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I. The Parton Model and Deeply Inelastic Scattering
II. From the Parton Model to QCD

III. Factorization and Evolution
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e ‘Historic: 7 as NN bound state
_ _ 1,
7t =(pn), =« =(pn), WO:7—§(PP+7W)

— Fermi & Yang 1952

— Nambu & Jona-Lasinio (1960) (dynamics)
e ‘Modern™: 7. N common substructure: quarks

— Gell Mann, Zweig 1964

e spin S =1/2,
isospin doublet (u.d) & singlet (s)
with appoximately equal masses (s heavier);

u(Q = 2¢/3. I3 = 1/2)

d(Q=—e/3.1, = —1/2)

S (Q = ——6/3,[3 = O)
o 1

7 = (ud) , W_Z(ﬂd)., T
p=(uud), n=(udd), K= (us)...

e Requirement for /NV:
symmetric spin/isospin wave function (!)

o /l_p//in = -3/2 (good to %)

e and now. six: 3 ‘light” (wu.d. s). 3 ‘heavy’: (¢, b, 1)
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Two portraits of modern parton distributions

e CTEQG6 as seen at moderate momentum transfer:
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e Fragmentation picture suggests hadrons aligned along

parton direction = Jets
e And that’s what happens; DIS:

..  Run 221734 Event 6105 Class: 26

Date 12/10/1998

...just from the HOTLINE

Q**2=21475 y=0.556 M =198




® (DV‘Q“"%M (D”'ep“ow\ Cvoss
Secrtion aun e Parton Model

P+ \3' —> /A,*/UC(‘-"M\ ""‘X

o = + Q?_
E’f"c';/&*}k’ 2 co v ¥* o 2 5 AV Proma W

PM p\‘m"“uf‘&

PH 'F-o(‘\hhuia\

g | A
- f dx d %' qé@/P(x) d oo 3'0()

d R e P q‘q o dar /F/
(2
L“WOL b \ - <9~'
a@t(xx's Bs 80~ e )
(\c,.\-er‘)

- A o
The bhasies *Hee colavlakieun
e 11 \44'\‘ 1 ? p “ (._‘_\e C. s‘x‘( Ve s e

12



54

IL Fromi Thke Yoarton Mode )
o QD

\. C/o‘(s-/\ o el &QD
L. Fela /“'uu:o\cj € ssevnaln

3. —J:wgvoo-ggat Sc.ére_(ﬂi

~ . S\J\MM&‘\‘j



12 Colow ama QCD ]
& Enter e GGluow

I ¢q,?C>O = prop. gow 9 Lo -l
mowewk v )‘P

| ‘ |
Thewn Fq = z"'_, go dx x ng/P(x')

= Yotal Lractionol womentvna
Coctred \03 quxrkS

PP T — T I o

E-;cPe,n\me,uti \ F:a\ o OTS—I\

&Iz"»—*—,’ T TR RS ERT R

|
s«:m&\"‘l\-\\ﬂ-ﬁ_

else

What else? Quanbo of Povece ’C\é_\dz
Haiot Weldr N '\"oae:\—b\luu

(Cr\uo—uu: )

Bot wher o P('\.n??



® .Quc\fk wodel Pv\o\a \ewe

Q¢ = Vo = feewmiron
~ mvth‘j wmetnic. woave
‘?‘u&\¢+\6mﬁ
Cbut)
(uw Y  Thrare S.\S!mme_'\“r‘;c, " SP(V\/)SQSY:)\:
<X E_Co_\’ lowest- l\j \wc( Q(?MQ;A 3;2413
‘e be S\w\me.\:rfc. |
soher C:S ~H«_¢w PR .S‘wav\ E_’(‘bc\.s?

. Sc\u\r\"om LRoanw Noowmbu \c[!e({)

Coler
c‘ ; A = \>2-,3 ogv\e(u- G\u&w\’um
A
b 4 v number

Nouu— Coam \'\aUe
b
¢ Cw,w,d) = €EUw (Wi, g, d)
7, |

‘\cve_s e

M*:SUMM%



;-Q &wM\'owL. Q,Lu‘ovu\o Cl‘:SV\dJ\M{LSZ
Ainmmi¢8 of Colow

Schema tic *“e-nf‘ﬁse\A'\'oc{‘lou,'.
o %\Obe W\ ¥ noe Noern ol

Pos.v\"low eorn i j Fgrg\obe

vnehservable (& &,\\w °f:u"fi Fiow
|

ﬁvee&om o LRMSQ ‘ores’ a+t
A fecent )(ﬂ“:
\om\ votation & ewmisson o‘€
» i\uow

S=1.
. YM3 Ml\s 1954

QReD (S\vows covpled I}o colow)

* Fritzsch, Gell Mawnn L(V\'\‘W\j‘(f‘

¢ V\JQLVL\D&C‘G, \
* Gross ,\Wilezek 173



2.518L0 TneoRY ESIENTIALS

o Fields aue L e o Dems:
Qo(‘ QQLD | 3 ca’e— ‘-L,

'ALP;L’Q . C\\;cur‘m. ;\?'1€;L<LS. Dirac Qerm/v\\'crm.
Qike electren) . Ceotloe teipled

<
o x| .
& nd I, b)%_

A(*\‘. Gleen \:\e[c)_. Ve cver
(\\K—L p\mc'\.“cv\\z . C,O ‘.CY‘ QQ’L€+

R (&, w5 '—"?’E& (I 3, ~ %"‘:*ﬂvﬁ”"“& )%y
L o o L 8
¢ ( a/wl)*v - 3,, A/u.- ~3C&\3QA¢~A:)
tbou‘b\o(] = LCodc)c_*:c.

e Schew cd’;c, Per\-. T\m&sﬁi Roles
L = ¥ D»‘["lwé“-}’ —
) 2
- “QLQFA,—DVAJNX P ava 4
-9 G A X /S\

a -~ ' MP ve :
NS PR y SO S

19 4 ave M ad€



o Mron chswow\cxlwv\ +s Cmoss geaﬁvws:

Aot luan

Flelds qacaém%‘.mbs jmme..\'rh(m

|

Pord . Thao. Roles

N/
Ep_;v\orrv\u— JGPW F\Jnc(‘vw
luzo.hb——u J,
}; g - M arex !
)

1
!
I
: L !
\,‘ ‘ «\

C vonn See,ho-ww ObSC"Vcdﬁs'é-»:?

——— T T T I

T T T el

23



'Y (.LV D(wa <Tow ovef

T(I\JL—- RQ-N\D"‘ MC’»‘\ZK‘S{O’V‘-" G‘POUP)

As om exan P\e:

Uaz |
= d mur,2
OC¢‘( Z((z,‘ié\"qu- Z&’l?s"('
v dwc'rW
3

4l \ L
Y (2"\'>4 Chwm D L v, * ?1—\?‘5"-’ VAT
be
. ‘* "
st
S e

. K )

Tw’t‘ev V.r\..\./\'};h?) YW - SA-CL\" es o‘e ‘/\ﬁsk TYAONA

Foct" L
>O< = > QD<.’ -

= . ol
£ = Z Arwm N ) . 3
= < S ( — - ~7
=% o e a F}‘I —> X" i

. T
— e'c’ulUm\QNJ(' o

AT o “NYoecat’
‘n '\'ev‘d’\.&"’\OPV\,

Un cev ka,wxhi

24



@ lllustrodkon we &%

[ ]
2 caunrecterms
> ™
5 %/ |
X + )\“\\ + 2 wmerne

= WV 5’\\\\*’2

(No%e! ot 9(')\) no 2 ' clev)mw
e Se\#-%ua»&'}
13< — ¥y

Com  choora $< >< O mEWpng.y

So towncembroke on >(\/
Whot v & gouwﬂ 4o \VQ?

x5



a ‘Qe_\l\own/\ax\ '\ 2ZaX(own SQ/(I\.QMQS

Choose couw)td_&*’.ﬁfu\/\u | Ao 4’(1\“

com bwmiafo w
) t 4 ) g ! q ). ‘>\ 3
r.—)><>< ~ -+ + >< = fimre
2 N 2 |
2 “¢

) 2 3 3|
hows € tor ekamp\e:

deFome i+ 24+3 by Qu-\—%-w\c., off
Ca‘k. ok W*= AZ (rec)ulqmzm\*con)
%\_aM

A
V + 2« 3 = a,QM,LS\.. + b

Cao,b Rt Bon. of 5,8,00,m%)
nour choore
= 2.
‘-‘ ST CL./(N\, L )

/(A.?"
So M
'*Z#&*‘{'&"?&QM%L+b

Cotrereon ‘p'a“' C('.\OOSMSP;S o " remo '\W‘ﬂ’vb‘ﬁ&k’\oﬂ«,
'S adoane ™
MOM schaa 3 /u. S, s Sowt ?OUWQT
| W vnd i, Spaed
MS SMamad T Sawme .ém MSW’

¢



1?70"' '\"eu-Vc;,Q.ML cr'g /UL s S“r;\\ aP\O\Warj
M = ve,wormuhéah.éw Scalo

“w

“Mocdern view (i lson )

¢CountertermsS Wide ouve \gqnovamacr
of Veey Wwegh-& (B ¥ ) F\«js\g&‘

-\le.vj mosswe (M3 n) chr‘r\'c,\e/;
“decovple” at (E<¢ M)

c Cut-o of D4 V‘zﬁu\cxh.l‘ztc(
‘b\n.e.ooJ ‘e am efleckive ~l—\:\eood
wo L4 ‘-(fke Sawme \ocus 'e,wgcn-j
behavioer as Yhe teove ‘H\eooi

(r SUEY, Tholng )
~

3

,,Uv-—aie.f) emdoune s Mie pw\;e P.on
wof‘mij wi it am elffe i e Marj
Bot + has \{s &AUM’?«;GAM f0o...

dba



o Tl Romotwmal v zatiow Ca—(‘\ou()
As/u. Q/‘/\.OLMa/C/)) waet wa el
C.OQ,P\\;VLC) | 94 Q_,‘/\M%,Z, . vaaae .

YW I \/\/\e/.g_) %’ = C;) C/L,\\ A vene N lr\/\k_/LC,(‘%ﬁQ\
but...

‘e

?W\‘chg Q_‘UOU\A.\‘;"C‘Q/) Cam ' dﬁﬁ)%d\

" .
av- M- rnvaviamts

, t,; w.E \ .
~ Doy T, qem = C
- 2 —— o S -, ) A ) \ﬁ
Q L M)

AN
-l

Tha Sqroop " & e seb of all
c,b\ow\a,u A

v ¢
G- Ec\ucxhc)v\ L) = - o
(leb wasTe))




® The " RUV\Y\:V\.% N C_oup\\',v\_,cl

C/O Wae \.\ Q/QL (. CM 4‘\§.L‘ (\/\}\_J =& 3 (0 = \'

EE———

o d Bk, ‘
d{(/‘id"é - - %L/-‘*"'\.

M O L 09 (O
w YT
\
o = 6;'(/,.\6"(‘ A e‘\u%\\_d’ (%\
+
(1\/(/‘*}_.:‘%.‘1*"
2"

/5(3\ = _CA_, ._Csz N 9(5‘3
- g
ﬁ(@\ = ?Bg-nz-ﬂ‘ . 8(35)
T RcD -

AL = 2 clec~—enrl s ax vk L

AAs



® A-;sgaw\,VQ-ch Freedowm

. . )'
\v R P‘bv\ QD runnn Qo“up u/\c]
Selvfon T (= effleckve )

(e pwormai\z<¢L>

(= %9»05
da T A dpr o Qb
Ao T Ve &
t
Bos Lae e
__.-——-\ N = ._/?.L« A AL
TN TN e
%7-(/&,\ <ﬁ| <°v3
a T,y = Ny
2y M= ) — /‘?T,‘_E}’-% (/A)\Zt‘
> 0 U AsynEtebc
- ~» o0 Lree de c.\
Zem\
A _ CA /“'\t 2
ARkl | — £ 20y Az



VAN

o Rep MO.)W\SL»'\‘e,ﬂ.l 20\_&‘\6’-’\«» QcO

P D ) T
Etfecrne. ce u.—(vzl”uﬂ.c\ = rerovuraal e 3

N

Ce u;ﬁ{,? \ WAL -
§ )

5
v\? /JL‘ e VIS {/L i\ (/b( V\' o Y UU;(,{LA,X),&N\ cLQf\/\f.'

2 dafla R VERYTIR

SN E ou e
(AA cLoKLLM deD> of A,
. U | >
—Y  UAE L= M-L?‘/uu)@ %f@ W AAL 4—1) '

S"W velw. Y parton model
Jen , ok shot durkomaeens
Rutr Wouw Yo G‘UMN% -\/{'\.&ac}‘aserve&hm




3. INFRARED SAFETVY

ﬁwoudLCL \)JfLJ. ) (_km/uu

\om.% ONA PM\\:\& wa
Qc_x.\c,u\cxl‘\m — Swmat éL,uB

~-Bot wousr \OJ‘(CZ(_ ua ?css\b\e_7

Py Tu) rz):aul Secwvioabrie el

S8y . &% ms wm, al
(/—b1'7;—u,—;' /uza}‘jﬁé)~—v>39’l)s

— QF ‘_P;'L,,.A?" e L Zn
Z -G AR )

—\a. u%—wd A Ve amA A
?L - S\M&JUL exbrewald wassaga
J_-nXUXNt e'uw-da_ VA BLoA

w\5= é\uak YA 044 (’\‘)

The X o AQ»XLQJ:\C,LQMZ«\S \OS&NM

onw ol Ccahrods
bot see &S, Pwvpt Rav Dig, 279713078,

 Poc deboiled dancussion’ also
Col(w,fup.u St w p@c.\‘: ed( A.Moeller

T¢ choose m=-@;? World 8- (147
2
et Loneon of Yo, & N "OL(}

S—

1. > G‘j"
bot allrans ™Ms w > P.

3L Reiims pent A3 @R .
L IS PeENT € v P O | AMiA é‘g'eybl'tc\l C



6 The Way Oul

32

ook ‘pov Cluo.M.kl.i‘l\‘e/l V_\'\'GQJ—V)'QAAM
o .

OP PL:L) M\-}«lo ms

TRNERARED SAFE QUANT 1T eSS
RS>

RC)’ EG*V\ ‘Pov\ \RS S

YA
6’(%\,‘;\\(;5 cagny = 6 (1 ¥y 4 (RSY)

L)
- n 2
L E\,\ eL (ng\ 0(5 (Q, D
=\ _ 2.

i

-

“\ '¥-§, Y‘:\_{g\i{’ y\uk‘%g/\ c Q C\,Y) P )' C(kk‘}(‘k uho
- POCT am v e e N Ao Fa ke
C(L ) \26 C‘& C&\j\,'\f\\_\\f ) -

RS > wowmamta . B wWasasin
“shovt s bramet "

Measoﬂc 6~ > SoLVE FoR 45(@‘3
Allowss obscrvaghowcrp ruunmj

LouP(V‘"a



The a; lineup

Given f’s (or other NP input where necessary), compare &(a;) to

experiment

Juty 1998
DIS {[pol. stect. fotn. ] ——t
DIS (Bj-SR] —lo—
DIS [GLS-SR) ——it
0.5 uly 1994 1-decays (LEP) o
8 !
Theory | O 2 F;, F3 [v -DIS) —0—
Q) N — - : F, [u-DIS] —o—
+¢” Annihilation o e
0.4 | Hadom Goflisions . ] F,{HERA] ———
Heavy Quatkpoia JE :J ev. shapes [HERA] —a
~ — QQ + lattice QCD -0l
( A oMz Y decays ._qls__.
300 MeV --- 6.125 :
0.3 XD ) oty — 0419 €€ (Opad] —
003 | 155 ppev —- eﬂﬂ e*e” [ev. shapes 22 GeV) ——0—
e ete™ [Ohadl —O0—
e*e” [ev. shapes 35 GeV) O
ete [ev. shapes 44 GeV) -
0.2} et e~ [cv. shapes 58 GeV) »-;_o—.
Pp bbX .
pp.pp Y X —O——
o(pp Jets) —io—
0.1y (20 had.) (LEP) ro—
Z0%v. shapés —O—
’O i 00 ev. shapes 133 GeV (LEP]  —)—
1 1 Q [GCV] ¢v. shapes 161 GeV [LEP] —0—4~
ev. shapes 172 GeV (LEP}——o—~
cv. shapes 183 GeV [LEP) 10—
(Bethke 395 008 010 012 014
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e ete~ — hadrons at zeroth order in ay:
just ete™ — quark + antiquarks

e- q 2
I 0?—>>m<_
or 2 7

e Total cross section:

0
O-t(ozal = Neolors 3@2 7
e Nice test of Neojors = 3

e But does it really make sense? Yes because ototal
is IR Safe

e ¢te~ — hadrons at first order in ay:
How does it work?



2R L

e The diagrams

| o
|
é

e Three-particle final state: proportional to the integral

@2m) [*Pdkk [ df sind
Q-(1-wk  QU+u)
k2(1 — u)? (Q — 2k)(1 — u)

X

0 = 0pk, u = cosl

e Collinear u — 0; infrared (soft gluon) k — 0

I~ (2m) b5 G 2@+ 4k]



Dimensional regualrization in a nutshell
e (2m): (p1, k) azimuthal integration

e Interpret: (2m) k dk — volume of ring

e volume of ring < volume of “sphere” in two dimensions

e Reinterpret

(27) ksin @ — g (k sin 6)°

e where d is ANY complex number

AND Qis DEFINED BY
Q" = the area of sphere in d + 1 dimensions.

e For d > 1, I becomes finite:

Qu SR %00 2@+ ak)

(d—1)

e Defines a new theory: Dimensionally-regulated QCD
e And d =1 is real QCD

e Often define e =2 — D/2 = (1 —d)/2
(or=4—-D=1-4d).

e Do IIR, find 1/62



e How it works:

The UNIQUE solution for €2, is:

9 (d+1)/2
I'(3(d+1))

I (34)
A

9y

e Checkd =2,3,4
e For any integral over virtual or real momenta

o a similar “continuation” in dimension
can always be found

o Sometimes d =1, sometimesd =2, =4 ...
o Works as both UV and IR regulator

e BUT ONLY IR SAFE QUANTITIES CAN BE
FEVALUATED AT e =0, WHERE THEY RETURN

TO THE ‘REAL’ THEORY



e ee~ — hadrons at zeroth order in a:
just ete™ — quark + antiquarks

e- 712
' &F —>>\/\.< ~
o+ Z,Y q
e Total cross section:
(0) 47TCV%W 2
Ototal = IV, CO]OTS—3—QT ? Qf

e Nice test of Negjors = 3

e But does it really make sense? Yes because oiota)

is IR Safe

e ete” — hadrons at first order in ag:
How does it work?
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