Quantum Chromodynamics (QCD)
and

Physics of the strong interaction
(Lecture 4)

Name: Jianwei Qiu (ER#E{F)
Office: Rm A402 — SE3e 38 A oCs
Phone: 010-88236061

E-mail: wg@iastate.edu

Lecture: Mon — Wed — Fri

10:00-11:40AM
Location: B326, Main Building

QCD Lec4 Jianwei Qiu



Review of Lecture Three

Introduction of QCD Lagrangian

UV divergence — Renormalization — Perturbative QCD
Renormalization group and running coupling constant
QCD Asymptotic Freedom — basis of pQCD

Mass renormalization — massless theory — Infrared Safety!

U 000 D0 O

How to connect parton dynamics to hadron dynamics?
— Hadron matrix elements of parton operators

PQCD factorization, Effective field theory, ...
— Quark models, ...

d Look for Infrared Safe Quantities! — e*e- total cross section

QCD Lec4 Jianwei Qiu 2



Purely Infrared Safe Cross Sections
 e+e- — hadron total cross section is infrared safe (IRS):

14

Hadronization
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I«:l()clro“'() :]k I 3—'00'): totalG ) -
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hadrons
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. QCD . Decays

If there is no quantum interference between partons and hadrons,

tot
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e*te” —hadrons ete”—n

z: ete”—m m—>n

Hadrons
“n
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Partons “m”
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Unitarity
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Finite in perturbation
theory — KLN theorem
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“Local” — of order of 1/Q
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ete- Total Cross Sections

 On-shell approximation (m=2):

2
tot Hadrons
Ot o “n”
Partons “m” 5
p— Z [/ d4kMe+e _>qq(Q k) qq—)hadI‘ODS(k 1/fm)]
hadrons
On-shell &k K - .
approx. | - /Qko v (@, F) 2k cre—qa @ F)
/ * / k2
: h ; /dk2 qq_>hadr0ng<]€ 1/fm /dk 2‘]\4(1(1—>had1roms(l{j ) 1/fm) + o <<62—2>>
A3k (k%)
%o Mereal@ B +0 (@)

] Total cross section (sum m):

tot ~ ~tot 1 (1) <k2>
Oe+e~—hadrons ~ Tete——partons QQ
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Infrared Safety of e*e” Total Cross Sections

2
x Imq DX
Q
d Time-like vacuum polarization:

MZ,@&W = (Q"Q" — Q") T(Q?)
0 0
IR safety of Jgite__}partons = IR safety of I1(Q?*) with Q> > 0

0 IR safety of I1(Q?):

If there were pinched poles in M(Q?), ——

 Optical theorem:

()_

Hadrons
“n”

Vo

)
—

Partons “m”

<> real partons moving away from each other Rest frame

<> cannot be back to form the virtual photon again! of thhe \t/irtual
photon
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One-loop Contribution to e*e- Cross Section

1
= — o + 5 + 7~ +
2 - - -

PS®

PS@

+ ... } + UV counter-term

{>‘<+2Re +2Re >'<
>g< } FUVGT

)

=0,

\ 3-particle phase space

Born O(ay)
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Lowest Order Contribution - |

 Lowest order Feynman diagram:

s = (k, +k2)2
t = (k _p1)2
u = (k, _p1)2

XTT[(V'pl +mQ)yM (y.p2 _mQ)y"]

2
=e'e, N, = [(mé —1)" +(m, —u)’ + Zmés]

Keeps the final state quark mass
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Lowest Order Contribution - Il

] Lowest order total cross section:

do 1

=00 _ Threshold constraint

| M > where s =0’

dt l6ms® ¢ 0

Aol
0) _ 2: _ %: 2 em
02 - ae+€_ _>QQ - eQ NC 3S

One of the best tests for the number of colors

/

2 2
2mQ 4mQ

1+

S A

J Normalized total cross section:

O, _ _
O ere =00 , Zmé 4mé
R= ee adrons _ =§eQNc 1+ 1_—
O o.,_ . _ S S
ete”—=utu

ete—=utu”

One of the best measurements for the N,

QCD Lec4 Jianwei Qiu 8



Next-to-Leading-Order Contribution - |

1 Real Feynman diagram: p,
f =P 2P i o103
\/_/2 N k P,
oW PytP3z 4+ crossin
Z(Epi)'q q J
E X = i =2
- )
P,
2 (1 - X, ) = X, X, (1 —c0s0,, ), cycl.
1 Contribution to the cross section:
J ) IR as x3—0
1 Oe+e_ —00g _ as xl + X5 CO as 913—>O
o de dX2 (1 X )(l X, ) 0,;—0

Divergent as x; —1

Need the virtual contribution and a regulator!
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Next-to-Leading-Order Contribution - I

4 Infrared regulator:
< Gluon mass: m;# 0 1 1

— easler because all integrals at one-loop is finite: [ER TR

< Dimensional regularization: 4 — D =4 - 2¢
— manifestly preserves gauge invariance

 Gluon mass regulator:
(0 x?
$ Real: o —050)4( )[Zln (Q) 3| £ _”__5]
JU

3 m, \mg 6 2
27
< Virtual: Gél,)n —050)4 —21n? £Q +31n 9 +”___
3\ m, m, 6 4
(04
¢Toal: 0" =0 +ol, +ol) +0(al)=0l" |1+ |+0(a?)
JU

No m, dependence!
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How dimensional regularization works?

d Complex n-dimensional space: /d”k:F(k,Q)

R Im(n)

(1) Start from here:

|}

UV renormalization

!

a renormalized theory

(2) Calculate
IRS quantities
here

Theory cannot be
renormalized!

(3) Takel e=>0

/ for IRS guantities only
' >
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UV-finite, IR divergent
G(un—ren) _ G(ren)

6

G(ren)

UV-finite, IR-finite
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Next-to-Leading-Order Contribution - |l

(A IR

2
l_1_3+n_4]

1 Dimensional regulator:

aS
< Real: o)) =03 5( ~ )( o )
< Virtual:

4 dru® \
ol =a;?3—(“s)( ! )
3\ @)

. (1) (1 (0)
< NLO: |05, +0,, =0,

F(l—g)zl“(l+g)
(1-2¢)

e* 2 2

—+0(e )] No ¢ dependence!

V] voe)

JU

< Total: O't O'(O) + (73(18) + O-élz + O(a ) O(O)

J Lesson:

o't is independent of the choice of IR and CO regularization

o't is Infrared Safe!
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Jets In ete - Trace of Partons

Jet

d Jets - Inclusive x-section
with a limited phase-space

O Q: will IR cancellation
be completed?

< Leading partons are
moving away from
each other

< Soft gluon interactions
should not change the

direction of an energetic 5 Y, oy
I — Z-axis

parton — a “jet eNs=0"

— “trace” of a parton

Q Jet algorithm £

Sterman-Weinberg Jet
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Two-jets Cross Section in e*e” Collisions
d Parton-Model = Born term in QCD:
ol =§OO (1+coszt9)

d Two-jet in pQCD:
aé‘}gw) (1+cos 0)( EC

with  C,=C, ()

 Sterman-Welinberg jet:

2
o) —a (1+cos 9) T (4ln((5)ln(5')+3ln(6)+%+

o = G2Jet as Q — X

total
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A Clean Two-jet Event

Lowest order (O (a?aY)): LEP (v/s = 90 — 205 GeV)

Boncom| 00 000 Dote D T NG 3 Bopr T1N Bl X Bl 10 K) M) Bl 21 5
e B i A5V AN, I, AE N 3 A 1) P b bl o
Bord B Thownond 0000 iy boand 300 Opdan~ 7308 o vl 0

Jet

ete” — jet + jet jq¢

A clean trace of two
partons — a pair of
guark and antiquark
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Discovery of a Gluon Jet

First order in QCD (O (a”al)): PETRA ete~ storage ring at DESY:
Jet | Ec.m. <~ 15 GeV
TASSO
4tracks .- | _ -6 tracks
4.1 GeV 43 Gev

Jet

Reputed to be the first
three-jet event from TASSO

TASSO Collab., Phys. Lett. B86 (1979) 243

MARK-J Collab., Phys. Rev. Lett. 43 (1979) 830

PLUTO Collab., Phys. Lett. B86 (1979) 418
JADE Collab., Phys. Lett. B91 (1980) 142
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Tagged Three-jet Event from LEP

AUN 5267 EVT 200157 DATE 5807271 TIME 055412

Gluon Jet
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Basics of jet finding algorithms

1 Recombination jet algorithms:
—— almost universal choice at e+e- colliders

M?
® Recombination metric: ;; = ——
E(T.HI..
——> Combine the particle pair (, j) with the smallest y;;:
E scheme : Pr = Ppi tDpj —> massive jets
Eq scheme : E, = FE; + Ej
i+ |
D = Ii Zi’ Er  — massless jets
|Pi + Pj

® |terate until all remaining pairs satisfy v;; > .y
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The JADE Jet Finder

[JADE Collab., Z. Phys. C33 (1986) 23]
— The original recombination jet finder:

o M7 =2FE;F;(1— cosb;;) = (invariant mass)*

e Original version based on the F; scheme

Sometimes leads to the formation of “junk jets”

ey g e

— Two-jet events with > 2 soft, colinear gluons can be
classified, unnaturally, as three-jet events

— Prevents re-summation techniques from being applied
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The Durham k; Jet Finder

[S. Catani et al., Phys. Lett. B269 (1991) 432]
— Introduced to reduce the problem of junk jets

\[" = 2 min( f F )(1 — cos6;;)
e E scheme combination of particles: (i, j) — k
— Consider small emission angles #;;:
V72 o~ in(E2 E2) (1 — (1 — 62
M =~ 2min(E},E))[1—-(1-6%/2+--)]

i
- 4 - ¢ . ,.’l_)
~ min(E?, EJZ) 9,21 ~ K

(min. transverse momenta of one particle w.r.t. the other)

— Soft, colinear radiation is attached to the quark jet(s)

R0 o 9

Permits re-summation
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The Cone Jet Finder

CDF Collab., Phys. Rev. D45, 1448 (1992); OPAL Collab., Z. Phys. C63, 197 (1994)
® Cluster particles within a cone of half angle R into a jet

® Require a minimum visible jet energy: l?jm > €

— Two resolution parameters: B and € , as opposed to
re-combination algorithms which only have one (1/.,¢)

® Eliminate or merge overlapping or redundant jets

—> Unlike recombination algorithms, not all particles in an
event are necessarily assigned to a jet
QCD Lec4 Jianwei Qiu 21
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Inclusive Jet Cross Section at Tevatron

Run - 1b results

10 g
F 2y D@ Results
106.—? i :
E LR ® 0.0=|n|<0.5
F T g C 0.5<|n|< 1.0
10°L .'T A A 1.0=|n|< LS
E ! O 1L.5=|n|<2.0
X Lo ¥ 2.0=|n|<3.0
i % "
y = QCD-JETRAD
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¥ \
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-
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Data and Predictions span 7 orders of magnitude!
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O 199293 5
1 K
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-~
A _ _ [
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0’ =
b ]
10" S"
o)
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Prediction vs CDF RUN-II Data

> 10°
S CDF Run Il Preliminary
= 10 Integrated L = 85 pb™
=z ! 0.1 < Inpyl < 0.7
u_."10_2 JetClu Cone R =0.7
E 10
~2 107 . .
o, Highest E; jet!
10
10~ - Run Il Data
10° & ——CTEQ 6.1 Uncertainty
10~ [ ]+/- 5% Energy Scale Uncertainty
| 1 1 1 1 I | 1 1 I | 1 1 | 1 | 1 1 1 1

- 1 1 1 | | 1 | 1 1 I
10 100 200 300 400 500 600
Inclusive J 7 (GeV)

0
e 8 orders of magnitude!

—_ 7 = r— -~ . 1. r r r Tr r r r T 1 r T T 1 e
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% 4 = CTEQ 6.1 Uncertainty . =
g 3E E
S 25 =
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e O =
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Infrared Safety for Jet Cross Sections

1 Jet cross section = inclusive cross section with a
phase-space constraint

4 For any observable with a phase space constraint, I,

do®
da(F)——fdQ —g L2k

2
do’<3) Where rn(kl,kz ..... kn)
3,fd9 —o k., k) are constraint functions
+ 3 and invariant under
Jo™ Interchange of n-particles
O
n'fdQ g Dnkskossk,) o

n

1 Conditions for IRS of do(I):

U, (ks (L= VK = 2K ) =T, (Kshey s i)
with O0=/A <1
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Physics Meaning of Infrared Safety

d Conditions for IRS:
U, (kskeyes (L= VK = 2K ) =T, (Kyshey s 6

with 0= /A <1
d Physical meaning:
Measurement cannot distinguish a state

with an additional zero/collinear momentum parton
from a state without the parton

Y-y

1 Total cross section = a special case of jet cross section:

rn (kl,kz,...,kn)=1 fOr alln — G(tot)

QCD Lec4 Jianwei Qiu
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Thrust Distribution

Q Thrust axis: u " B i
T, (' plon p) )= max E
i=1

- VAN - >
gy —

T=< T~1

P

 Phase space constraint:
L, (pl'.ptopl)=0 (T T, (p{', pt'ses P ))
< Contribution from p=0 particles drops out the sum

< Replace two collinear particles by one particle does
not change the thrust

’(1 - A)ﬁn : l_[’ -1 ‘)\ﬁn - U| = ‘1—7/1 U
and (1 — X)) pn| + [APn| = |Pn

QCD Lec4 Jianwei Qiu
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Another Test of Quark Spin
1 Angle between the thrust axis and the beam axis:

[ALEPH Collab., Phys. Rep. 294 (1998) 1] u
:""I""I'"'I""I""I""I""I""I""I".:.__':': AHRUST

N

» ‘&

~ e ALEPH limit of .~ A
g acceptance” P
[ —— MC detector level \[/ g
[ sosensserenss MC parton level | i

At LO:

o
|

do/dcos(Ongust)
N )

N
I

] 2
5 1+ cos” Opyrust

—

0.8 |

MC: Quark Spin 0

oy B ,
N i 1-cos ®THRUST
02 F

0 :I B o | I L1 1 1 I dhobkilh I L1 11 I | I 11 11 I LA Al) I R . | ll %:;;2:
0O 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 09 1
coS(Ompyst)
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Another Test of SU(3) Color
d Select 4-jetevents: £, >E,>E,>E,

jet-3 and iet-4 are more likelv from radiation

W@ VERSUS wwfé

T 1 1
 Bengtsson-Zerwas angle:
13
=
o
=
[ &)
© -
| ’
= ,f:,r“ e Data
2 AN |
g - Abalian +
a 10 U1l ) 3 m
0 | 1 1 1
o 20" 40° 60° 80"
XBz
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Question

Does perturbative QCD work for cross sections
with identified hadrons?

Facts:

Typical hadronic scale: 1/R ~1fm™ ~Aqcp

Energy exchange in hard collisions: Q >> Aqcp

PQCD works at a4(Q), but not at a (1/R)

Answer:

Perturbative QCD factorization

QCD Lec4 Jianwei Qiu

29



QCD Lec4

See you next time!

Jianwei Qiu

30



