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l jet radiation

l resummation and problem with confinement

l branching structure and Monte Carlo

l perspective



Asymptotic freedom (1973) ⇒ perturbative QCD for hard collisions

Since the beginning: confinement/hadronization gives problems
if hadrons involved: collinear and infrared divergences

Strategy: stay inclusive

even in inclusive observables

e + p → e′ + X F (Q,x) Q2 = −(pe − pe′)
2 x =

M2
X + Q2

Q2

e+e− → h + X D(Q,x) Q2 = (pe+ + pe−)2 x =
2Eh

Q

Way to solve (forget) the problem: factorization of collinear divergences

Predict Q-evolution giving distribution at Q = Q0

Dokshitzer, Gribov, Lipatov, Altarelli, Parisi



Description of jet radiation (jet-shape observables)

Observables in e+e− → p1 p2 · · · pn : V = T, B, C, ρ, D, yij, Kout, · · ·

B =
∑

h

pht

Q
, τ =1−T =

∑

h

pht e−|ηh|

Q
, thrust axis : minimize τ

Different V probe QCD radiation in different regions (e.g. at different ηh)

Distributions : Σ(V ) =
∑

n

∫

dσn

σtot
Θ

(

V −
∑

h

vh

)

Problem with confinement/hadronization?
-Collinear safe: ~pi, ~pj parallel, then substitute with ~pi+~pj

-IR safe: pi � pj then neglect pi

Then PT possible (all PT coefficients finite): hadron-flow ' parton-flow

But PT expansion non-convergent (renormalon) due to large distance in αs(kt)



Status of PT computation (and PT non-convergence)

Examples in e+e−: V = τ, B, C, ρ, D, Kout · · · B =
∑

h
pht
Q

Distribution: Σ(V ) =
∑

n

∫

dσn

σtot
Θ
(

V −
∑

h

vh

)

Resummation of collinear+IR logs for V � 1 (L=lnV ):

lnΣ(V )=
∞
∑

n=1

{

dnαn
s Ln+1+dnαn

s Ln · · ·
}

, Σres.(V )=e−R(V ) · F(αsL)

At least dn (collinear+infrared) and sn (collinear or infrared) needed
R(V ) Sudakov (universal), F SL function (observable dependent)

Exact: ΣPT(V )=a(V ) αs+b(V )α2
s· · ·

Matching: ΣPT(V )=C(αs) · Σres(V )=a(V ) αs + b(V ) α2
s · · ·

PT result valid for V finite and small
But PT expansion non-convergent (renormalon) due to large distance in αs(kt)



In PT evaluation αs(kt) enters Σ(V ) at any scale 0 <kt < Q

-physics: probe final state hadronization (at virtual level)
-mathematics: non-convergence of PT expansion (renormalon)

〈V 〉PT=

∫ Q

0

αs(kt)
dkt

kt

V

(

kt

Q

)

∼

∫ Q

0

αs(kt)
dkt

Q
∼
∑

n

n!

(

β0

4π

)n

αn
s

Prescription 1: Y.Dokshitzer,B.Webber,&GM, NPB469(96)93

α0(µI) =
∫ µI

0
dkt
µI

αs(kt) 〈V 〉 = 〈V 〉
(`)
PT + µI

Q

{

CV α0(µI)+
∑`

n=1 αn
s A

(n)
V

}

-n! renormalon cancels, µI-independence (RG invariance)
-NP parameter α0 (renormalon ambiguity) observable independent

Similar analysis for Σ(V ): Σ(V ) = ΣPT(V + ∆V ) , α0(µI) → ∆V

Prescription 2: Shape function to modulate radiator at large distance
G.Korchemsky,G.Sternam, NPB437(95)415

E.Gardi,J.Rathsman, NPB609(01)123



Broadening in e+e−

Y.Dokshitzer,G.Salam &GM, EPJ1(99)3



Testing universality

We can compare next-to-leading PT predictions plus NP
contribution to data, fitting for αs and α0. If universality
holds then both αs and α0 should be independent of the
observable.

If we do it in e+e− we obtain (1-σ contours):
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Heavy-jet-mass in e+e−
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G.Korchemsky,S.Tafat, JHEP10(00)010



How to resum DL and SL (global jet-shale observables)

Method: factorization of (universal) collinear and IR pieces

.

.

Bremsstrahlung component:
Effective “independent emission”
DGLAP evolution → Sudakov radiator

.

.

k
Branching:
relevant only for hard splitting→αs(kt)

ΣPT(V ) = e−R(V ) · F(αs lnV )



New entry: non-global logs

Jet-shape with only part of phase space involved
M.Dasgupta,G.Salam, PLB 512:323,2001, JHEP 3:017,2002

C.Berger,T.Kúcs,G.Sterman,PRD 65:094031,2002

A.Banfi,G.Smye&GM,JHEP 08:006,2002, Yuri Dokshitzer &GM, JHEP 03:040,2003

Simplest case: away-from-jet radiation in e+e−

out

out inin

θinthrust
axis

Σe+e− =
∑

n

∫

dσn
σT

Θ
(

Eout−
∑

out kti

)

Many examples, e.g. Sterman-Weinberg distribution (energy in a cone)

Large angle soft emission (no collinear singularities involved)



Two components (soft radiation in out)

Bremsstrahlung component:
DGLAP → Sqq̄ (Sudakov factor)

Branching inside jet region
soft g-splitting→Cqq̄ correlation

Σe+e− = Sqq̄(τ, θin) · Cqq̄(τ, θin), τ =

∫ Q

Eout

dkt

kt

Ncαs(kt)

π

Basis for calculation: multi-soft-gluon distribution

-numerical study M.Dasgupta,G.Salam, JHEP 03(02)017

-analytical evolution equation Banfi,Smye&GM JHEP 08(02)006



Multi-soft-gluon distribution (large Nc)

A.Bassetto,M.Ciafaloni&GM, Phys.Rep. 100(83)201

γ∗ → qq̄g1 · · · gn Mn(pp̄q1 · · · qn) =
∑

perm.

{λai1 · · ·λain}ββ̄ Mn(i1 · · · in)

Soft limit: factorization ⇒ recurrent relation

Mn(· · · ` n `′ · · · )=gs Mn−1(· · · ``
′ · · · ) ·

(

qµ
`

(q`qn)
−

qµ

`′

(q`′qn)

)

, qn softest gluon

Distribution (colour and polarization sum, leading Nc)

|Mn|
2 =

∑

perm.

(Ncαs)
n Wpp̄(i1 · · · in), Wab(1 · · ·n)=

(ab)

(aq1) · · · (qnb)

In pure Yang-Mills ⇒ Parke-Taylor MHV amplitude



Generating functional (soft and planar limit)

Introduce source u(q) for each soft gluon

Σab(Q, u)=
∑

n

∫

dσn

σT

∏

i

u(qi),
dσn

σT

'
∏

i

{

dqti

qti

dΩqi

4π
u(qi) ᾱs

}

· Wab(1...n)

Use factorization structure of multi-soft gluon distribution

Wab(1...n) =
(ab)

(a`)(`b)
Wa`(1...`−1) · W`b(`+1...n) (ij) = 1 − cos θij

Obtain evolution equation (ᾱs = Ncαs/π) Banfi,Smye&GM,JHEP08:006,2002

Q∂QΣab = ᾱs

∫

dΩq

4π

(ab)

(aq)(qb)
[u(q) Σaq · Σqb − Σab]

Include virtual corrections (Cauchy integration): IR cancellation (Σ(Q, u=1)=1)



QCD Monte Carlo simulation:

Q∂QΣab = ᾱs

∫

dΩq

4π

(ab)

(aq)(qb)
[u(q) Σaq · Σqb − Σab]

can be numerically solved:

Split real-virtual and introduce Sudakov (cutoff Q0 needed)

lnSab(E)=−

∫ E

Q0

ᾱs

dEq

Eq

∫

dΩq

4π

(ab)

(aq)(qb)
· θ(ktab − Q0)

Introduce probability for dipole branching: (ab) → (aq) (qb), E→Eq

dP(Eq,Ωq)= ᾱs

dEq

Eq

·
dΩq

4π

(ab)

(aq)(qb)
·

Sab(E)

Sab(Eq)
· θ(ktab − Q0)

Leading soft gluon emission (no recoil): Pg→gg(z)=Nc

(

1
z
+ 1

1−z
+z(1−z)−2

)



Improve QCD Monte Carlo simulation:

l account for full collinear structure:

v hard parton parton recoil (full large angle soft emission still missing)
v include result terms in splitting function g → gg
v include other channels g → qq̄ and q → qg

l apply to all hard processes (using collinear factorization)

v e+e− annihilation
v lepton-hadron DIS
v hadron-hadron (largeET )

l include EW processes and beyond (using collinear factorization)

l account for some small-x physics results

l account for NLO and NNLO exact results

Result: partons (+EW particles) emission, no hadrons



Only partons, no hadrons

Preconfinement (D.Amati, G.Veneziano, PL83(79)87)

Sudakov suppression in mass of colour connected partons:

→ colour connected partons at small mass
→ small mass colour singlet → hadronization model
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results not too sensitive
to hadronization model



Cluster Hadronization Model

• hard scattering

• (QED) initial/final

state radiation

• partonic decays, e.g.

t → bW

• parton shower

evolution

• nonperturbative

gluon splitting

• colour singlets

• colourless clusters

• cluster fission

• cluster → hadrons

• hadronic decays

Bryan Webber, QCD Simulation for LHC and Herwig++, KEK, 6 April 2004 21



QCD Monte Carlo simulation:
e+e−annihilation
lepton-hadron DIS
hadron-hadron (largeET )

l Herwig (B.Webber&GM, 1984): e+e−, `−h and h-h

l Pythia (T.Sjostrand 1986): e+e−, `−h and h-h

l Ariadna (L. Lonnblad 1992): e+e− mostly

l others for specific processes

Continuous upgrading: new theoretical, phenomenological and experimental results



Available processes
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Final considerations

l Since 1973 exact+resummed PT produced enormous inside on QCD radiation
and phenomenological “evidence”

l Confinement/hadronization always a pain, to be circumvented via factorization
or phenomenological assumption parton flow ∼ hadron flow

l Field theory → theory of extended objects. Two natural questions

v how PT “evidence” accounted for
v how to inspire modeling of hadronization


