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SM (colliders)
(Perturbative) QCD & Jets
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Lecture 1. The Big Picture i How do we Think
About and Calculate processes at Colliders?
Parton Model + QCD
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Outline

1. Introductioni The Big Picture

DQCD - e+e- Physics and Perturbation Theory (the
mproved Parton Model);

DQCD - Hadrons in the Initial State and PDFs

2. PQCD - Hadrons and Jets in the Final State; Jets
at Work
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ke Concepts/Vocabulary*

A Matter i quarks & leptons, quark model of states and resonances

A Parton Model i parton distribution functions (p d ), fragmentation
functions

A Symmetries i global and local T
SU(3) of QCD (local, unbroken),
U(1) of E&M (local unbroken),
SU(2),. of Weak (local, broken),
SU(2) (to SU(6)) of Flavor (global, approximate)

A Interactions i mediated by gauge bosons (local symmetry)
Strong T gluons (massless)
Electromagnetic T photons (massless)
Weaki Z° W+, W- (massive)

* Ofcourse,in2hour s we won o teveryehing T actually vearly nothing in detail!
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4.4 Concepts/Vocabulary II

A Quantum Field Theories i local non-Abelian gauge symmetries,
UV singularities, running couplings
UV freedom & IR slavery, perturbative expansions,
IR & collinear singularities,
renormalization (scale and scheme, e.g., MSbar),
factorization (scale),
power corrections, log resummation

A Experimental quantities i exclusive cross sections, inclusive cross
sections, IR safe gquantities, jets

A Experimental processes i e+e-- hadrons, e(n)p- e+hadrons,
pp- hadrons (jets), pp- g+X, pp- mrm+X,
pp- B(eyond the)SM
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(Incomplete) References:

(16l'l focus on concepts/imag w

A AThe Pi nikQCBanod ®obider Physics, R.K. Ellis, W.J.
Stirling and B.R. Webber (Cambridge University Press, 1996)

A My TSI 2006 lectures -
http://www.phys.washington.edu/users/ellis/T S1%20July%%2006.htm

A The fAPrimer for LHC Physicso by
Stirling, arXiv:hep-ph/0611148v1;

A Lectures by George Sterman, et al. i (for more references in formal
details) arXiv:hep-ph/0412013vl, arXiv:hep-ph/0409313vl.

A QCD Summary on the Web at the Particle Data Group site:
http://pdqg.lbl.qov/2005/reviews/gcdrpp.pdf

A The CTEQ Handbook in Rev. Mod. Phys. Volume 67, Number 1,
January 1995, (pp. 157-248) and on the Web:
http://www.phys.psu.edu/~cteq/#Handbook
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Simple Initial PictureT The Naive Parton Model
(~1970, BSM = Before the SM)

| magi ne a At heoryo of hadrons composed
(massless) gluons which

A Interact via scale invariant, perturbative (weak) interactions dominated by
exchanges with momenta k Om ~ 1 GeV (typical hadron mass scale)

A Are never seen as isolated states
A Interact with Electro-weak currents in expected way (quark model charges)

A Inside (relativistic) hadrons are described by (scale invariant) parton distribution
functions: q(x) = F,(x)= probability to find quark (of flavor q) with (collinear)
momentum fraction x in hadron (and little transverse momentum)

Y PDF

A When isolated in phase space, fragment into hadrons as described by (scale
invariant) fragmentation functions: Dy ,(z) = probability to find hadron in

(collinear) debris of quark with momentum fraction z
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Parton Model 1

partons are the building blocks of hadrons and
play a role in the dynamics (evenifwed i dn ot
understand it!).

ot 3

Consider the inclusive deeply k' R
inelastic scattering of k & Q
electrons from protons 1 DIS,

(i.e., SLAC). e q
p
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%44 Recall the EXclusive case: ep Y ep

General EM vertex (see HW) symmetries Y 2

functions k
k=p0S anomal ous magnet it q momen

\

m : — .\ A m m k ? !
J7m= -|eu( p)gﬁ(qz)g HS q2mp Fz(cf)EL( 9 p p
NP - o’ g, 1
= det( p)g G( d - d) g" i8"g— )
g gl mp{/ o dly b r—o
am’
Electric Form Factor Magnetic Form Factor

Form Factors i The harder you hit a proton, the more likely it is to fall
apart F(0)=1G.(0 <G, % A+

A (o). (F)mepres © (/¢ -d))
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i Now the INclusive case: epY e X

In the proton rest frame (Lab) the
kinematics look like:

=Bk { £~ e

I5E:
- %_..&_

n:p?(pm {E Ei)
P Q? ¥ =q° 2p © p+
X = = =2nm, Q
2mm,  2m,(E- B) = 2m (ﬁx) o
_a%p , Ei g (w -
e it Q(w 1)

A new degree of freedom, x (My or 7), but still two (dimensionful)
functions (allowed by symmetries) describing the scattering (xY 1 =
elastic) (See the HW)
ds

dEidW,

ermzq/W /7 Q2 +c0$ /V\g nQ2

ep- ep 4E25|n4q/ éa 9
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42 Y 2new dimensionless functions (see the

HW) in Relativistic Notation
R(x @) mw(n, G), B xQ) *my Q)

Jo =10%a ) gx@) Y [R(xQ) 2 x3)

= Y absorption of transversely polarized photons

F,i 2x F; Y longitudinally polarized photons (in the high energy limit)

Recall: for an elementary fermion (requiring (p+4q)" =p?),
electric charge e;

ds 4”‘3@14(1 y) E’—d(llx)

dde2
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cgl Scaling, the bj limit

”“‘ALlern a:x fixed ('t
hadronic scale (the hadronic phys

expect F(xQ)- F(x+0(n?/ @) - H ¥, ie. scaling.

1.1
NI IR L N B

b Oloev’] Plot versus X for

il * Lo - different Q2, n

BHE n 3.0 _

L &+ 40 .

T e 5.0 - . .
o sl . B0 ] Not falling off rapidly
A « 110 with Q? like form
= ¥ ¢ 875

4 % e . Cooie - factors

3 T . - + 230 ]

N F- . = 8O0 - _

20 S% s 1000 - The proton is not

o | | | T filled with mush!

r]O 1 2 3 A ) 5 6 f 3 g

A Interpretation i the proton is composed of essentially free, point-
like charged partons = quarks (?) with x as the fraction of the
protonds moment <carr i e-dvhabcpuldtbdh e s C

: |
simpler! S.D. Elis PiTP 2007 Lecture 1 11



g ; Sum of individual (incoherent) quark (parton)

contributions (the parton model)

F%()%J):Zxﬁ(é)&) zé)éjd( % '1‘-()

Xg = the momentum fraction carried by the quark, p(;n: X pY Xoj = Q/2rm

<)

T
,FC

=
15

For the proton we have

R(0)=26R(0) B €50

=

o/ p(X) 1 q( X) Y distribution of quarks within the proton.

2xF,(x) = F,(X) Y Callan-Gross relation (spin %).

Experimentally (approximately) true - evidence that partons are quarks (or
at least fermions).
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% Flavors: SUB)Y hadrons in 80s,
Define distributions for each flavor, with valence quarks and a flavor
neutral sea: Valence
= .— | quarks
nOceano
quarks
So that

with (experimentally correct)
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