek, Witten 2004 - MHV amplitudes
id
Ossola, Pittau, Papadopolous 2006 - NLO loop integrals w/o doing integrals ols

1 on

recent report on unitarity method:

Ellis, Kunszt, Melnikov, Zanderighi, arXiv:1105.4319
AMGzZImy pPrugress T o STUT 7 THTE (TEW JTul 5) Yuiucu Uy TWU Principress

The best way to have a good idea is to have a lot of ideas --- Linus Pauling
Those are my principles, and if you don't like them ... well, I have others --- Groucho Marx

currently aiming at full automatization at 1-loop level
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how to determine PDFs from data?
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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 & Q? - 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

all data points

adjust parameters

Vves

R
X minimum * =

set of optimum parameters
for assumed functional form

computational challenge:
* up to O(20-30) parameters
e 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 %2

2 A P
X minimum? )
ye

all data points

adjust parameters

set of optimum parameters
for assumed functional form

“resolution scale” u



anatomy of global QCD analyses

o b : "G‘ o
2 T l:—d—;: {mb / GeV*| | o
r I 1~
o OJ\
I | \s\&

10 r R LTRS PR 1 00
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el . . X o
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i = . model ansatz for pdfs
. - - o with initial set of parameters
’ e "p: 1(:c\']\' *‘
evolve pdfs to relevant scale
2 with DGLAP &
C calculate observable |
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B
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X° minimum =
yes

set of optimum parameters
for assumed functional form

“resolution scale” u



anatomy of global QCD analyses

28 :r . d___(‘f y [ GeV? 1
Z r E ao {mb / GeV*| : c.

o OJ\

g 1 e
10 r b P e 1 \5‘0
¥ 1 \%

o r 1 9 .

of : s obtain PDFs
o Bk I 1 ‘%( through global x? optimization
) Persriar e | o

" ossbprocon fraction E

] e . model ansatz for pdfs

g - o with initial set of parameters

’ 4 "p: 1(:c\']\' *‘

evolve pdfs to relevant scale
with DGLAP

Y

calculate observable
and %2

all data points

adjust parameters

2o 2
X minimum? )

yes

set of optimum parameters
for assumed functional form

v

“resolution scale” u




anatomy of global QCD analyses

gl 2 l:g‘—(l.j |mb (ic:\':| | ? ]
o dp C —
T | 1% -
' I 1 % =
T b PENIX daa <3 ~
I ! O ’ I
2 | ! % : — ]
40 | 1 2 btain PDF e T
0 !» 1 Qa O aln S : 1 : .'
i Bt i 5 1 ¢( through global x? optimization R
o r - 5 5 ) ‘- 1 O —= OXp h
ot 3 ‘;)v,w-\\-:- fracticen 2 ' E - 02 04 0% 0%
F = e : model ansatz for pdfs
E ol - - 3 with initial set of parameters
’ e "p: 1(:c\']\' *‘
evolve pdfs to relevant scale
2 with DGLAP &
C calculate observable |
and %2 @
szinimum?i =
set of optimum parameters
for assumed functional form

“resolution scale” u




anatomy of global QCD analyses

l;d—o,- {mb (ic\’:|
dp

§ PHENIX aa

'S obtain PDFs
*

—_
-
A

Radad sinnd sl ind il s sl sssnd il

> ~ r " SR < - ” =
T — T — T — T — T — T ———"
4
.

Od 2 u . . E
e inci I ¢( through global x? optimization i !
+ + $ O €
sebprocon fractioon
3 ] g 3 model ansatz for pdfs
oz fF w - o - with initial set of parameters

4 ‘(p: ](nc\']\' *‘

evolve pdfs to relevant scale
with DGLAP

Y

calculate observable
and %2

2 A P
X minimum? )
ye

all data points

adjust parameters

set of optimum parameters
for assumed functional form

plus a prescription to

estimate & propagate
“resolution scale” u uncertainties

v




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

21t W

3-";'}[;:“ , - Npes Data set N i r 3 zeus
H: e Wep NE (j BCOMS jip F> 163 o [ E coroe twdumesn s

LY ) BCDMS ;id F; 151 s
H1 low Q< 96-97 &' p NC 80 NMC pup Fa 123 107y &5 00 lnchuve ptsnd
H1 high Q 08-99 e~ P NC 126 NMC /"d r 123 t T30 Fuaed Targe Expertnent:
Hl h"'h Q° 99-00 e”p NC 147 NMC pn/up 148 W CCFR NAMC, BCOMS
ZEUS SVX 95 " p NC 30 E665 up Fa 53 lO'E—
ZEUS 96-97 ¢" p NC 144 E665 ud Fr 53 ' Bl s
ZEUS 98-99 ¢ P NC 92 SLAC ep F 37 -
ZEUS 99-00 e p NC 90 SLAC ed r- 38 IO:E
H1 99-00 e™p (C - NMC/BCDMS/SLAC F | 31 3
Z[U? ¥9-00 lp(‘( 30 EB866/NuSea pp DY 184 r
H1/ZEUS e p | 83 E866/NuSea pd/pp DY 15 10 |
H1 9900 e*p in jets 24 NuTeV oN F S*r E
ZEUS 9%-97 e' p incl. jets 30 CHORUS F 42 [
ZEUS 0 ¢<pin jot 30 NuTeV N xF 45 1+ AR L.
DO Il pp incl. jets 110 CHORUS N xF 33 E _____
( .:_ : pp in ots Zg CCFR uN uuX 86 l». ' . _
CDF W f asvm 22 “',u YA - P - '/.--"_ e
DO 1WA [ asvm 10 M—’\.._(M 10 ?//(,/"
DO 2 28 E!! (!'-lli‘ sels | 2!!3 :x{A/AA PRI R T T AT T ST B W AW w ey
v 18 4 _" ap - e — -6 £ -4 -$ -2 -1
COF Il Z rap 29 ® Red = New w.r.t. MRST 2006 fit. 10 10 10 10 10 10 1




which data sets determine which partons

Process Subprocess Partons £ range

Fipn} - X Vg — q 4.9, 9 r 2 0,01

En/p <X v d/u— d/u d/u r 2 0.01

pp— ptp X uit, dd — ~* q 00155 <035 . o

m/pp — ptu~ X (ud)/(uit) — ~* d/i 0015 <035 NLO flT, 68 /° C°L°

"(‘,:' '\. d ,' "'-’-:.‘\' l".‘, d ”' q"l (’l'l < & < “ 3 A1 2 LI lllllll LI llllll LI lll"l rarnn

vN—=ppt X W's —¢ s 001<xr<02 o 7 i

PN — py*n~ X W*'s . ¢ 3 0.01 5. gn._) Q o
eEp—et X v'q—q 7.0.q ool<r=o1 X Q2 =10 Gevz 4
+p —- l' X W+ \d, s} — {u,c} d. s r f.\:.f 0.01 E 1 —
Ap et ee X Ve—etg—ce  eg 00001 <z <001
eTp— |a| +X Y'g — qq q 001 <xr <001

pp — jet + X 49.99.99 — 2) 9.9 0.01 f_, r <05

pp— (W* < )X ud - Wad -~ W  ud id >( )05 0.8

p — (Z—= )X un,dd — 7 d ( )05

Martin, Stirling, Thorne, Watt, arXiv:0901.0002

| llllllll 1 llllllll LA L LLLL

0
10 10° 1072 10" 1



which data sets determine which partons

Process Subprocess Partons I range

Flpn} - X v'q— q 4.9, 9 r 2 0.01
En/p<*X vd/u— d/u d/u xr 2 0.01
pp— prtpm X wit, dd — ~* q 00155 > 5035
m/pp — ptu~ X (ud)/(utr) — ~* d/u 00155 5035
) N — [t l;l+:| X Wtg — q' q.q 0.01 ,_<v xr fv 0.5
vN—=p p*t X W's — ¢ s 001 Srs02
ON - u*n X W*'s ¢ 3 001<xr<02
e*p— e X Y'q—q q.9.q 00001 < r < 0.1
¢ +!ﬁ — i X Wt :l{ .\: — :u.«‘: d. s Tr :- 0.01
ep — e*ce X Ve — ¢, g — cE e.g 00001 <2 <001
¢ "1; —jet + X v'g — qq q 0015 xr 501
pp — jet + X 99.99.99 — 2) 9.9 00152505
pp— (W* w *)X wud - Wid - W  ud id xr 2 0.05
pp—(Z—= )X uudd— Z d r 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. | 30¢6/2598 LO

interplay of many data sets crucial

NLO fit, 68% C.L.

L lll"l]

] lllll”l I Illlllll rrarnn

Q%2 =10 GeV? |

g/10 -
0.8

10 10
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new physics or PDF uncertainties?

important lesson from the past: (in)famous TeVatron "excess” in jet yield

NLO QCD (CTEQ3M)
o CDF (Preliminary)
A DO (Preliminary)

g i |
2 o5} % o -
|_ = -
N -

g | § } L A
§. : 5 A i £§§ &% A .
g O SRR AL A A AR :

Statistical Errors Only

_05 1 L 1 | 1 1 1 1 1 1 1 1 1 1 L 1 1 1 1 1 1
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important lesson from the past: (in)famous TeVatron "excess” in jet yield

(Data - Theory)/ Theory
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« huge excess at large pr

—> new particle with mass
of a few 100 GeV?

arXiv got cluttered with
New Physics papers



new physics or PDF uncertainties?

important lesson from the past: (in)famous TeVatron "excess” in jet yield

NLO QCD (CTEQ3M)
O CDF (Preliminary) T -
A DO (Preliminary) ’

O
(&)
T
£
N
|

« huge excess at large pr

—> new particle with mass
of a few 100 GeV?

arXiv got cluttered with
New Physics papers

o

(Data - Theory)/ Theory




new physics or PDF uncertainties?

important lesson from the past: (in)famous TeVatron "excess” in jet yield

1 ] ) 1 [ L || 1 1 ] L I 1 1 ‘[ L] l 1 l L
NLO QCD (CTEQHJ)
0 CDF (Preliminary) * 1.01
> i A DO (Preliminary) *0.98
3 osf _
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© 1 -
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L Statistical Errors Only
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new physics or PDF uncertainties?

important lesson from the past: (in)famous TeVatron "excess” in jet yield

1 ] ) 1 [ L || 1 1 ] L I 1 1 ] L] l 1 ] L
— NLO QCD (CTEQHJ)
0 CDF (Preliminary) * 1.01
> i A DO (Preliminary) *0.98 i
8 osf l
*- = 4
> ! .
§ i o) q
PR E I b ‘
© T -
s O Eﬁ%&ﬁ%“% ;‘H ‘;’l *T I il
St -
L Statistical Errors Only .
_05 | | 1 | 1 | | | | 1 | | | | 1 | | | 1
100 200 300 400



what’s on the market?

set H.O. data as(Mz)GNNLO uncertainty HQ Comments
MSTW Hessian (dynamical GM-VFN
2008 NNLO | DIS+DYtJets 0.1171 tolerance) (ACOT+TR) old HERA DIS
Hessian (dynamical GM-VFN New HERA
CTI10 |NNLO | DIS+DY+Jets 0.118 tolerance) (SACOT-X) DIS
DIS+DY+)ets GM-VFN New HERA
NNPDF [NNLO +LHC 0.1174 Monte Carlo (FONLL) DIS
DIS+DY(f.t.) : FFN New HERA
ABKM [NNLO +DY-T(LHC) 0.1132 Hessian BMSN DIS
GIR |NNLo|PISFOYED* | o 1oy essian FFN valence like
some jet ’ ! (VFN input pdfs
massless)
HERA only DIS . GM-VFN Latest HERA
PDF NNLO HERA O. I | 76 HeSS|an (ACOT"'TR') DlS

compilation by D. de Florian (DIS 2014)




PDF’s and the LHC

important example: Higgs production through gluon-gluon fusion

g 00000
PDF uncertainty: look a parton-parton luminosities
1 1 dx t.be..» So—m—m====
L(r=Mz/S) = 3 / — fi(z, M%) f;(7/z, M%)
O Jr & g 29000/



1 [lda
£y(r=M3/9) = 5 [ Tl MR/, MF)

PDF’s and the LHC

PDF uncertainty: look a parton-parton luminosities

LHC 8 TeV - Ratio to NNPDF2.3 NNLO - o,=0.118

T L} LI l
B NNPDF2.3 NNLO

------- CT10 NNLO
assas: MSTW2008 NNLO

e

N

<
©
[

Gluon - Gluon Luminosity

a few percent |

102 M, 10°

t.he,... 1

g 90000

important example: Higgs production through gluon-gluon fusion

g 00000

PDF4LHC group
1211.5142



PDF’s and the LHC

important example: Higgs production through gluon-gluon fusion

g TTOOO N
PDF uncertainty: look a parton-parton luminosities Ny
1! do tbc, ... 4 S m———- H
— 2 v * . T2 e AT2 -~
£11(T .‘[‘\/S) —_ g' / : fi(‘l“ 4‘[‘\' )fJ(T/.l..\[‘\) //’,I'
DSy & g 990900}

another culprit is the strong coupling:

* optimum as in global fits varies by about 5%

error much larger than for "PDG average”



PDF’s and the LHC

important example: Higgs production through gluon-gluon fusion

g TTTOON_

PDF uncertainty: look a parton-parton luminosities

1 [ldx 5 5
3 / . file, M%) f;(T/z, M%)

t.h.c,... ¥
Lii(r = M2/S) =

another culprit is the strong coupling:

* optimum as in global fits varies by about 5%

error much larger than for "PDG average”

current (theory) status for total Higgs cross section:

scale PDF & as
variation variation

7.2% +7.5%
o(Myg = 125GeV) = 19.27 7725 T1-25ph

g 29000/

de Florian, Grazzini



PDF’s and the LHC

important example: Higgs production through gluon-gluon fusion

g TTTOON_
PDF uncertainty: look a parton-parton luminosities “\\
1 1 dx t.h.c,... 4 o ——— H
Lij(r = M} /S) = 3 / = file, M%) f;(r )z, M%) A
O Jr & g 929000}

another culprit is the strong coupling:

* optimum as in global fits varies by about 5%

error much larger than for "PDG average”

current (theory) status for total Higgs cross section:

scale PDF & as
variation variation

O-(MH — 125 GeV) — 1927 j;gé jgg;ﬁ pb de Florian, Grazzini

precise LHC data important for validating and improving PDF and as determinations




improving PDF’s at the LHC

NNPDF2.3 dataset
efforts have already started — _ <\

107

NNPDF 2.3 fit
1207.1303

3
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improving PDF’s at the LHC

NNPDF2.3 dataset
efforts have already started ‘ L\
example:  V\PDF 2.3 fit IO -~ N S
pe: 1207.1303 : o
N
3 x e
- 10 g i / i
& O COPWASY :
? 10° § Ebjz: <
* I :
Ratio to NNPDF2.3 NNLO, a = 0.118 A
13 .NNPDF2.3 r! 13313 o BELE
A Ll jlllli L L lllllli I A lllllli ' A A LLILL

' 10° . 102 10" 1

—
N

————— — NNPDF2.3 + Top Data

.
—

most recently: make use of recent
NNLO results for top-pair production
Czakon, Mangano, Mitov, Rojo 1303.7215

g™ (x,@%)1g"™ (x, Q%)

o
=]

find: about 20% error reduction for gluon
at x values between o0.15and o.5

©
~




status of fragmentation functions

recall:
crucial for pQCD interpretation (factorization)

of all data with detected (identified) hadrons, e.g.,

SIDIS (HermEs, compass), pp— X (PHENIX, STAR, ALICE, ..)




global QCD analysis of fragmentation functions

very similar to PDFs: hadron

* non-perturbative but universal Z K

D} (z, u?) &
< 1

quark/gluon

* pQCD predicts scale evolution

I
>
I

* describe the collinear transition of a parton "i" into
a massless hadron "h" carrying fractional momentum z



global QCD analysis of fragmentation functions

very similar to PDFs: hadron

* non-perturbative but universal Dh( 2) z k
-\ Z
* pQCD predicts scale evolution i y [ |
k
* describe the collinear transition of a parton "i" into quark/gluonl

a massless hadron "h" carrying fractional momentum z

* bi-local operator: /)(z) =~ / dy-(‘P+ <Y TrA (O] z,'(y‘)t.'(O) 10)

Collins, Soper '81, '83
no inclusive final-state

no local OPE —> no lattice formulation



global QCD analysis of fragmentation functions

very similar to PDFs: hadron :
* non-perturbative but universal Dh (Z 2) z K

* pQCD predicts scale evolution i 1 I
* describe the collinear transition of a parton "i" into qt.l;<c1r'k/gluonl

a massless hadron "h" carrying fractional momentum z

* bi-local operator: [)(z) ~ / (1;}‘(2P+ 2V TryT (O] z,'(y_)r.'(O) 10)

Collins, Soper '81, '83
no inclusive final-state

no local OPE —> no lattice formulation

also determined from global fits to data:

* key process is e"e” annihilation to hadrons
(plays similar role than DIS for PDFs)



global QCD analysis of fragmentation functions

very similar to PDFs: hadron

* non-perturbative but universal Dh( 2) z k
<\ Z
* pQCD predicts scale evolution i y [ |
k
* describe the collinear transition of a parton "i" into quark/gluonl

a massless hadron "h" carrying fractional momentum z

* bi-local operator: [)(z) ~ / (-I'z/_(,-"PWL"-" TryT (O] z,'(y")t.'(O) 10)

Collins, Soper '81, '83
no inclusive final-state

no local OPE —> no lattice formulation

also determined from global fits to data:

* key process is e"e” annihilation to hadrons
(plays similar role than DIS for PDFs)

* semi-inclusive DIS provides flavor separation

* pp data (RHIC, LHC) important for gluon FF  :




sneak preview of new global QCD analysis

de Florian, Epele, Hernandez-Pinto, Sassot, MS
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uncertainty on g(x, Q = 100 GeV)

sneak preview of new global QCD analysis

Uncert. on gluon ev. from 2 to 100 GeV

e de Florian, Epele, Hernandez-Pinto, Sassot, MS
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sneak preview of new global QCD analysis

de Florian, Epele, Hernandez-Pinto, Sassot, MS
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when there is not enough room:
gluons at small x



what drives the growth of the gluon density

T T T T T T T

@*=106evi | ghserve that only 2 splitting fcts are singular at small x

e

2C 4
qu(x)}xﬁo ~ o

ng(x)’xﬁo ~

X

-> small x region dominated by gluons
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what drives the growth of the gluon density

T T T T T T T

@*=106evi | ghserve that only 2 splitting fcts are singular at small x

e

2C 4
qu(x)}xﬁo ~ o

ng(x)’xﬁo ~

X

-> small x region dominated by gluons

Ll L L1l
-3

0 AL
10 10

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

dg(z,p®) _ as [1dz2C,
dlogu?> 27 ). 2 =z

g(x/z,p*)



what drives the growth of the gluon density

T T T T T T T

@*=106evi | ghserve that only 2 splitting fcts are singular at small x

e

2C 4
qu(x)}xﬁo ~ o

ng(x)’xﬁo ~

X

-> small x region dominated by gluons

rananl 1 NI L ALl i
-3

0 AL
10 10

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

dg(z,p®) _ as [1dz2C,
dlogu?> 27 ). 2 =z

g(x/z,p*)

« 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

[ Q5(x) * DGLAP predicts an increase of gluons at small x

% =1 but proton becomes more dilute as Q? increases

DGLAP :
transverse size of partons # 1/Q

& JIMWLK

saturation




In Q?

gluon occupancy

Q3(x) \\... °) * DGLAP predicts an increase of gluons at small x
but proton becomes more dilute as Q? increases
transverse size of partons # 1/Q

\0' /"_" ‘ ‘/ but what happens at small x

i for not so large (fixed) Q* ?
non-perturbative region ag~1

saturation

In x



In Q?

gluon occupancy

b /0
7 Qs(x) '\\... j’ * DGLAP predicts an increase of gluons at small x
J oy T but proton becomes more dilute as Q? increases
X DELAF transverse size of partons # 1/Q
< JIMWLK
®a \ BK {.\ BFKL /@7 !
{ | — ' .
%) le®) but what happens at smazll X
saturation i for not so large (fixed) Q* ?
non-perturbative region ag~1
-

Inx

‘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 zg(z, Q%) ~ (1/z)*F~*
much faster than in DGLAP



In Q?

gluon occupancy

f )
7 Q5(x) '.\... / * DGLAP predicts an increase of gluons at small x
! Y e but proton becomes more dilute as Q? increases
DELAR transverse size of partons # 1/Q
L JIMWLK
®a \ BK /.\ BFKL l‘/;\ :
@ %) \e® but what happens at small x
saturation ; for not so large (fixed) Q? ?
non-perturbative region ay 'l

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 zg(z, Q%) ~ (1/z)*F~*
much faster than in DGLAP

BIG problem

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

« hadronic cross sections violate In?s bound (Froissart-Martin) and grow like a power
g p



color dipole model

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

ATATATAY A S

DIS in the proton rest frame can be viewed as the pho’roﬁ
splitting into a quark-antiquark pair (“color dipole") which
scatters of f the proton (= "slow" gluon field) p T

X 1-: ~ ‘
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color dipole model

make progress by viewing, e.g., DIS from a "different angle”
DIS in the proton rest frame can be viewed as the photon =~ 1
splitting into a quark-antiquark pair (“color dipole") which

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

 factorization now in terms of

M,\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”

-.(- 1-z ) _f"*‘.,_-__ \{‘
':..vvmﬁ-:'_f_'_: 1';* \ SN

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

W\N\,\,\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”

-.(- 1-z ) _f"*‘.,_-__ \{‘
':..vvmﬁ-:'_f_'_: 1';* \ SN

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

W\N\,\,\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 2/

1/Q, A
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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)

simple example:
Drell-Yan process

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



all order structure of partonic cross sections

——

—
let's consider pp scattering: [
L A 56

~ - {«"ﬁu‘
logarithms related to M e Rk o gt 4 -
— &~

partonic threshold A =3

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

5 A ap yda o ) X
Pq = Pr 1 + Ao, In” (1 — 1“,) + B, o, In (1 — .r;.)
NLO

d PT dpr

+ ...+ A; (\i In~" (l — 1“;) - — .
“threshold logarithms"



all order structure of partonic cross sections

let's consider pp scattering:

I o ga rl i 1‘ h ms rl e l aTed 1.0 Refiable Perturbative Reashs for Strang Inberactions?* 'ﬁz{ -
A Mt ek, B i, i, Aoty 90 —_— [ | &,m.
— =

partonic threshold A =3

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

. l(j’,,, . (l(-j""'.‘l ) L ) o
pi;.( - ])',;. av 1 + Ao, In” (1 — 1‘;) + B, o, In (1 — ?“,)
dpr dpr N ’
NLO
+ ...+ A; (\i In~" (l — 1“;) - — .

“threshold logarithms"

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

‘1 dz T
do / “r (-) 5. (2
% | - ab - (zb( l\ 7 = 1 emphasized,

1 in particular as t — 1
large at small t/z

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



resummations — how are they done

”ﬁ Ian"(l ;;_%) 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 Wb - u
even for high mass particle production at the LHC



resummations — how are they done

”ﬁ Ian"(l .7.%) 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 Wb - u
even for high mass particle production at the LHC

resummation (= exponentiation) occurs when “right" moments are taken:

Mellin moments for f e
threshold logs I

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



Fixed Order
LO

NLO
NNLO

NKLO
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resummations — terminology
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resummations — terminology

Fixed Order




some leading log exponents
(assuming fixed o, for simplicity)

color factors for soft gluon radiation matter:
unobserved parton

/ Sudakov “suppression

W,
DIS W exp [ RO Ny - TR 2 ‘112(N>]
m m

moderate enhancement, unless Xpg; large




DIS

some leading log exponents
(assuming fixed o, for simplicity)

color factors for soft gluon radiation matter:
unobserved parton
Sudakov “suppression
Cr ag Crag 1
exp [ TS n2(N) — =E& 5 In2(N) ]
T s

prompt
photons

e

o
-~

moderate enhancement, unless Xpg; large

1 (vg

qQqq — Vg exp (Cp 4+ Cp — 2CA) Inz(N)]
m

[ 1 s 2/
qg — vdq exp (CF + Ca 2(31-‘)“ ]“2(_N)]

mw

exponents positive — enhancement



some leading log exponents
(assuming fixed o, for simplicity)

color factors for soft gluon radiation matter:

unobserved parton
/ Sudakov “suppression

/

Cr as Cras 1
DIS exp ® In*(N) — ® = In?*(N)
™ T 2 |
- moderate enhancement, unless xg; large
= ‘ I s .
%, 2 » YO > P + Cp — C bIVzN
prompt ® e ° | (C* T2 A) e )]
hotons 4 i .
P 7 qag — 7q exp (CF + Ca ,lcb-) e 1u‘(N)]
= | 2 m
- ? exponents positive — enhancement
. . 2{, g\
inclusive i e observed partons /unobser‘ved
hadrons ;i‘\& -9- / 1 Qg o
= _ L gg — gg exp ‘ Ca +CA +Cpy — E(JA) T In“(N)
\ ]

expect much larger enhancement



O 4ot [PD]

280
260
240
220
200
180
160
140
120

one recent example: top-pair production

IAV’I’_T[} """"" - NNL O
L|O T ! i } i ‘l
Lo b LL g NNLL
| NLLN NLL
o
4 Fixed Order »—e—
NLO+res r—e—
NNLO+IeS vemmtmmms ||
- S LHC 8 TeV; my,, ;" 173.3 GeV; A=0

i MSTW2008 LO NLO; NNLO

Czakon, Fiedler, Mitov, Rojo 1305.3892



resummations: window to non-perturbative regime

important technical issue:

resummations are sensitive to strong coupling regime

— heed some "minimal prescription” o avoid Landau pole (where o,—c)
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

— heed some "minimal prescription” o avoid Landau pole (where o,—c)
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

suppose we keep calculating
higher and higher orders

factorial
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

suppose we keep calculating
higher and higher orders

factorial
growth

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

H * Rn
illustration:
try resumming
©.@) 0010
—_— n 0005 |-
R = Z agn!
n:O R 116
[WiTh 0= 0.1] 1S

......

minimal term
Rmin - 1/0(5

asymptotic value
of the sum:

min

— —_— § : n,
< Ru.«ym/) - g n!

n=0

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 ferm



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 ferm

= 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:

the value of p depends on the process and can sometimes be predicted






NLO calculation in a nutshell: Drell-Yan

etq->e +jet q9->2jets
et \
¢ g‘é

. . X““‘ X\/// %
at NLO we need to compute two contributions: s e/ : i
proton proton 1 proton 2
Tep=0eq®q Opp-2jets = Ogg2jets O 1 @ ga

real radiation corrections

one extra parton in final-state

‘

“~ (gs)°

Mw 4q

one-loop virtual corrections

only interference with Born
contributes at NLO

9

("\/‘H'J“h)np X v‘\/‘H'.trm-) ™~ (/: x|




NLO in a nutshell: real radiation

recall: collinear/soft kinematics

Po — 2Pp s P — (1 — 2y

b /ﬁ —» I, — 2 . I, — :1 —,-‘:)Eb

a e (120 — G- (1 =)

(" ll) _ a qu Pq(} q('TJ'f:“‘) Rugsch = Rugset3> ‘1 2
r‘ewr‘lTe In Tel"mS Of mﬂ( _/J.: ’PW PU!J " ) g(,}'ﬂr’;),p) ( -i>

0 ¢\ di |
then do( yue ~ /_\/1,“‘,,,,.:/J;(//,‘,, 0,d0, ~ do v, (“ ) ‘/ P (2)d>



NLO in a nutshell: real radiation

recall: collinear/soft kinematics

Pa — 25 s Pe — (1 — 2)pp

i {ola)| _ i Py Py M) | Ry = Rt (- 2
rewrite in terms Of ml,( )_‘/I S(PW Py tal of2)p) 7 ( x)

.\ di |
then do( .. / Yacl2 EZdE, 0,d0, ~ do_y, ()._) / ab(2) dz

since we cannot calculate with infinities we need to regularize them:
this time we choose dimensional regularization (i.e. work in d=4-2¢ dimensions)

L:%“IL"' "}'a "/(}'l ’ L‘j_—r 'L . _2(:{/’/‘“ w— E(‘f([]?u ()(1 ([()(1 2 H((l _— 2 ) e I_(

and obtain

41— ‘ :\g . (It > ,. N\ —E s \ — €
do’ o dr:r,:__.;,,., _ wb(2)27 (1 — 2) " d2

‘\' "/



NLO in a nutshell: real radiation

recall: collinear/soft kinematics

C Po — 2P 2 Pc — (1 — 2y
f'. % _'. E(z — -.Et . E,Q — \]. - -. ’Eb
o 7 = /
Qn

( l‘) _ e qu Pw ‘J(J'J’f:«ll) Rudses = Rugsetdx (-
rewrite in terms of mu( = -ty . i (5)

| N
then do( yae ~ /,\/t,m,,,,.:/v.‘;(//.‘,, 0,d0, ~ do; v, (“' ) = Pa(2)dz

2w/ 1

since we cannot calculate with infinities we need to regularize them:
this time we choose dimensional regularization (i.e. work in d=4-2¢ dimensions)

L2dL0, 0,d0, — [272°d 15, 0)72°d0, = E: 2dE,0,d0, 27 (1 — 2)~t

and obtain familiar splitting function
accompanying IR term

1_9¢ s\ dt : -
dCT" Daec ()_(.r_‘.",:_“);) ( a;,\ )z ( 1 2)" dz

/

integrals now finite

ol -



NLO in a nutshell: poles

we can now see how the singularities are regularized in d dimensions

1 "1—“)15 '1 4 (__\"S . (1{. 1_) / . —_—E 1 \ — [
Ao~ —da; (2)2 " )" dz
W& (...)ac Sk ',---,”-' (277 t]_{_,: ab\ ) ( / ¢
. dt l :
e collinear pole : . recall: such a factor is
J 1T ¢ present inP_, (and P_)

' l l
* soft pole /(/:(l —2)" (l ) —
_ ¢



NLO in a nutshell: poles

we can now see how the singularities are regularized in d dimensions

{ 1—=9¢ / 4 (__tVS b (1{. 1_) /o —E l \ — & [
10, . — ad¢ ¢ " AvA A z -z
1 yae = 9030 Lgr ) prae Pur(2)277 (1= 2) ™"
. dt l :
* collinear pole : , recall: such a factor is
J T ¢ present inP_ (and P,)

' l l
* soft pole /(/:(l:) ‘ (l ) —
, ¢

putting all fogether one obtains the following (general) structure

p !

) ) V)

I & t) i N _U \ } L

(]/T\\' | g — (._.3 + T __ /)!,'rr] T Ol\_(_ /') f/dT """,T.'-l'(_.'l:: + flthZ Tel"ms
\ \ F



NLO in a nutshell: poles

we can now see how the singularities are regularized in d dimensions

I A1=2¢ s d{. Y N a—E - \N—E€ _J..
do,~- =da; ( e Fop(z)z27" (1 —2) " dz

/

i

) dt l :
* collinear pole , recall: such a factor is

A € present in P, (and P,,)

' | |
* soft pole /(/:(l —2)" " (l ) .
‘ > ¢

putting all fogether one obtains the following (general) structure

) ; s;| . N
i —d e — p /¢ -l-" \ ) . .
daw Lg — (—, + - —_/')qq T O'\f ,') ('["-T\-‘i",t-rn:rc: + finite terms
\( v ( ( \
IR poles will cancel

in sum with virtual
corrections

heeds to be absorbed into
bare PDFs by factorization



NLO in a nutshell: virtual corrections

only one loop diagram to consider at NLO
(selfenergy on massless external lines zero in d dimensions)

obtain for amplitude:

/' dd—2¢¢ N
J C(l+pg)(L+pg+ pu)?

with some complicated Dirac structure in numerator

A

-~

UWp )Y (I + Pa+ Pu)Vaw(pu)] Vi(pw )



NLO in a nutshell: virtual corrections

only one loop diagram to consider at NLO
(selfenergy on massless external lines zero in d dimensions)

obtain for amplitude:

/' dd—2¢¢ N
J C(l+pg)(L+pg+ pu)?

with some complicated Dirac structure in numerator

A

-~

UWp )Y (I + Pa+ Pu)Vaw(pu)] Vi(pw )

inspect denominator: can shift momenta

\ ©)

(L4 pg)? (€ + pg+ pu)

* soft singularity for | ->0 : :
regularize again

» singularities for | collinear to quark lines in d dimensions



NLO in a nutshell: loop integration

can decompose Dirac structure into given set of simpler scalar integrals
(Passarino Veltman decomposition)

l

then: - — .
t< (€ + [’,1_,)“(./ + D + Pu )

2



NLO in a nutshell: loop integration

can decompose Dirac structure into given set of simpler scalar integrals
(Passarino Veltman decomposition)

1 need to combine different terms in denominator

then: — m— . with help of Feynman parameter integrals
02(€ + pg)2(L + pg + pu)? P ey ’

. : : 0xy +x9+ 23 —1)
= 2 dxq dxo dry —— ‘ —
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NLO in a nutshell: loop integration

can decompose Dirac structure into given set of simpler scalar integrals
(Passarino Veltman decomposition)

1 need fo combine different terms in denominator

then: ‘ , - with help of Feynman parameter integrals
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NLO in a nutshell: final result

once all scalar integrals are computed and put together, find:
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once all scalar integrals are computed and put together, find:
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recall:

which cancels all the IR poles in / factorized into PDFs
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and one ends up with the finite NLO result (where d->4) 4



NLO in a nutshell: final result

once all scalar integrals are computed and put together, find:
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recall:

which cancels all the IR poles in / factorized into PDFs
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and one ends up with the finite NLO result (where d->4) 4

this is one of the simplest loop calculations !
in general it is much more complicated
but the general ideas are the same

for high multiplicity final states one needs novel methods "beyond” Feynman diagrams




NNLO complexity

one can envision the contributions to a NNLO calculation by considering
all possible cuts to a 3-loop diagram:

(b) example:
(C) . ! 3 jet production in e*e’

(a) two-loop virtual correction
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QCD: the most perfect gauge theory (so far)

ssssssssssss

simple £ but rich & complex phenomenology; few parameters

uuuuuuuuuuuu
rom the bestselling author of

in principle complete up to the Planck scale
(issue: CP, axions?) WE//ABE

highly non-trivial ground state responsible

for all the structure in the visible universe ﬂF\ GwE
emergent phenomena: confinement, ﬁ

chiral symmetry breaking, hadrons MARINA LEWYGKA

asymptotic freedom
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confinement

hard scattering
cross sections
and
renormalization group

D. Leinweber

non-perturbative
structure of hadrons in'rer'play between

e.g. through lattice QCD High Energy and perturbative methods
Hadron Physics
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enjoy the other lectures |




