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...But Fixed Order QCD is not enough
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Accelerated charged particle with charge  will continuously emit radiation (when changing its velocity 
from  to )

±Ze
β1 β2

lim
ω→0

d2N
dωdΩγ

=
Z2α

4π2ω
ϵ* ⋅ ( β2

1 − n ⋅ β2
−

β1

1 − n ⋅ β1 )
2

(see J. D. Jackson, Classical Electrodynamics)

Two important consequences:

• The particle is very fast;  (collinear singularity)


• infinitely many infinitely soft emitted photons 

but the net energy taken is finite. 

βi ⋅ n = 0

N ∝ ∫ dω/ω ⟹
ETotal ∝ ℏNω ≈ ℏ∫ dω → finite
(soft photons continuously emitted & reabsorbed) 

In QCD, the situation is quite similar with two main differences:

• QCD is a non-Abelian gauge theory; we have also gluon emission off a gluon.

• The strong coupling diverges for .Q2 → Λ2

QCD

Accelerated charges
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๏Naively, QCD radiation suppressed by 

•            Truncate at fixed order = LO, NLO, …


๏           But beware the jet-within-a-jet-within-a-jet …

αs ≈ 0.1

Example: SUSY pair production at LHC14, with MSUSY ≈ 600 GeV 

 100 GeV can be “soft” at the LHC⟹

► Naively, brems suppressed by αs ~ 0.1 
•  Truncate at fixed order = LO, NLO, … 
•  However, if ME >> 1  can’t truncate! 

► Example: SUSY pair production at 14 TeV, with MSUSY ~ 600 GeV 

•  Conclusion: 100 GeV can be “soft” at the LHC 
  Matrix Element (fixed order) expansion breaks completely down at 50 GeV 
  With decay jets of order 50 GeV, this is important to understand and control 

FIXED ORDER pQCD 

 inclusive X + 1 “jet” 

 inclusive X + 2 “jets” 

LHC - sps1a - m~600 GeV Plehn, Rainwater, PS PLB645(2007)217  

(Computed with SUSY-MadGraph) 

Cross section for 1 or 
more 50-GeV jets 
larger than total σ, 
obviously non-
sensical 

Alwall, de Visscher, Maltoni,  JHEP 0902(2009)017 

  for X + jets much larger than naive 
factor-  estimate

σ
αs

► Naively, brems suppressed by αs ~ 0.1 
•  Truncate at fixed order = LO, NLO, … 
•  However, if ME >> 1  can’t truncate! 

► Example: SUSY pair production at 14 TeV, with MSUSY ~ 600 GeV 

•  Conclusion: 100 GeV can be “soft” at the LHC 
  Matrix Element (fixed order) expansion breaks completely down at 50 GeV 
  With decay jets of order 50 GeV, this is important to understand and control 

FIXED ORDER pQCD 

 inclusive X + 1 “jet” 

 inclusive X + 2 “jets” 

LHC - sps1a - m~600 GeV Plehn, Rainwater, PS PLB645(2007)217  

(Computed with SUSY-MadGraph) 

Cross section for 1 or 
more 50-GeV jets 
larger than total σ, 
obviously non-
sensical 

Alwall, de Visscher, Maltoni,  JHEP 0902(2009)017 

 for 50 GeV jets ≈ larger than total 
cross section 


→ what is going on?

σ

All the scales are high,  GeV, so perturbation theory should be OKQ ≫ 1

Peter Skands (HCPSS 2020)

Small couplings are not sufficient?
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๏Fixed Order (F.O.) QCD requires Large scales (  small enough to be perturbative → high-
scale processes)

αs

•F.O. QCD also requires No hierarchies 


•Bremsstrahlung propagators  integrated 
over phase space      → logarithms


•  


•→ cannot truncate at any fixed order  if upper and 
lower integration limits are hierarchically different

∝ 1/Q2

∝ dQ2

αn
s lnm (Q2

Hard/Q2
Brems) ; m ≤ 2n

n

10.1
QBREMS

QHARD

QHARD [GeV]

1

ΛQCD

F.O.

ME

10

100

non-perturbative

large

logs

Peter Skands (HCPSS 2020)

Why is fixed-order QCD not enough?



QCD and event generators Adil Jueid Konkuk University 6

๏The hard process “kicks off” a shower of successively softer radiation

•Fractal structure: if you look at QJET/QHARD << 1, you will resolve substructure.

•So it’s not like you can put a cut at X (e.g., 50, or even 100) GeV and say: “Ok, now 
fixed-order matrix elements will be OK”


๏Extra radiation: 

•Will generate corrections to your kinematics

•Extra jets from bremsstrahlung can be important combinatorial background especially 
if you are looking for decay jets of similar pT scales (often, )

•Is an unavoidable aspect of the quantum description of quarks and gluons                                                
(no such thing as a “bare” quark or gluon; they depend on how you look at them)

ΔM ≪ M

This is what parton showers are for 

Peter Skands (HCPSS 2020)

Harder Processes are accompanied by Harder Jets
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Consider qq̄ → tt̄
    Extra radiation implies a  (not a ) process.2 → N 2 → 2

⟹ 2 → N ≡ 2 → 2 ⊕ ISR ⊕ FSRFactorise and conquer

Initial-State radiation 
(ISR):

Space-like showers, i.e.

Q2

ij < 0

Final-State Radiation 
(FSR):

Time-like showers

Q2

ij > 0

q

q̄

t

t̄

⋮ ⋮
p2

qq̄

Hard scattering  (2 → 2) FSRISR

Parton showers: General formalism
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A

B

C

Consider the following branching  A → BC

pi = (Ei, p⊥,i, pL,i); i ∈ {A, B, C} (Choose a frame where )p⊥,A = 0

The emitting particle is off-shell while the branching products 
are massless; i.e. if  branches; then A M2

A ≠ 0; M2
B = M2

C = 0

Using energy-momentum conservation ( ):pi,± = Ei ± pL,i
p+,Ap−,A

p+,A
=

p+,Ap−,B

p+,A
+

p+,Ap−,C

p+,A
⟹

p+,Ap−,A

p+,A
=

p+,Bp−,B

z p+,A
+

p+,C p−,C

(1 − z) p+,A
pB = zpA, pC = (1 − z); z ∈ [0,1]we used

⟹
m2

A + p⊥,A

p+,A
=

m2
B + p⊥,B

z p+,A
+

m2
A + p⊥,C

(1 − z) p+,A
⟹ m2

A =
m2

B

z
+

m2
C

1 − z
+

p2
⊥

z (1 − z)

ISR: B branches;  (space-like showers)


FSR: A branches;  (time-like showers)


mA = mC = 0 ⟹ m2
B = −

p2
⊥

(1 − z)
< 0

mB = mC = 0 ⟹ m2
A =

p2
⊥

z(1 − z)
> 0

Time-like vs space-like showers
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Parton showering implies a probabilistic function which does not change the total cross section (see next slides).

The situation is more complicated that just a multiplicative factor with total probability of unity: 

ISR: parton showers affect the evolution of the PDFs. Therefore, it’s impact enter in the expression of

the inclusive cross section:

σpp→X ≡ ∑
i,j

∫ ∫ dx1dx2 fi(x1, Q2
F)fj(x2, Q2

F) ̂σij→X(αs(Q2
R), x1, x2)

 can be determined through Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution 
equations.

• G. Altarelli, G. Parisi; Nuclear Physics B, 126 (2): 298-318 (1977).

• Yu. L. Dokshitzer; Sov. Phys. JETP 46:461 (1977).

• N. Gribov, L. N. Lipatov; Sov. J. Nucl. Phys. 15:438 (1972).

fi(x1, Q2
F)

FSR: parton showers has important effects on the kinematics (event-shapes). 

    Assume we have the production of two jets with . Parton showers may produce 
a third jet plus recoiling the existing two; 

p⊥1 = p⊥2 = 150 GeV
p⊥1 = 180 GeV, p⊥2 = 140 GeV and p⊥3 = 40 GeV

Parton showers & production rates 
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γ*/Z0 (Q) γ*/Z0 (Q)

q (p1) q (p1)

g (p3)

g (p3)

q̄ (p2) q̄ (p2)

We consider the following process: e+e− → qq̄g
Define 


xi =
2Q ⋅ pi

Q2
=

2Ei

s
= 1 −

m2
jk

s
⟹ x1 + x2 + x3 = 2 (0 ≤ xi ≤ 1)

Notable limits

x1, x2 → 1 ⇔ m2
qg, m2

q̄g → 0

Propagator for  

goes on shell
⟹ q̄ → q̄g and q → qg

Parton showers: formalism
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After some algebra

d2σ
σ0

=
αs

2π
CF

x2
1 + x2

2

(1 − x1) (1 − x2)
dx1dx2 ≈

αs

2π
CF

2 dx1dx2

(1 − x1) (1 − x2)

x1

x2

0
0

1

1

Collinear divergence ( )x1 → 1

Collinear divergence ( )x2 → 1

Soft divergence ( )x3 → 0
For example, we can choose

         max{x1, x2, x3} < 1 − min{y23, y13, y12}

∫δ

d2σ
σ0

≈
αs

π
CF ∫δ

dy23dy13

y23y13
≈ CF

αs

π
log2(δ)

Double-logarithmic enhancement!!

Parton showers: formalism
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Take, for example, the collinear limit ( )x1 → 1

1 − x1 =
m2

23

Q2
⟹ dx2 =

dm2
23

Q2

Define z as the fraction the anti-quark takes in the branching :q → qg
x1 ≈ z ⟹ dx1 ≈ dz and x3 ≈ (1 − z)

⟹ d𝒫 =
dσ
σ0

=
αs

2π
CF

x2
2 + x2

1

(1 − x2)
dx1 ≈

αs

2π
dm2

23

m2
23

CF
1 + z2

1 − z
dz

Collinear Soft divergence
Universal and holds in the limit  as wellx2 → 1

DGLAP splitting kernels
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DGLAP splitting kernels

d𝒫i→jk =
αs

2π
dQ2

Q2
Pi→jk(z)dz

In general, we can obtain the universal branching kernels (DGLAP)







Pq→qg = Pq̄→q̄g = CF
1 + z2

1 − z

Pg→gg = CA
(1 − z(1 − z))2

z(1 − z)
Pg→qq̄ = nfTF(z2 + (1 − z)2)

These are the limits of any-matrix element in the collinear region (holds for any process).
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The ordering variable

Now, we can generalize to multiple emissions.

 probabilities are large for one & should large for multiple (resummations)

 need to impose cuts on the soft/collinear to get rid of non-perturbative QCD 

⟺
⟺

The choice of the ordering variable is not unique

 If  is a variable then  can 

also be a variable
⟹ Q2 ≡ m2

jk P2 = f(z)Q2 d(P2, z)
d(Q2, z)

=
∂P2

∂Q2
∂P2

∂z
∂z

∂Q2

∂z
∂z

= f(z) df(z)
dz

0 1
= f(z)

⟹ d𝒫i→jk =
αs

2π
f(z) dQ2

f(z) Q2
Pi→jk(z)dz = d𝒫i→jk =

αs

2π
dP2

P2
Pi→jk(z)dz

Examples

 (angular-ordered shower); used by HERWIG.


 (transverse-momentum shower); used by PYTHIA8.

 (virtuality ordered shower); used by PYTHIA6.

P2 = E2θ2 ≈
Q2

z(1 − z)
P2 = p2

⊥ ≈ Q2z(1 − z)
P2 = Q2
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Sudakov factors 

Using conservation of total probability (unitarity) 

𝒫(no emission) = 1 − 𝒫(emission); 𝒫0<t≤T = 𝒫0<t≤T1
× 𝒫T1<t≤T

Split the interval  into infinitesimally small and equal intervals[0, T]

𝒫no emission(0 < t ≤ T) = lim
N→∞

N−1

∏
i=0

𝒫no emission(Ti < t ≤ Ti+1)

= lim
N→∞

N−1

∏
i=0

(1 − 𝒫emission(Ti < t ≤ Ti+1))

= exp( − lim
N→∞

N−1

∑
i=0

𝒫emission(Ti < t ≤ Ti+1))
= exp( − ∫

T

0

d𝒫emission(t)
dt

dt)
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Sudakov factors 

We find the probability for the first emission

d𝒫first(T) = d𝒫emission(T) × exp( − ∫
T

0

d𝒫emission(t)
dt

dt)
⟹ d𝒫i→jk =

αs

2π
dQ2

Q2
Pi→jk(z)dz × exp( − ∑

j,k
∫

Q2
2

Q2
1

dQ2

Q2 ∫
zmax

zmin

αs

2π
Pi→jk(z′￼)dz′￼)

Sudakov form factors; Δ(Q2
1 , Q2

2)

Q ≃ 1/t

Note that the total probability is one; i.e. 

∑
j,k

∫Q2 ∫z
d𝒫i→jk(z, Q2) = 1
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Connection to matrix elements

Take our favorite process as an example: 

 use thrust cuts on the phase space (see slide 11) 

e+e− → qq̄g
⟺

σreal

σ0
≈ CF

αs

π
log2 δ

σvirtual

σ0
≈

αs

π
− CF

αs

π
log2 δand

⟹ σNLO = σ0 + σreal(δ) + σvirtual(δ) = (1 +
αs

π )σ0 σ0 ≡ σ(e+e− → qq̄)

Neglect the small correction ( ) αs/π ⟹ σvirtual(δ) = − σreal(δ)

d𝒫
dy

=
1
σ0

dσreal

dy
exp( − ∫

1

y

1
σ0

dσreal

dy′￼

dy′￼) =
1
σ0

dσreal

dy (1 +
σvirtual(y)

σ0
+ (σvirtual(y)

σ0 )
2

+ ⋯)
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Parton showers: diagrammatic

Peter Skands (HCPSS 2020)

๏Starting from an arbitrary Born ME, we can now:

•         Obtain tree-level ME with any number of legs (in soft/collinear approximation)

X(2) X+1(2) …

X(1) X+1(1) X+2(1) X+3(1) …

Born X+1(0) X+2(0) X+3(0) …

Lo
op

s

Legs

Universality (scaling)

Jet-within-a-jet-within-a-jet-...

๏Doesn’t look very “all-orders” though, does it? What about the loops?
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Parton showers: An all-order QCD

Peter Skands (HCPSS 2020)

๏Showers impose Detailed Balance (a.k.a. Probability Conservation  Unitarity)

•       When X branches to X+1 : Gain one X+1, Lose one X ➜ Virtual Corrections

↔

➜ Showers do “Bootstrapped Perturbation Theory”
Imposed via differential event evolution
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At most inclusive level

“Everything is 2 jets”

At (slightly) finer resolutions,

some events have 3, or 4 jets

At high resolution, most events 
have >2 jets

Q ⇠ QHARD

Fixed order: 

σinclusive

QHARD/Q < “A few”

Fixed order: 

σX+n ~ αsn σX

Q ⌧ QHARD

Scale Hierarchy!

    Fixed order diverges: 

σX+n ~ αsn ln2n(Q/QHARD)σX

Unitarity ➜ number of splittings diverges 
while cross section remains σinclusive

Resolution 
Scale

Cross 
sections

Peter Skands (HCPSS 2020)

Evolution ~ Fine-Graining the Description of the Event
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Parton showers: some ambiguities

Peter Skands (HCPSS 2020)

Final-state particles generated by any shower algorithm depends on many factors:

6

where λ(a, b, c) = a2+b2+c2−2ab−2bc−2ca is the Källén function, s[i] is the invariant mass squared
of the branching dipole, and mâ,b̂ are the rest masses of the original endpoint partons. The second line
represents the massless case, with the two orientation angles θ and ψ fixed as discussed above.

Immediately following the phase space in eq. (2) is a δ function requiring that the integration variable
tn+1 should be equal to the ordering variable t evaluated on the set of n+1 partons, {p}n+1, i.e. that the
configuration after branching indeed corresponds to a resolution scale of tn+1. We leave the possibility
open that different mappings will be associated with different functional forms for the post-branching
resolution scale, and retain a superscript on t[i] to denote this.

Finally, there are the evolution or showering kernels Ai({p}n→{p}n+1), representing the differen-
tial probability of branching, which we take to have the following form,

Ai({p}n→{p}n+1) = 4παs(µR({p}n+1)) Ci ai({p}n→{p}n+1) , (11)

where 4παs = g2
s is the strong coupling evaluated at a renormalization scale defined by the function

µR, Ci is the color factor (e.g. Ci = Nc = 3 for gg → ggg), and ai is a radiation function, giving a
leading-logarithmic approximation to the corresponding squared evolution amplitude (that is, a parton
or dipole-antenna splitting kernel). When summed over possible overlapping phase-space regions, the
combined result should contain exactly the correct leading soft and collinear logarithms with no over- or
under-counting. Non-logarithmic (‘finite’) terms are in constrast arbitrary. They correspond to moving
around inside the leading-logarithmic uncertainty envelope. The renormalization scale µR could in
principle be a constant (fixed coupling) or running. Again, the point here is not to impose a specific
choice but just to ensure that the language is sufficiently general to explore the ambiguity.

Together, eqs. (2), (4), and (11) can be used as a framework for defining more concrete parton
showers. An explicit evolution algorithm (whether based on partons, dipoles, or other objects) must
specify:

1. The choice of perturbative evolution variable(s) t[i].

2. The choice of phase-space mapping dΦ[i]
n+1/dΦn.

3. The choice of radiation functions ai, as a function of the phase-space variables.

4. The choice of renormalization scale function µR.

5. Choices of starting and ending scales.

The definitions above are already sufficient to describe how such an algorithm can be matched to
fixed order perturbation theory. We shall later present several explicit implementations of these ideas, in
the form of the VINCIA code, see section 5.

Let us begin by seeing what contributions the pure parton shower gives at each order in perturbation
theory. Since∆ is the probability of no branching between two scales, 1−∆ is the integrated branching
probability Pbranch. Its rate of change gives the instantaneous branching probability over a differential

Ordering & Evolution-scale choices

Recoils, kinematics

Non-singular terms, 
Coherence,  Subleading Colour

Phase-space limits / suppressions for hard 
radiation and choice of hadronization scale 

→ gives us additional handles for uncertainty estimates, beyond just 


(+ ambiguities can be reduced by including more pQCD → merging!)

μR
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Combining showers and fixed-order QCD
Fixed Order QCD


•Provide solutions for a single process (fully automated at LO): 

• Most of the SM processes can be computed up to NLO; some can be computed at NNLO or even NNNLO.

• Beyond the SM processes only known at LO (or NLO for some).


•Accurate for hard process, to a given perturbative order. Good accuracy in the full phase space regions. 

•Limited generality:


                     Problem of multi scales (see slide 4) which needs resummations (analytical or semi-classical a.k.a. parton-showers)


                     ➜ loss of accuracy.

All-orders QCD

•Universal solutions to all the processes (SM or BSM).

•Accurate in strongly ordered (soft/collinear) limits (=regions with enhanced probabilities) 

•Maximum generality:


                    Problem of process-dependence = sub-leading corrections, large for hard resolved jets.

⟹ • Jet Merging
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Jet Merging: General Idea

๏Naive prescription:

•Run generator for X       + shower

•Run generator for X+1   + shower

•…

•Run generator for X+m  + shower

Idea: combine fixed-order QCD with parton showers to get the best of the two!

} •Add all these generated samples together!

๏Problem:
•If you do that, you get a “double counting” of terms present in both expansions:


• e.g. the X + shower sample covers some of the phase-space in the (X+1) + shower sample.

๏Solution:

•Develop algorithms to remove the “double counting”:


Based on Matrix-Element Corrections (MECs): Pythia8 and Powheg.


Based on Phase-space slicing: MLM and CKKW-L.
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Jet Merging: MECs
•Idea: Modify parton shower to use radiation functions  full matrix element for 1st emission: ∝

P(z)
Q2

→
P′￼(z)
Q2

=
P(z)
Q2

|Mn+1 |2

∑i Pi(z)/Q2 |Mn |2

•Implemented in PYTHIA8 for:

•all the SM processes and many BSM processes

๏Difficult to generalise beyond one emission

Start at the Born level


|MX |2

Generate shower 
emission


|MX+1 |2 ≈ ∑
i

ai |MX |2

Correct to Matrix elements


ai →
|MX+1 |2

∑i ai |MX |2 ai

Unitarity of the shower


Virtual = − ∫ Real

Correction:

|MX |2 → |MX |2 + 2Re{M(1)

F M(0)
F } + ∫ Real

•Repeat parton showers

Nason, JHEP 0411 (2004) 040

Frixione, Nason, Oleari JHEP 0711 (2007) 070


+ POWHEG Box JHEP 1006 (2010) 043

๏MECs (POWHEG with Loops)
Positive Weight Hardest Emission Generator
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Jet Merging: Slicing Algorithms

Shower approximation is set to zero above some scale:

Due to “dead-cone” regions (as it occurs in Herwig).

Veto some emissions above some matching scale.

Multi-jet merging algorithms such as CKKW-L and MLM tend to fill this empty region by

Generating multi-jet samples corresponding to high-multiplicity tree-level matrix elements.

The multi-jet samples must be associated with Sudakov form factors (to ensure smooth transitions).
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Shower (w 1 st order MECs)

MLM w 3 rd order Matrix Elements

Example: LHC7 : W + 20-GeV Jets

Plot from mcplots.cern.ch; see arXiv:1306.3436 

NJETS

P.  S k a n d s

Z→udscb ; Hadronization OFF ; ISR OFF ; udsc MASSLESS ; b MASSIVE ; ECM = 91.2 GeV ; Qmatch = 5 GeV!
SHERPA 1.4.0 (+COMIX) ; PYTHIA 8.1.65 ;  VINCIA 1.0.29 (+MADGRAPH 4.4.26) ; !

gcc/gfortran v 4.7.1 -O2 ; single 3.06 GHz core (4GB RAM)

S l ic ing :  The  Cos t

35

0.1s

1s

10s

100s

1000s

Z→n : Number of Matched Emissions

2 3 4 5 6
1s

10s

100s

1000s

10000s

Z→n : Number of Matched Emissions

2 3 4 5 6

1. Initialization time 
(to pre-compute cross sections 

and warm up phase-space grids)

SHERPA+COMIX

SHERPA (C
KKW-L)

2. Time to generate 1000 events 
(Z → partons, fully showered & 
matched. No hadronization.)

1000 SHOWERS

(example of sta
te of th

e art)

See e.g. Lopez-Villarejo & Skands, arXiv:1109.3608

Time

Matching Order

Example: e+e- → Z → Jets

http://mcplots.cern.ch
http://arxiv.org/abs/arXiv:1306.3436
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From Partons to Hadrons

Qhard
Qcut ≈ 1 GeV

Parton starts at a high

factorization scale
Q = QF = Qhard

It showers

(bremsstrahlung)

It ends up at a low effective

factorization scale 

Q ≈ mρ ≈ 1 GeV
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Colour Neutralisation

๏A physical hadronization model 

•Should involve at least two partons, with opposite color charges

•A strong confining field emerges between the two when their separation ≳ 1fm

Space

Ti
m

e

Early times

(perturbative)

Late times

an
ti-R

 m
ovin

g al
ong

 rig
ht 

lig
htc

one

R moving along left lightcone

non-perturbative

pQCD
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Linear confinement
๏Explicit computer simulations of QCD on a 4D “lattice” (lattice QCD) can provide the potential of the colour-singlet  systemqq̄

P.  S k a n d s

Long Wavelengths > 10-15 m

๏Quark-Antiquark Potential 
•As function of separation distance

17

46 STATIC QUARK-ANTIQUARK POTENTIAL: SCALING. . . 2641

Scaling plot

2GeV-

1 GeV—
2

I
-2 k,

t

0.5 1.5 1 fm 2.5
l~

RK
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FIG. 4. All potential data of the five lattices have been scaled to a universal curve by subtracting Vo and measuring energies and

distances in appropriate units of &E. The dashed curve correspond to V(R)=R —~/12R. Physical units are calculated by exploit-
ing the relation &cr =420 MeV.

AM~a=46. 1A~ &235(2)(13) MeV .

Needless to say, this value does not necessarily apply to
full QCD.
In addition to the long-range behavior of the confining

potential it is of considerable interest to investigate its ul-
traviolet structure. As we proceed into the weak cou-
pling regime lattice simulations are expected to meet per-

turbative results. Although we are aware that our lattice
resolution is not yet really suScient, we might dare to
previe~ the continuum behavior of the Coulomb-like
term from our results. In Fig. 6(a) [6(b)] we visualize the
confidence regions in the K-e plane from fits to various
on- and off-axis potentials on the 32 lattices at P=6.0
[6.4]. We observe that the impact of lattice discretization
on e decreases by a factor 2, as we step up from P=6.0 to

150

140

Barkai '84 o
MTC '90
Our results:---

130-

120-

110-

100-

80—

5.6 5.8 6.2 6.4

FIG. 5. The on-axis string tension [in units of the quantity c =&E /(a AL ) ] as a function of P. Our results are combined with pre-
vious values obtained by the MTc collaboration [10]and Barkai, Moriarty, and Rebbi [11].

~ Force required to lift a 16-ton truck

LATTICE QCD SIMULATION. 
Bali and Schilling Phys Rev D46 (1992) 2636

What physical!
system has a !
linear potential?

Short Distances ~ “Coulomb”

“Free” Partons

Long Distances ~ Linear Potential

“Confined” Partons 
(a.k.a. Hadrons)

(in “quenched” approximation)

V (r) = �a

r
+ r
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“Cornell Potential” fit: with κ ∼ 1 GeV/fm

What physical system has a linear 
potential?

(→ could lift a 16-ton 
truck)
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Hadronisation: Lund string model

The Lund string model is based on the following symmetric function

f(z, m⊥h) ≡ N
(1 − z)a

z
exp( −

−bm2
⊥h

z )•Causality and Lorentz invariance ⟹

•This function gives

the probability to produce a hadron with energy fraction  and transverse mass .
z m⊥h

If  is peaked around 1, then the QCD jet consists of few hadrons each carrying a high fraction of the parent energy.

If  is peaked around 0, then the QCD jet consists of many hadrons each carrying a very low fraction of the parent energy.


f(z)
f(z)

•Properties of the Lund symmetric function

 and  are tunable parameters with the former controls the number of high energy hadrons  while 
the latter controls the number of low energy hadrons.
a b

•This function depends on:

(Plus about few tens of others which control flavors…etc).
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Iterative string break-ups

u(!p⊥0, p+)

dd̄

ss̄

π+(!p⊥0 − !p⊥1, z1p+)

K0(!p⊥1 − !p⊥2, z2(1 − z1)p+)

...

QIR

shower

· · ·

QUV


