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from hadron
spectroscopy

Essential to have a detailed knowledge of proton
structure to extract physics from LHC experiments

N

A high energy
e beam is a
suitable probe
of structure




electron-proton scattering

guark acts as If free,
yet never seen ?

electron q big puzzle ~1970
A QCD
proton quark
virtual photom,& Q* = —¢ A= 1/Q

(real particle: p? = E2—p% = M? )
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Structure of the Proton

Hit 1t hard with Aphotono probe
. 1. e-nucleus scatt. -- scaling
--scaling violation A substructure
A n,p i
S
. 2. e-proton scatt. -- scaling §
-- scaling violation A substructure @
A quarks é
3. e-quark scatt. -- scaling \/
-- scaling violation A substructure
A no evidence, just more
and more QCD scal. violat"s

First, a brief sketch of this interesting story
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e-nucleus scatt.
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Replay :

A

e - proton scatt.

q
. P
elastic eq scatt. proton
quark
(scales)
< Fermj] mom.~ :
elastic
ep scatt.
2
» X = 2~
1 1 2pq
3

Bjorken scaling
variable



Replay :

e - proton scatt.

quark

QZ

2p.q

Bjorken scaling

q
A , P
elastic eq scatt. proton
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< Fermi mom.— :
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ep scatt.
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1 1
R
Increase Q further
Another replay ? (
quark
peak at x = llz ? preon ?

variable

No evidence of
q substructure




Instead of é@f‘
finding q -0—5@;\- (compare & )

substructure find QCD QED
q

eg.

q } sea P sP

q J quarks proton EPtq

>
q
Ep+q? = mi ~ 0

Consequence
as Q increases, more and 2%p-qg—Q? ~ 0
more partons are involved. Q?
Each parton, on average, E = =z

must have smaller x. 2p-q



2 [ ]
As Q7 increases, each parton has, on average, smaller x

F, (x,Q%)
higher Q
T

lower Q* scaling part o Plog —
| (fn of x only) “2

QCD scaling
violations (x,Q2 )

» X

Famous experimentalist said to Wilczek :
You expect us to measure logarithms ! ?
Not in your lifetime, young man !




Proton structure function F,
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czeko
log Q2 scaling
violations
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Quark Parton Model

Baric idea: W Mmoo-mm"‘j‘w ¥*p nbemckion ak & con he
W%chk ncoheront” Scakk., j'rmttpt,t&zcyu»(kswa;/zr Shott time
scwle ANQ2 Ahoton Sezs stale of non-nterckng quaks.  Hadronizaion. cccurs

g 4 /onshdl O= (§F+a, 2,“” Q% .[v==x """3"’@—
3%‘ ; A2,
p d:cd&" ) 2 j 5§59 deder

S
5 2 g § iy g [ | A 0t 4 6y

¢MM}¢QW dxad &%

d%e¥ b
teell L, o X [nbyP] 5 K@D

A (1 Y)2 so |EV k@)= :xZe £ G
J‘we z(
e f $heo 4= R T E(ed)

e,q same hel. e,q opposite hel. w, the €9 req, cm. frame




> 0Z

P\
Fi, Fo F3
\

epA n. X
or

n.pA mX




", et nuA md
p p"" X : X nd A mu

fNC _ep»eX CC: :JP->’/‘-X/

F; (ep) = g e; x q(z) R(vp) = xc(u+d+..)

F):(eP) = X (%M +-5u +§°{+§Z+...) E(pF) = oc(u+d4 ¢ +§>

Rlen) = x(3d+5d +gutsiit.) | Rbn)= x(d+@+c+3)

FleN) = 2 x(urn+d+d+...) EWN) = x(utii+d+d
hax tmx,,m / +2¢+25)

E(eN) o ’% Fz(”N)J JEdx =mom. canied «% MS



F, (x) /nucleon

1.5r 10 < Q%< 20 GeV?
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historical plot ~ 1970
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Only about 50% ™ochrrieg by guar&sn 0 s
First (indirect) evidence of gluon component of proton
Quarks not free! Interact? Need to improve QPM. How?
Need theory of quark & gluon interactions.
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The introduction of SU(3)qour
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Quarks have 3 colour charges
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QED >NV\M
QRCD X

VERY
INTERESTING



QED coupling a = e?4/4p Observable
QCD coupling a.=g%/4p R=c,+cat+tca’+ €.

Coupling constant renormalization

Consider a dimensionless QCD observable R

Naive prediction for energies Q >>m; RA const. indep. of Q
( F,(x,Q?) is a dimensionless observable !)

Not true in renormalizable field theory like QCD (or QED)

Scale enters when calculate R =S, c.,a.," since encounter
Feynman loop diagrams which diverge logarithmically.

Need to renormalize (reparametrize) the theory
A introduces a renormalization scale m

A R(log(Q?/n¥), ay(nt))



Running
coupling

QED

s gk 0w jO0

Ak W&z
(@) - %{H % top S+ (52 1 5) 4]

4 9_‘o Q*
" 3n g
Loops each give infinite contribution
M = cutoff on loop momentum

To eliminate dep on I\/I mtroduce renormalization scale m

KN A 4 sublract

&) Z“B (7%
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Infinities removed at price of ren. scale m

QED predicts running of a(Q?), expt. determines the absolute value
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QED continued

QCD continued
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Return to DIS we Joft RPM ak
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Upper limit k:2=Q%: k; Iimite‘z/ by g mom. transfer Q

k:?A 0: long range part of strong int". Not calculable in pert. thy.
Introduce artificial regulator m. Proceed as for renorm" of a
Essentially transfer non-pert. part to quark distrib".

Note there is another infrared singularity as zA 1 in P(z).
Cancelled by the virtual diagrams (see later)






