% 41 ¥ 3

- Ol 1
SF)9 = Tg o 4z(1 — z) [TRZE}

g T —¢€) (4np? E[_l_ z ]% Qs _ ) —
053" = F(1—2¢) \ Q2 c 1097 | 5y P+ Tk 5 [B2(1—2) —1]
qu(z) = TR[Z2 + (1 - 2)2]

1 1

1
luon-spin average: — — —
? P 9 T2 T 209

DIS structure function:

Po(z,Q*) =22 ) €2 {[a0+ q0] ® FJ* + go ® F}’}
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with the convolution:
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The remaining collinear singularities are removed by the renormalization of the parton densities.



Renormalization of the parton densities [mass factorization]:

qo(x) = Fye ® q(z, p7) + Fyg @ g(, )
Fij(z) = 6;;6(1 — x) -|- - { 17{1-c) (4M ) Pij(z) — fij(x)}

(1 —2e¢)
purp = factorization scale of the parton densities
dqo(x) o dq(z, p7,)
s = 0= " [Pu®a(w,47) + Py ® (o, 1) | + pi—— 5= +0(a3)
i 27 o,

= q(x,u%) is solution of the Alterelli—Parisi equations at LO.

Result:
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PHYSICAL INTERPRETATION:
1.) natural factorization scale: uz = Q>
2.) factorization scheme:
(i) MS scheme: f%_s(z) =0
(i) DIS scheme: Fs(z, Q?) = zxzeg a2, @) + 3z, Q)]

q
= AR=0 [12=Q?

= far' (2) :CF{—11+Z2 1092+ (1 + 2%) <M>+_g< 1 )+

—z 1—=2 1—=2

=

w| 3,

+3+ 2z — (g—l—

FPI8(2) = Th {[22 + (1 - 2)?]log ? F82(1—2)— 1}

DIS known up to N3LO [« factorization works]



FACTORIZATION THEOREM OF QCD

Partonic cross sections develop collinear divergencies in the ha-
dronic initial (final) state that factorize universally [process-
independent] from the hard scattering process and can be ab-
sorbed in the renormalized parton densities of the initial state
(and fragmentation functions of the final state). These renorma-
lized parton densities (fragmentation functions) are solutions of
the DGLAP equations.




38. Drell=Yan Processes

Production of elw. int. '(’,«
particles in hadron coll.
pp— pTuT + X h=
pp— WE Z+ X

dﬁqq = Z/ d q(w)q —I—q(w)Q( ﬂ

dLad
a=/ dr g o(rs)
o - dr

do A2 dLad
4 _ 2
M““dM2 AL q “aTqr

2
_ Muu

Ty =

S

T “luminosity of ¢,q in hadron beams”




QCD corrections:

9
5 e
= : [known at NNLO]
o if 7 —w*a it
o T Ldr q Os
M‘f“dzc\zz = 43Nc K /T d7 {%:egdé [5(1 —a (MR)qu(z)]
dL99 as(p3) T
Pt o) [ -7
27; 2 log(1 — z)
Du(2) = ~Pu()log 412 + s {2 -2l -2+ 20+ (25 )+} ~ ()
225
Dyy(z) = —% w9 (2) 109 2 ?f_ 2 + %(1 + 62 —72°%) — f,(2)
il —/ e q(a: up)g< >MF> + g(z, up)q< upﬂ

In compl analogy the foll. processes can be treated due to the fact. theorem:
pip2 = WE Z+ X pip2 — W+ X pip2 —+nj + X



9. eTe~ — hadrons: total cxn

parton picture: ¢ 9 5
47TC¥ N 2
on — e
G“’ 0 3s “q
o

]
real corr. ¢ q e ]
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Te~ — had
R-value = ofeTe ad) :  Rp= 3263 [known at N*LO]
olete — utu-) -

R = Ry 1+%+ch(%>n for MS @ u2 = s
7T

v
n>2

=2~ 11¢(3) - (% - %g(s)) Ny~ 1.986 — 0.115Np:
87029 1103 275
€3 = 588 T2 ¢(3) + ?C(5) _ (Z eq)2
7847 262 25 3y e2
(e~ 2@+ T N 2.
151 19 ,
” (162 - 27“3)) N MQ:\
1 , 55 5
5033 - 2N 41 (35 - 26(3))

~ —6.637 — 1.200Nr — 0.005N2 — 1.240n

high precision determination of as(Mg)g = 0.122 4+ 0.003



310. Jets in QCD

asympt. freedom: In the femto-universe d S 10~1° cm strongly interacting processes
proceed as one quantum processes on the level of quarks and gluons.

[— analogous to e and v in QED]

Jet hypothesis: Parton configurations built up in the femto-universe transform at
large distances d < 10713 cm into bundles of hadrons with limited

transverse momentum p; < 500 MeV = jets

= jet analyses: tests of QCD in femto-universe
jet structure: determined by (non-)perturbative QCD

(a) 0" order QCD: ete™ — qq

jet 2

jet 1
e q ® energy flux tube: spont. gq
v - production = break up of Z
X (i § @ T flux tube with small p; =

“SPEAR'" -Jets




(b) gluon jets in eTe™ annihilation:

9 % ‘f- el % q’
acceleration of color charge

= radiation of gluonic gauge
§ + X quanta [~ ~ radiation off ac-
celerated charges]

C’f e gf e
g Kinematics: i
. Ly =
qq J5/2
with 4 + 7z + 24 = 2
0<z; <1 Dalitz plot

Tgtrg=2—x42>1

pole for (¢+ ¢g)* = (Q — 3)° = Q° — 2Q7 = Q*(1 — x7)
@+ 9)* =Q°(1 — zy) [Q =et + e =1/5(1;0)]

1 do 2 oy 2 —|—a:2 xg—>1:.g H q coll. conf.
=3 - Yo zz—~1:9llq
oggdrqdry 3 m (1 —x4)(1 —x5) Tg 0z — 1 2y — O infrared

Exp. development: Increase of energy =
e jets become broader
e Clear 3-jet events: PETRA-jets < visible QCD gauge
quanta
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Fig. 1LIZ A three-jet event observed by the JADE detector at PETRA.

Fig. 2% A two-jeb cvents as observed at W = 35 GeV in the TASSO detector.



e measurement of gluon spin:

1

(1 —2y)(1 —x3)
22

sg =1=p1 ~ div. for z4 — 0; x4, 27 — 1

sg =0 = po ~ finite for z, —+ 0O

(1 —2¢)(1 —x5)

e measurement of gluon color: 4-jet events:
X = Z(F12, E34) :

(1 —2z422)2
T 2(1—2)

q \

By

= \\Sg;‘ &
K I o
SU3 : 0° vs. U7 : 90°

e jet multiplicity: f.(y) = fraction of events with n jets in final state:

dofaly) =1 y = max. jet mass: M7, < ys

Qs " Qg J
Jnt2(y) = <%> ZCn](y) (Z) = measurement of a
j=0

gg + 2(1 — z) cos 2y

{7 = %[ZQ (1 - 2)? - 2(1 - =) cos2y

g i

Ex.: 2- and 3-jet distributions:

fa= / dpidp, 2 % T1E 5
(pi+pj)2>ys 3w (1 - xl)(l - 55'2)
2 Qg Yy 2 Yy 5 o > ] ( Y > 7.(.2
- = — 3—-6 lo pale) - — _6y— = 47, T
3 [( y) 975, TR0 T+ 5 -6y—gv +4liz( 17— ) -3

n

, " d T
fo=1-fs  Li@=-[ “log(1—y) =) = for|z| <1
o Y n



Fig. 7.25

The cosB distribution of events
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with Xy < 0.9. The solid line

and the dashed-dotted line show

the distribution predicted for
vector gluons and scalar gluons
respectively. The predictions in-
clude hadronization. For comparison
the prediction for a scalar gluon
on the parton level is shown 1in
Fig. 7.24. The distributions are
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Fig. 3.11. Distribution in the Bengtsson-Zerwas angle at LEP. Figure from
ref, [26].
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(c) jets in high-energy pp scattering at large transv. mom.

?.-—_—

large p| in subsystem =- small space-time distance
for scattering process

r

Rutherford process: ¢q+q—>q+q¢,q+q—q+q >,m/1_
h

Compton scattering: g+q—>9g+q,9+q—9g+q

annihilation: ¢g+gqg—g+g¢ =l = ] o +>-n-C2
gluon fusion: g+ g — ¢+ g

: £ 2P
gluon scattering: g+9g—g+g M+%+g& +}C”

e detection of Rutherford scattering in quark-gluon sector:

do ! ! strongly increasing for 6 — O
dcosf sin*L (1 —cosh)? IV J
1+ cos6 dcosé dolt
X = dx ~ = —— = flat
1 —cos6 (1 — cosh)? dx

modulo: y-dependence in do’

Q?-dependence in as(Q?), quark densities



Tabelle 20-1 Die Querschnitte fir die méglichen Parton-Parton-2-Teilehen-
Reakticnen in fuhrender Ordnung in o, Dabei numerderen wir mit
i, J (1=, j=< f) die verschiedenen Quark-Flavors durch (5. Gl (19-2)).
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(d) quarkonium decays

Zweig-allowed de-

i
po—i(ua—dcf) So—&// mpy > 2m
V2 ... 7 P " cay = large width
\:$\\ E’

Zweig-allowed de-

my < 2mp cay not possible

\—)-/7/ OT
T = bb (9460) ;\\Cot

e leptonic decays: W — ete , utu~  [qq]

C ¢

¢ <
%‘%’\ -
167a?

2
my,

W =cc (3097) C -
Qd

MW — T =

Q2|p(0)|]* [+ positronium]

+2/31 1 wave func. @ origin [NR]
e hadronic decays: quarkonia for which Zweig-allowed decays are impossible decay
into gluons — jets at high energies [T,.. ]
1=~ 4 gg: lowest ortho-channel



[Yang]

W = cc — 39
T =bb — 3¢

annihilation distance: d ~ mél <1 fm = asympt. freedom

- 160 3(M?
width: 1(QQ — g99) = 00 (=2 — 9) g, (02

quarkonia are very narrow resonances [+ asympt. freedom]

Dalitz: 1 dr 6 271 —z1)?+23(1 —x2)* + 23(1 — 23)°
— Tdoides 72—9 222222

color charge of gluons:

if g were a U(1) gauge field the dominant
L decay mode would be T — guirt — qq

9
Y\ @:: : = 2 jet final states = off
%ﬂ not observed = |C[g] = O

<

o)

W = (0.05 + 0.01) MeV
T = 0.04 MeV
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