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10.05.24, 16.14Constructing the Universe: the Particle Explosion

Page 1 of 1http://fafnir.phyast.pitt.edu/particles/conuni7.html

Enter Quarks: continued
New particles continue to be discovered. Sometimes a new particle implies the existence of a new quark.
Just this happened in the November Revolution in 1974 when the J/psi particle was found simultaneously
by Sam Ting at Brookhaven and Burton Richter at the Stanford Linear Accelerator. The J/psi can only be
explained as a bound state of a charm and anticharm quarks -- hence proving the existence of a new type
of quark. Similarly, the bottom quark was infered from the discovery of the upsilon particle by Leon
Lederman in 1977 at Fermilab. Finally, the top quark was found in 1994 at Fermilab. Measurements taken
at CERN in Geneva lead us to expect that no more types of quarks exist (unless something really strange
happens!).
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Eric Swanson
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HiggsX(3872) . . .

QCD
XYZ states as well as their decay patterns, but still can not explain why the charged partners of the X(3872) have not
been observed in B meson decays and other experiments [366].

There are also many XYZ partner states within the molecular scheme. We take the Zb(10610) and Zb(10650) as
an example, which were interpreted as the isovector BB̄⇤ and B⇤B̄⇤ molecular states of IG JP = 1+1+ [191]. Several
other molecular states were predicted as their partners, including isoscalar BB̄⇤ molecular states of IG JPC = 0�1+�
and 0+1++, and isoscalar B⇤B̄⇤ molecular states of 0+0++, 0�1+�, and 0+2++, etc. Generally speaking, the isoscalar
molecular states are bound more tightly than their isovector partners when their other quantum numbers are the same.

5.4. Connections between di↵erent XYZ states
The observed XYZ states are not isolated since there may exist connections between di↵erent XYZ states, which

are shown in Fig. 66. We need to emphasize the similarities existing in some of the observed XYZ states, which may
provide us some important clues to their inner structures. For example,

• The similarity between the Y(3940) and Y(4140) inspired the explanation of the D⇤D̄⇤ and D⇤s D̄⇤s molecular
states to the Y(3940) and Y(4140), respectively [187] (see review in Sec. 4.7).

• A unified Fano-like interference picture was proposed to explain the Y(4260), Y(4360) and Y(4008) due to their
similarity [715] (see review in Sections 4.6 and 4.8.1).

Y(4260)

Y(4008)

Y(4360)

Y(4660)

Y(4660)

X(3872)

Y(3940)

Y(4140)

Y(4274)
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Figure 66: (Color online) The connections between di↵erent XYZ states. Here, the states are marked by the same color background if they have the
same production and decay modes, while the states listed in the same column are of similar color background if they have similar decay mode. The
red, blue and grey arrows show that there exist pionic, dipion and radiative transitions between XYZ states, respectively. Additionally, the states
listed in the same column have the same production mode (see the categorization shown in Table 2).

The radiative transition Y(4260)! �X(3872) encodes important information on their inner structure. If X(3872) =
�c1(2P), the Y(4260) may favor the higher charmonium assignment, since Y(4260) ! �X(3872) is a typical E1
transition.

We want to emphasize the importance of finding the connections between di↵erent XYZ states. As shown in Fig.
66, the present observed connections between di↵erent XYZ states are not abundant. Future experimental e↵orts on
the transitions between di↵erent XYZ states will shed light on their inner structures.

120

H.-X. Chen et al 1601.02092
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9The QCD Fields

ψB
f (x) Quarks have three “colors” B = 1, 2, 3    or

Fa
μν(x) = ∂μAa

ν − ∂νAa
μ − g fabcAb

μ Ac
ν

B= red, blue, green

Aa
μ(x) Gluons have eight colors a = 1, 2, …, 8

Gluon field strength with self-coupling

 are the SU(3) structure constantsfabc

               3x3 “Gell-Mann” color matrices (analogous to the 2x2 Pauli matrices)

There are six quark flavors  f = u, d, s, c, b , t  , each with mass   mf

=
g2

4π
αs

ℒQCD(x) = ∑f ψB
f (i∂μγμ − g Aa

μ tBC
a γμ − mf)ψC

f − 1
4 Fμν

a Fa
μν

QCD coupling

2 ta
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10Chiral symmetry

ℒQCD(x) = ∑f ψB
f (i∂μγμ − g Aa

μ tBC
a γμ − mf)ψC

f − 1
4 Fμν

a Fa
μν

Invariant under   (global) chiral transformation when .ψ(x) → eiγ5 ψ(x) mf = 0

A chiral transformation changes parity and implies parity doubling:  

Every hadron should have an identical partner with opposite parity. 

Parity degeneracy is not observed in data, even though .mu, md ≪ ΛQCD

Hence chiral symmetry must be spontaneously broken:

The chiral symmetry of  is not a symmetry of the physical states.ℒQCD(x)

This implies (nearly) massless Goldstone bosons: The  with  .

Symmetry of  constrains pion interactions: Chiral perturbation theory.

π±,0 mπ ≪ mp
ℒQCD(x)
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11SU(3) local gauge invariance

A gauge transformation U(x) transforms the quark and gluon fields at each x = (t, x):

ψ A(x) → UAB(x)ψB(x)

Aa
μ(x) ta → U(x)Aa

μ(x) taU†(x)− i
g U(x)∂μU†(x)

Fa
μν ta → U(x)Fa

μν ta(x)U†(x) Color electric and magnetic fields transform

All physical (measurable) quantities have to be gauge invariant

U(x)U†(x) = 1 , det U(x) = 1, 3 × 3

Gauge fixing:  (Feynman gauge),  (temporal gauge), …∂μAμ(t, x) = 0 A0(t, x) = 0
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12Uniqueness of gauge theory Lagrangians

The form of  is determined by locality in x andℒ(x)

Gauge symmetry, ie., U(1) for QED and SU(3) for QCD

Relativistic invariance: xμ → Λμ
ν xν + cμ

Renormalizability: Regularisation of loop integrals without new couplings

Photon and gluon mass terms  are not gauge invariant, hence m = 0 :1
2 m2AμAμ

 eVmγ < 10−18   (but confined)mg = 0

 (gauge invariance spontaneously broken by Higgs)mW, Z ≠ 0

(Poincaré = Lorentz + Translations)
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13Universality of QCD coupling

g ≠ gf All quarks couple to gluons with the same g

The symmetry between leptons and quarks hints at physics Beyond the SM: BSM

The proton charge is ep = 2eu + ed = 2 ⋅ 2
3 − 1

3 = 1 = − ee

Data: 

g → ef e electric charge =
e2

4π
≃

1
137

α

eu = 2
3 , ed = − 1

3 , ee = − 1

ℒQCD(x) = ∑f ψB
f (i∂μγμ − g Aa

μ tBC
a γμ − mf)ψC

f − 1
4 Fμν

a Fa
μν

Not so in QED:

coupling is not universal for U(1) theories

Quark and lepton charges seem related!

Accidentally?

|ep + ee | < 1.0 ⋅ 10−21
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   +  ℒQCD → ℒQCD θ
g2

64π2
εμνρσ Fμν

a Fρσ
a

 breaks CP symmetry. Neutron electric dipole moment:   θ ≠ 0 θ < 10−10

Peccei and Quinn (1977):  if there are “axion” particles.θ = 0

But maybe there is no CP violation, even if  ?θ ≠ 0

Strong CP violation?

“Naturality”:  should have all allowed terms,  with coefficients of ℒ 𝒪(1)

gauge and Poincaré invariant

Peccei and Quinn, 

PRL 38, 1440 (1977)

Ai, Cruz, Garbrecht and Tamarit, 

Phys. Lett. B 822 (2021), 136616

  Many experimental searches for axions!⟹

Issue related to boundary conditions:   Aμ
a (x → ∞) Confinement?
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15Physical scales in QED

ℒQED(x) = ∑l ψl(i∂μγμ − el e Aμγμ − ml)ψl − 1
4 FμνFμν

The lepton masses  determine the scales of QED.ml = me, mμ, mτ

E.g., for the Hydrogen atom ( ):e−p Binding energy: EB ≃ 1
2 α2 me

Radius: 1/rH ≃ αme)

For Muonium ( ):  μ− p me → mμ
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16Physical scales in QCD

ℒQCD(x) = ∑f ψf(i∂μγμ − g Aμγμ − mf)ψf − 1
4 FμνFμν

The quark masses   provide physical scales.mf = mu, md, ms, mc, mb, mt

The u and d quarks masses:
mu ≃ 2.16
md ≃ 4.67

MeV
MeV

are small compared to the scale of the proton (uud): 
mp ≃ 938 MeV

1/rp ≃ 238 MeV

QCD has a “confinement scale”   of   ΛQCD 𝒪(1 fm−1 ≃ 200 MeV)

that is not in ℒQCD
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ΛQCD
How can  be introduced 


without changing  ?

ΛQCD

ℒQCD

I II III

Generation
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SQCD = ∫ d4x ℒQCD(x)

From the QCD Lagrangian to observables

is the gauge and Poincaré invariant Action.

The expectation value of any functional  of the gluon and quark fields𝒪

⟨𝒪⟩ = ∫ 𝒟(A, ψ, ψ) 𝒪 exp(i SQCD)

 integrates over the values of   at all spacetime points x∫ 𝒟(A, ψ, ψ) A(x), ψ(x), ψ(x)

There are two main methods to evaluate  : Lattice QCD and Peturbation Theory⟨𝒪⟩

Thus: An infinite number of integrals!

Functional integral of QFT

c.f.: Path integral in QM

It requires a boundary condition:   Aμ
a (x → ∞)

[E.g., for a quark propagating from x1 to x2 :    ]    is given by𝒪 = ψ(x2) ψ(x1)
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Lattice QCD

Wilson discretization preserves exact gauge invariance.

Poincaré invariance is restored in the continuum limit

Lattice recipe
 

EMMI Seminar  2008            R.Soualah                                                                       11
                                                                                     

• The quark and antiquark fields ? (x), ? (x) leave in the lattice sites x.

•  Gauge fields are represented by the ink variable Uµ(x) which are group 
elements in the  SU(N) associated with line path connecting nearest neighbor 
pairs of lattices sites. 

Lattice recipe
 

EMMI Seminar  2008            R.Soualah                                                                       11
                                                                                     

• The quark and antiquark fields ? (x), ? (x) leave in the lattice sites x.

•  Gauge fields are represented by the ink variable Uµ(x) which are group 
elements in the  SU(N) associated with line path connecting nearest neighbor 
pairs of lattices sites. 

R. Soualah (2008)

In a finite, discrete space-time (lattice) there is a

finite number of integrals: Do them numerically

K. G. Wilson (1974)

To avoid cancellations in the functional integral, go to
exp(i S) → exp(−S)t → i τ :

Allows to determine static quantities (masses, form factors)

Confirms confinement and breaking of chiral invariance

Scattering and decays challenging: Require Minkowski space

Euclidean space:

(real time t)



Paul Hoyer Saariselkä 2024

21Hadron masses from Lattice QCD

BMW Collaboration,

Science 322 (2008) 1224 [0906.3599]

Results have been 

confirmed by other 

lattice calculations

A. S. Kronfeld, Annu. Rev. Nucl. 

Part. Sci. 62 (2012) 265 [1203.1204]
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Fig. 28 The suppression of QCD vacuum fields, as represented by the
energy density, from the region between a quark–antiquark meson (top)
or three-quark baryon (bottom). Quark positions are illustrated by the
colored spheres. The separation of the quarks in the meson are 0.50 fm
(left), 1.00 fm (middle), and 1.50 fm (right). The baryon frames illus-
trate the spherical cavity (or bag) observed at small quark separations
of 0.27 fm from the center (left), the development of a filled-∆ shape at
moderate separations of 0.42 fm (middle) and finally the emergence of

a Y-shape flux tube (right) at large quark separations of 0.72 fm from
the system center [404]. The surface plot illustrates the reduction of the
vacuum energy density in a plane passing through the centers of the
quarks. The vector field illustrates the gradient of this reduction. The
tube joining the quarks reveals the positions in space where the vacuum
energy density is maximally expelled and corresponds to the “flux tube”
of QCD

via a variational method with explicit B-meson operators.
These interpolating fields mix with the traditional flux-tube
operators in a matrix of correlation functions. Upon solving
for the energy eigenstates, mixed states with their associated
avoided level crossings are observed.

Following the notation of Ref. [418], the calculation
proceeds as follows. The QQ static quark operator con-
nected with an optimized spatially smeared flux-tube opera-
tor Vt (r, 0) from position 0 to r at Euclidean time t is

Q(r,t)
γ · r
r

Vt (r, 0) Q(0,t), (4.122)

where γ · r/r selects the spin-symmetric state to be com-
bined with the symmetric gluonic string Vt (r, 0), enabling
mixing with two pseudoscalar B mesons. Note, the anti-
symmetric spin-combination is obtained via γ · r/r → γ5
and yields the same energy levels, as both spin cases are
calculated from the same Wilson loop.

Similarly, the BB meson interpolating field for a pseu-
doscalar B meson at r and a B meson at 0 at Euclidean time
t is

Q(r,t) γ5 qi(r,t) q̄
i
(0,t) γ5 Q(0,t), (4.123)

where qi(r,t) annihilates the light-quark flavor, i . The four
elements of the correlation matrix are obtained from the four
combinations of these two operators.

Contracting the heavy-quark operators in the standard
flux-tube operators provides

[
Q(r,t)

γ · r
r

Vt (r, 0)Q(0,t)

]†
Q(r,0)

γ · r
r

V0(r, 0)Q(0,0)

= 2 tr
{
V †
t (r, 0)Ur(t, 0) V0(r, 0)U

†
0 (t, 0)

}
≡

(4.124)

where the heavy-quark mass dependence has been sup-
pressed for simplicity. Here Ur(t, 0) denotes the product of
time-oriented links at the position r from time 0 to t and the
trace is over color indices. This is the standard Wilson loop
depicted by the r (horizontally) by t (vertically) rectangle in
Eq. (4.124).

Similarly, contracting out the quark field operators in the
mixed correlator provides

Q(0,t) γ5 qi(0,t) q̄
i
(r,t) γ5 Q(r,t) Q(r,0)

γ · r
r

V0(r, 0) Q(0,0)

≡ = (4.125)

where the wavy line depicts a light quark operator. Finally,
contraction of the quark operators in the BB correlator pro-
vides

123

The QCD lattice view of confinement

Numerical simulations show the emergence of a color string between quarks.
F. Gross, et al., Eur.Phys.J.C 83 (2023) 1125  [2212.11107]

Recalls “Bag model”: ℒbag = (ℒQCD − B) θ(bag)
A. Chodos, et al., Phys. Rev. D9 (1974) 3471

Suggests a linear confinement potential: VC (r) = c r

9

Perturbative 
vacuum

QCD 
vacuum

Bag pressure B

FIG. 3. Sketch of the MIT Bag Model [24]. The kinetic pressure of the quarks balances the pressure B of the color field in the
QCD vacuum.

amplitude A(s, t) tends to peak in the forward direction, t ' 0. This is described by “Regge exchange”,

A(s ! 1, t . 0 fixed) ' �(t)s↵(t) ↵(t) = ↵0 + ↵0t (2.1)

The exchanged ”Reggeon” may be viewed as an o↵-shell (t  0) hadron. Data shows that Regge trajectories are
approximately linear, with a universal slope ↵0 ' 0.9 GeV2. Regge exchange is illustrated in Fig. 4(a) for ⇡+⇡� !
⇡+⇡�, to which the ⇢ trajectory ↵⇢(t) ' .5 + .9 t/GeV2 contributes.

In a Chew-Frautschi plot the spin J of hadrons is plotted versus their squared masses M2. Remarkably, the hadrons
lie on the linear Regge trajectories determined by scattering data for t  0, i.e., ↵(M2) = J . This is shown for the
⇢ trajectory states in Fig. 4(b)). Other hadrons with light (u, d, s) valence quarks such as nucleons and hyperons
similarly lie on linear Regge trajectories. The reason for this is not understood, but it has inspired string-like models
of hadrons, with the valence (di)quarks connected by a color flux tube [29, 30].

π+ π+

π– π–
π– π–

s →

→ t

≃
s → ∞, t fixed

π+ π+

α(t)

(a) (b)

FIG. 4. (a) Scattering amplitude for ⇡
+
⇡
� ! ⇡

+
⇡
� with ⇢ Regge exchange at high energies. (b) Chew-Frautschi plot of

hadron spins J vs. their M
2, and the Regge trajectory ↵⇢(t). Plot from [31].

Duality is a pervasive feature of hadron dynamics. In hadron scattering duality implies that s-channel resonances

 scale can arise from a boundary condition on the gluon fieldΛQCD
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4 15. Quark Model

Table 15.2: Suggested qq̄ quark-model assignments for the lightest
mesons made of u, d and s quarks. Mesons in boldface are included in
the Summary Table. The wave functions f and f Õ are given in the text
(Eq. (15.9)) and the singlet-octet mixing angles in Table 15.5 below for
the well established nonets. The classification of the 0++ mesons is con-
troversial: (i) the scalars a0(980), Kú

0 (700), f0(980) and f0(500), omitted
from the table, are often considered to be four-quark states, but are also
proposed for the ground state scalar nonet (see the chapter “Scalar Mesons
below 1 GeV” in this Review); (ii) there are three isoscalar 0++ mesons,
f0(1370), f0(1500) and f0(1710), both f0(1500) and f0(1710) being pro-
posed as glueballs. The three states are expected to mix. The isoscalar
assignments in the 21S0 (0≠+) nonet are also tentative. Details and alter-
native schemes can be found in “Spectroscopy of Light Meson Resonances”
in this Review.
a The 1+± and 2≠± isospin 1

2 states mix. In particular, the K1A and K1B

are nearly equal mixtures of the K1(1270) and K1(1400) [7]. The 2≠±

mixed partner of the K2(1770) is the established K2(1820).
b The physical vector mesons are mixtures of 13D1 and 23S1 (for a discus-
sion see [8]).
c This state has also been proposed as a tetraquark state [9].
d The ÷(1475) and ÷(1405) (not shown) may be manifestations of a single
state [10].
e This state has also been proposed as the ground state tensor glue-
ball [11, 12].

n2s+1¸J JP C I = 1 I = 1
2 I = 0 I = 0

ud̄, ūd, us̄, ds̄; f Õ f
1Ô
2(dd̄ ≠ uū) d̄s, ūs

11S0 0≠+ fi K ÷ ÷Õ(958)
13S1 1≠≠ fl(770) Kú(892) „(1020) Ê(782)
13P0 0++ a0(1450) Kú

0(1430) f0(1370, 1500, 1710)
11P1 1+≠ b1(1235) K1B

a h1(1415) h1(1170)
13P1 1++ a1(1260) K1A

a f1(1420) f1(1285)
13P2 2++ a2(1320) Kú

2(1430) f Õ
2(1525) f2(1270)

13D1 1≠≠ fl(1700) Kú(1680)b „(2170)c Ê(1650)
11D2 2≠+ fi2(1670) K2(1770)a ÷2(1870) ÷2(1645)
13D3 3≠≠ fl3(1690) Kú

3(1780) „3(1850) Ê3(1670)
13F4 4++ a4(1970) Kú

4(2045) f4(2300) f4(2050)
13G5 5≠≠ fl5(2350) Kú

5 (2380)
21S0 0≠+ fi(1300) K(1460) ÷(1475)d ÷(1295)
23S1 1≠≠ fl(1450) Kú(1410)b „(1680) Ê(1420)
23P1 1++ a1(1640) K1(1650)
23P2 2++ a2(1700) Kú

2(1980) f2(1950)e f2(1640)
21D2 2≠+ fi2(1880)
31S0 0≠+ fi(1800) K(1830) ÷(1760)

1st December, 2023

The unexpected success of the Quark Model

Particle Data Group

Mesons are , baryons are   + nuclei (  molecules)qq̄ qqq ∼

No gluons or sea quarks required by quantum numbers

Large excitation energies: Strong binding

Mystery: Why does the strong 

                field not create g,  ?qq̄

mu ≃ 2.16
md ≃ 4.67

MeV
MeV

Expected: Seen:



Similarity of atomic and hadronic spectra

V (r) = ��

r
V (r) = c r � 4

3

�s

r
PQED: PQCD?

Adapted from presentation by J. Ritman (2005)
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Positronium Charmonium

Quarkonia are like atoms with confinement

V (r) = �↵

r
V (r) = V 0r � 4

3

↵s

r
<latexit sha1_base64="FSjEu3MzYfRTzqau5lFKkY0E9gI="></latexit><latexit sha1_base64="FSjEu3MzYfRTzqau5lFKkY0E9gI="></latexit><latexit sha1_base64="FSjEu3MzYfRTzqau5lFKkY0E9gI="></latexit><latexit sha1_base64="FSjEu3MzYfRTzqau5lFKkY0E9gI="></latexit>

(1980)



25Charmonia ( ) and bottomonia ( )cc̄ bb̄
Quarkonia have confined, non-relativistic heavy quarksmc, mb ≫ ΛQCD

Successfully described by Schrödinger equation, with phenomenological

“Cornell potential” V (r) = V 0r � 4

3

↵s

r
<latexit sha1_base64="FSjEu3MzYfRTzqau5lFKkY0E9gI="></latexit><latexit sha1_base64="FSjEu3MzYfRTzqau5lFKkY0E9gI="></latexit><latexit sha1_base64="FSjEu3MzYfRTzqau5lFKkY0E9gI="></latexit><latexit sha1_base64="FSjEu3MzYfRTzqau5lFKkY0E9gI="></latexit>

E. Eichten et al, Phys. Rev.  D21 (1980) 203, Rev. Mod. Phys.  80 (2008) 1161

V′￼ ≃ 0.18 GeV2, αs ≃ 0.39

Γ[J/ψ → ggg] ∝ α3
s

Confinement does not require large  !αs

Decays calculated perturbatively:

https://indico.pnp.ustc.edu.cn/event/91/contributions/6657/attachments/1856/3047/STCF-Workshop 20240113.pptx

Haiping Peng

Despite common belief:
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even a pure Coulomb potential, σ = 0, implies a non-vanishing σeff at finite t ! r.
Of course, the symmetry of the Wilson loop under interchange of r and t also implies
that no plateau in V (r, t) can be found, unless t " r. For smeared Wilson loops, one
would still expect a similar 1/t2 approach (with a different coefficient) of σeff towards
the asymptotic limit, while effective masses, V (r, t), will approach V (r) exponentially
fast at any r.

4.7.2 The quenched potential

-4

-3

-2

-1

0

1

2

3

0.5 1 1.5 2 2.5 3

[V
(r)

-V
(r 0

)] 
r 0

r/r0

β = 6.0
β = 6.2
β = 6.4
Cornell

Figure 4.2: The quenched Wilson action SU(3) potential, normalised to V (r0) = 0.

In Figure 4.2, we display the quenched potential, obtained at three different β values
in units of r0 ≈ 0.5 fm from the data of Refs. [173, 29]. The lattice spacings, determined
from r0, correspond to a ≈ 0.094 fm, 0.069 fm and 0.051 fm, respectively. The curve
represents the Cornell parametrisation with e = 0.295. At small distances the data
points lie somewhat above the curve, indicating a weakening of the effective coupling
and, therefore, asymptotic freedom. We will discuss this observation later. All data
points for r > 4a collapse onto a universal curve, indicating that for β ≥ 6.0 the scaling
region is effectively reached for the static potential. Moreover, continuum rotational
symmetry is restored: in addition to on-axis separations, many off-axis distances of the
sources have been realised and the corresponding data points are well parameterised by
the Cornell fit for r > 0.6 r0. Prior to comparison between the potential at various β,
the additive self-energy contribution, associated with the static sources, that diverges
in the continuum limit has been removed. This is achieved by the parametrisation-
independent normalisation of the data to V (r0) = 0.

42

Lattice QCD agrees with the Cornell potential

The quenched Wilson 
action SU(3) potential.

Gunnar S. Bali, Phys.Rept. 343 (2001) 1

V (r) = V 0r � 4

3

↵s

r
<latexit sha1_base64="ZnAdRTUtScPLNXsAHVUhJv3e5cA="></latexit>

Cornell:
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THE STATE IS NOT ABOLISHED, IT WITHERS AWAY: 

HOW QUANTUM FIELD THEORY BECAME 

A THEORY OF SCATTERING

“Learning quantum field theory (QFT) for the first time, after first 
learning quantum mechanics (QM), one is (or maybe, rather, I was) struck 
by the change of emphasis: The notion of the quantum state, which plays 
such an essential role in QM, from the stationary states of the Bohr atom, 
over the Schrödinger equation to the interpretation debates over 
measurement and collapse, seems to fade from view when doing QFT.”

A.S. Blum, Stud. Hist. Phil. Sci. B60 (2017) 46  [2011.05908]:

Bound states are omitted in QFT textbooks
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Quantum

Chromodynamics

Perturbative methods



29The Scattering matrix

ℒQCD → HQCDDetermine the generator of time translations (Hamiltonian):

where H0 is the free part, of 𝒪(g0)H = H0 + gHint

Use the free state basis (Interaction Picture): H0 |ψ, ψ, A; t⟩0 = E0 |ψ, ψ, A; t⟩0

Sfi = 0⟨ f, t → ∞ |{T exp[ − i∫
∞

−∞
dt gHint(t)]} | i, t → − ∞⟩0

The initial and final states i, f  at  are free, as required for scatteringt = ± ∞

Sfi can, at each order in g, be pictured in terms of Feynman diagrams 
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30Feynman diagrams 3.5.2024, 16.051024px-Feynmann-diagram-gluon-radiation.svg.png 1 024×614 pixels

Page 1 of 1https://upload.wikimedia.org/wikipedia/commons/thumb/0/08/Feynman…on-radiation.svg/1024px-Feynmann-diagram-gluon-radiation.svg.png

e+e− → qq̄g

Each order in g is Poincaré invariant

Gauge invariance is not explicit: The propagation

 depends on the gauge at x1, x2Aμ

a (x1) → Aν
b(x2)

Sfi must not depend on the choice of gauge, at any order of g.

Sfi has no bound state poles (at finite order in g): Expansion in free propagators

Lattice QCD and the perturbative S-matrix are complementary
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31The perturbative expansion diverges

QED predictions are based on expansions in powers of .

Yet the series diverges for any  (zero radius of convergence)

α
α

QCD perturbation theory is similar to that of QED, but .αs > α

Physics for α = e2/4π < 0 is very different:

  The S-matrix is not unitary (e is imaginary).

  Unlike charges repel: V = − α/r > 0

The perturbative expansion is believed to be an 

asymptotic series, which starts to diverge after 

some finite number (~  ?) of terms.1/α

F. Dyson,

Phys. Rev. 85, 631 (1952) 

Asymptotic series: 

Y. Meurice, hep-th/0608097

31
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α−1 = 137.035999166(15)

The SM prediction:

Paul Hoyer Jlab-HUGS June 2007

9

𝒪(α4) :

The QED coefficients  are known. Contributions from  and QCD, W, Z

are added. E.g., C4 includes 891 QED diagrams of the following type: 

C1…C5 μ, τ

A precision measurement of the electron magnetic moment gives:

The electron magnetic moment  in the SMge

ge

2
= 1 +

∞

∑
n=1

Cn ( α
π )

n

+ aμτ + aQCD + aEW

Fan et al., Phys. Rev. Lett. 130 (2023) 071801
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In his report to the 12th Solvay Congress (1961) on “The Present Status of Quantum Electrodynamics” 
(QED), Feynman called for more insight and physical intuition in QED calculations. To quote from a 
particularly relevant passage: “It seems that very little physical intuition has yet been developed in this 
subject. In nearly every case we are reduced to computing exactly the coefficient of some specific term. We 
have no way to get a general idea of the result to be expected. To make my view clearer, consider, for 
example, the anomalous electron moment, . We have no physical picture 
by which we can easily see that the correction is roughly , in fact, we do not even know why the sign 
is positive (other than by computing it). In another field we would not be content with the calculation of the 
second-order term to three significant figures without enough understanding to get a rational estimate of 
the order of magnitude of the third. We have been computing terms like a blind man exploring a new room, 
but soon we must develop some concept of this room as a whole, and to have some general idea of what is 
contained in it. As a specific challenge, is there any method of computing the anomalous moment of the 
electron which, on first rough approximation, gives a fair approximation to the  term and a crude one to 

 ; and when improved, increases the accuracy of the  term, yielding a rough estimate to  and 
beyond?”

(g − 2)/2 = α/2π − 0.328 α2/π2

α/2π

α
α2 α2 α3

Feynman’s challenge

S. D. Drell and H. R. Pagels, Phys. Rev. 140 (1965) B397
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34Running of the QED coupling  (I)α

Loop integral diverges as  : Becomes a pointlike interactionkμ → ∞

+ +…
γ(q)

e e e ee(k)

γ γThe electric charge is 

defined by ee scattering:

Pesking and Schroeder: 

An Introduction to 
Quantum Field Theory

7.5 Rellormalization of the Electric Charge 245 

virtual electron-positron pair. This diagram will alter the effective field AJL (x) 
seen by the scattered electron. It can potentially shift the overall strength of 
this field, and can also change its dependence on x (or in Fourier space, on 
q). In this section we will compute this diagram, and see that it has bot h of 
these effects. 

Overview of Charge Renormalization 

Before beginning a detailed calculation, let's ask what kind of an answer we 
expect and what its interpretation will be. The interesting part of the diagram 
is the electron loop: 

V
k+q 

/-l v -q 
k 

(The fermion loop factor of (-1) was derived in Eq. (4.120).) More generally, 
let us define iIIJLl/(q) to be the sum of alll-particle-irreducible insertions into 
the photon propagator, 

==:iIIJLl/(q), 
q 

so that (q) is the second-order (in e) contribution to IIJLl/ (q). 

(7.72) 

The only tensors that can appear in IIJLl/(q) are gJLl/ and qJLql/. The vVard 
identity, however, tells us that qJLIIJLl/(q) = O. This implies that IIJLl/(q) is 
proportional to the projector (gJLl/ - qJLql/ /q2). Furthermore, we expect that 
IIJLl/(q) will not have a pole at q2 = O; the only obvious source of such a pole 
would be a single-massless-particle intermediate state, which cannot occur in 
any lPI diagram. t It is therefore convenient to extract the tensor structure 
from II/lV in the following way: 

IIJLl/(q) = (q2gJLl/ _ qJLql/)II(q2), 

where II(q2) is regular at q2 = O. 
Using this notation, the exact photon two-point function is 

(7.73) 

t One can prove that there is no such pole, but the proof is nontrivial. Schwinger 
has ShOWIl thaL in two spacetime dimensions, the sillgularity in II2 due to a pair of 
massless fermions is a pol e rat her than a eut; this is a famons counterexample to our 
argument. There is no sl1eh problem in four dimensions. 

∫
∞

−∞

d4k
(2π)4

e0 e0iΠμν
2 (q) ≡ ≡ i(gμνq2 − qμqν)Π2(q2)

Regularize by subtraction: 

Π2(q2) − Π2(0)
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Summing the 

geometric series 

α0 → αeff(q2) =
α

1 − [Π2(q2) − Π2(0)]
+ O(α2)

makes the

coupling “run”:

=
α

1 − α
3π log(−q2e−5/3/m2

e )
for −q2 ≫ m2

e

 increases with – q2 in QED, as one probes 


shorter distances, closer to the infinite bare charge e0.

αeff(q2)

Running of the QED coupling  (II)α



36The running of  in QCDαs

The gluon loop diagram contributes with 
opposite sign compared to the fermion loop.

Surprise: In QCD the effective coupling 

decreases with – q2  Q2≡

Quick Guide to Colour Algebra

Colour factors squared produce traces

(from lectures by G. Salam)

Quick Guide to Colour Algebra

Colour factors squared produce traces

(from lectures by G. Salam)

–

+

q

q

“Asymptotic freedom”

αs(Q2) =
12π

(33 − 2nf)log(Q2/Λ2)

The Q2-dependence of  has been

verified experimentally, with

αs

Λ ≃ 200 MeV ≃ 1 fm−1

Gross, Politzer, Wilczek (1973); Nobel 2004
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|k2|, slowly but catastrophically. Let us not forget the same behaviour of QED [14] and an unrealistic
but pedagogically valuable Lee model [18]. No wonder, the situation looked desperate indeed.

We may guess that Landau and Pomeranchuk apparently understood too well that search for a
“better” (asymptotically free) theory was unlikely to bear fruit. The pattern of the fall-off (screen-
ing) of the interaction at large distances (increase with momentum transfer) seemed too general to be
passed by. Indeed, the vacuum polarisation loop corrections are analytic in k2 (causality). Hence (by
crossing-symmetry) the “zero-charge” sign of the β-function inevitably follows from positivity of the
cross-channel pair production cross section being proportional (by unitarity) to the imaginary part of the
loop amplitude.

Back in 1969 Yulik Khriplovich demonstrated that in a non-Abelian SU(2) Yang–Mills gauge
theory the coupling constant disrespects this argument [19]. Vladimir Gribov explained how it dares to
do so without violating “first principles” [20].
Imagine a pair of static colour charges e.g., heavy
quarks interacting via instantaneous Coulomb gluon
exchange marked “0” on the adjacent picture.
In the next order in αs there appears the standard

vacuum polarisation correction due to gluon decays
into “physical” quanta, either a qq̄ pair or two trans-
verse gluons (“⊥”). They both respect unitarity and
give the same-sign contributions to the β-function
as shown on the top part of the picture – screen the
charge (as in QED and everywhere else).
In QCD this is not the end of the story however.

There is another type of radiative corrections due to
the fact that our Coulomb carrier propagates in the
“external field” of vacuum fluctuations of transverse
quanta. Coulomb gluons couple directly to trans-
verse ones (whereas photons did not). The first non-
vanishing contribution emerges in the second order

Instantaneous Coulomb interaction

Instantaneous Coulomb interaction

Vacuum fluctuations of transverse fields

= +N 4*c

_1
3 * * 3 

2

Khriplovich (1969)
Gribov (1976)

= −Nc

Transverse gluons (and quarks)

−n   f
_

ANTI screening 

in the coupling gs (bottom part of the picture). It is large and has the opposite sign corresponding to anti-
screening. The origin of the “opposite sign” is readily understood [20]: it is the same phenomenon that
pushes down the ground state energy of a quantum-mechanical system in the second order in perturbation,

E′
0 − E0 =

∑

n

|〈0|δV |n〉|2

E0 − En
< 0.

1.6 Good guesses and bad guesses
Given our present awareness of the essential difference between mistakes and errors, an appeal for bad
guesses (BG) would not sound provocative. In the first place, one needs BGs to have good guesses (GG)
shining ever brighter. However to avoid slipping toward PR values we had better put forward a more
serious argument: one learns by making bad guesses and confronting them with reality. QCD history is
rich in BGs. Let us recall a couple of them.

A celebrated example of a BG is given by the initial parton model picture of how quarks hadronize.
Feynman’s original idea was that each parton converts into a bunch of hadrons (with limited transverse
momenta and a uniform distribution in dx/x) – the Feynman plateau of rapidity length ymax % lnE,
with E the parton energy. This idea was realised in the very first (Field–Feynman) fragmentation model
and was accommodated later by more advanced MC event generators like ISAJET, COJET. Such models
today can be pronounced dead and to be buried, although of course with deserved honour. They lost
the race to the so-called Lund string model which was based on the smart decision to take into proper

The origin of anti-screening

Due to the coupling of the

instantaneous Coulomb gluons to

transverse gluons in the vacuum

Yu. Dokshitzer, hep-ph/0306287

Note: Gauge theories have

instantaneous interactions,

arising from the gauge-dependent


 and  fields!A0 AL
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16.4.2024, 18.03PDF.js viewer

Page 41 of 64https://pdg.lbl.gov/2023/web/viewer.html?file=../reviews/rpp2023-rev-qcd.pdf

The running of αs(Q2)

Measurements of   

in various processes,

and in Lattice QCD

αs

Particle Data Group, 2023

NLO = Next-to-leading order

αs(m2
Z) = 0.1184(8)Lattice:
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At order α2 there is an infrared singularity 

in the loop integral for k → 0:

(p1 � k)2 �m2
µ = �2p1 · k + k2 ⇤ k

The two fermion denominators ∝ k:

The photon denominator  ∝ k2 , giving a log singularity at  k = 0

�

0

d4k

k4

Infrared singularities in QED

The  Born term for  is 
regular, and given by the Feynman rules:

O(α) e+e− → μ+μ−

⇒ The exclusive process e+e– → µ+µ– is ill defined.

Paul Hoyer Mugla 2010

45

e+

e–

µ+

µ–

This problem shows up at order α2 as an 

infrared singularity in the loop integral for k → 0:

γ*

e+

e–

µ+

µ–

γ*
k

q

p1

p2

(p1 � k)2 �m2
µ = �2p1 · k + k2 ⇥ k

The two fermion propagators ∝ k,  e.g.:

The photon propagator  ∝ k2 , giving a log singularity at  k = 0

�

0

d4k

k4

No exclusive amplitudes for charged particles (II)

In the perturbation expansion the Born
term is well-defined and ≠ 0:

This may be seen without calculation:

⇒ The exclusive process e+e– → µ+µ– is ill defined.
Paul Hoyer Mugla 2010
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e+

e–

µ+

µ–

This problem shows up at order α2 as an 

infrared singularity in the loop integral for k → 0:

γ*

e+

e–

µ+

µ–

γ*
k

q

p1

p2

(p1 � k)2 �m2
µ = �2p1 · k + k2 ⇥ k

The two fermion propagators ∝ k,  e.g.:

The photon propagator  ∝ k2 , giving a log singularity at  k = 0

�

0

d4k

k4

No exclusive amplitudes for charged particles (II)

In the perturbation expansion the Born
term is well-defined and ≠ 0:

This may be seen without calculation:

⇒ The exclusive process e+e– → µ+µ– is ill defined.
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40There are no exclusive amplitudes for charged particles
Gauge invariance dictates that amplitudes

with external charged particles vanish: A(e+e� � µ+µ�) = 0

This is because the amplitude must be invariant under local 
U(1) gauge transformations. Multiplying one of the external 
fermions by  U = e iπ  = – 1  we get A → – A.

Two charged particles at different positions x, y must 
be connected by a gauge field exponential to be gauge 
invariant:

�̄(y)exp
�

ie

⇤ y

x
dz�A�(z)

⇥
�(x)

The photon (gauge) field serves as 
a connection, which “informs” 
about the choice of gauge at each 
point in space.

Paul Hoyer Mugla 2010
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e+

e–

µ+

µ–

This problem shows up at order α2 as an 

infrared singularity in the loop integral for k → 0:

γ*

e+

e–

µ+

µ–

γ*
k

q

p1

p2

(p1 � k)2 �m2
µ = �2p1 · k + k2 ⇥ k

The two fermion propagators ∝ k,  e.g.:

The photon propagator  ∝ k2 , giving a log singularity at  k = 0

�

0

d4k

k4

No exclusive amplitudes for charged particles (II)

In the perturbation expansion the Born
term is well-defined and ≠ 0:

This may be seen without calculation:

⇒ The exclusive process e+e– → µ+µ– is ill defined.
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⇤tot(s) =
�

X

⇥
d�X |MX |2 =

8⇥⇥
s

Im [Mel(� = 0)]

S S† = 1

Before QCD

Some Theorems
E.g., Lorentz inv., unitarity and the optical theorem

10

Unitarity (white):

SS † = 1

The Lagrangian of QCD

µ)(Dµ) ij ψ
j
q−mqψ̄i

qψqi−
1
4
F a
µνF

aµν

The Lagrangian of QCD in white

µ)(Dµ) ij ψ
j
q−mqψ̄i

qψqi−
1
4
F a
µνF

aµν

“something will happen”
note: includes “no” scattering

Unitarity (white)

SS † = 1

Optical Theorem (white)

σtot(s) =
X

dΦX |MX |2 =
8π
√
s
Im [M el(θ = 0) ]

The Lagrangian of QCD

L = ψ̄i
q(iγ

µ)(Dµ) ij ψ
j
q−mqψ̄i

qψqi−
1
4
F a
µνF

aµν

The Lagrangian of QCD in white

L = ψ̄i
q(iγ

µ)(Dµ) ij ψ
j
q−mqψ̄i

qψqi−
1
4
F a
µνF

aµν

Total 
Sum over everything 

that can happen
=

“Square Root” of 
nothing happening=

2

X X X~

Optical Theorem
As a consequence of the unitarity of the scattering matrix:

the total cross section may be expressed in terms of the

imaginary part of the forward elastic amplitude:

Nonlinear in M !

Completeness sum

on the rhs.

QED and QCD satisfy unitarity at each order of α (non-trivial!)

Unitarity holds also for the physical hadron states
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42Optical Theorem for                    in QED�tot(e+e�)

O (�) O
�
�2

⇥

At O(α2) the IR singular contributions to the imaginary part cancel.

The cancellations are between different final states!

The  amplitude is regular because it is gauge invariant.γ*T → γ*T
Finite cross sections include (arbitrarily soft, ) photons. 

There are no free, “bare” charged particles.

k → 0

µ+

µ–

γ* γ*
µ+

µ–

µ+

µ–

µ+

µ–

�⇥ � µ+µ� �⇥ � µ+µ��⇥ � µ+µ��

µ+

µ–

µ+

µ–

γ +
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Collinear singularity in QED

p

k
p+kThe cross section for collinearly emitted, 


high energy photons is also enhanced

(p + k)2 − m2 = 2p ⋅ k = 2 |k |( p2 + m2) − |p |cos θ)
θ

∝ 1 − cos θ + 𝒪(m2/p2) ( |p | ≫ m)

σ ∼ α∫
1

d cos θ
1

1 − cos θ + m2/2p2
∝ α log( p2

m2 ) Large radiative

corrections

Also this collinear logarithm is cancelled by the virtual correction in  σtot
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44Sudakov form factor
We need not sum over all final states as in  , only around 

the singular regions with soft and collinear photons

σtot

If the detector is insensitive to photons with  ,

any measurement will include soft photons:

k < kdet

σmeas = σ[e(p) → e(p)] + σ[e(p) → e(p − k) + γ(k)]k<kdet

Keeping the initial electron off-shell, , regularizes the singularities:p2 − m2
e = q2

σmeas = σ0[1 −
α
π

log( q2

m2
e

) log( q2

k2
det

)] + 𝒪(α2) Summing to all orders:

= σ0 exp[ −
α
2π

log( q2

m2
e

) log( q2

k2
det

)]

p–k

k
p

e
e

γ

Sudakov form factor vanishes

faster than any power ( )q2 ≫ m2

e



45

Quantum

Chromodynamics

Hard scattering
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De!nition

An observable is infrared safe if it is insensitive to

SOFT radiation: 
Adding any number of infinitely soft particles should not 
change the value of the observable

COLLINEAR radiation:
Splitting an existing particle up into two comoving particles 
each with half the original momentum should not change 
the value of the observable

Infrared Safe observables

P. Skands

QCD perturbation theory is reliable only at large virtualities,  ,

which excludes the IR and collinear singularities: The calculation is “IR Safe”.

|q2 | ≫ Λ2
QCD
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QCD result for σtot(e+e− → q, q̄, g)

The perturbative expression for  is infrared safe 

and may thus be compared with data on 

σtot(e+e− → q, q̄, g)
σtot(e+e− → hadrons)

σ(e+e− → q, q̄, g)
σ(e+e− → μ+μ−)

= 3(∑
q

e2
q)[1 +

αs(Q2)
π

+
∞

∑
n=2

cn ( αs(Q2)
π )

n

] + 𝒪( Λ4

Q4 )
c2 = 1.9857 − 0.1152 nf

c3 = − 6.63694 − 1.20013 nf − 0.00518 n2
f − 1.240 η

c4 = − 156.61 + 18.775 nf − 0.7974 n2
f + 0.0215 n3

f − (17.828 − 0.575 nf)η

η = (∑
q

eq)
2

/(3∑
q

e2
q) pdg (2023)
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R =

σ(e+e− → hadrons)
σ(e+e− → μ+μ−)

= 3∑
q

e2
q(1 +

αs

π
+ …) 1125 Page 30 of 636 Eur. Phys. J. C          (2023) 83:1125 

Fig. 12 In e+e− annihilation, a quark and an antiquark born with
momenta above 1 GeV fly away as free partons

watch what happens to a pair of bare quarks created in the
annihilation point and moving apart with light speed.

Figure 12 shows the total hadroproduction cross section,
normalized by the QED cross section e+e− → µ+µ− as
a function of annihilation energy

√
s = 2Eq . We see that

first the quark and the antiquark interact in the final state
producing hadron resonances (vector mesons ρ, ω, φ). As
soon as the quark energy exceeds 1 GeV, the stormy sea calms
down abruptly and turns into still waters. Quarks with larger
energies forget about one another and behave as free particles.
They separate unimpeded and develop their private multi-
hadron images – jets. (The story repeats above the charm
threshold.)

This plot contains more than a mere counting of the num-
ber of families of colored quarks,

R(s) = σe+e−→hadr.

σe+e−→µ+µ−
, Rq.m. = Nc

∑

f

e2
f .

Notice a slight non-linearity of the pQCD red line in Fig. 12.
Its origin – a QCD correction to the annihilation cross section
due to gluon radiation:

R(s)
Rq.m.(s)

= 1 + 3CF

4
αs(s)
π

+ · · · ,

where CF =(N 2
c−1)/2Nc = 4/3 is the quark “color charge”

(quadratic Casimir operator of the fundamental represen-
tation of the SU (Nc) group). The running coupling effect
timidly winks at us.

Tau-lepton as a pQCD blessing.
Even at smaller momentum scales, pQCD can be successfully
applied. It suffices to “properly place your eyes”,6 that is to
choose the right question to ask.

6 M. B. Voloshin.

An amusing and practically important example of preco-
cious pQCD control is provided by hadronic decays of the
τ -lepton. Given lepton-quark universality of the weak inter-
action, by simply counting degrees of freedom one would
expect

Rτ = τ → ντ + hadrons

τ → ντ + e−ν̄e
= Nc = 3.

Experimentally it is 20% higher: Rτ $ 3.64. Quite a serious
discrepancy. We could refuse to discuss it by presenting a
legitimate excuse: the lepton mass mτ $ 1.78 GeV is too
small for pQCD to apply.

Meantime, there is a more constructive way to address
this discrepancy. In the spirit of the Bloom–Gilman duality
idea that has emerged in the DIS context [144], it is tempting
to explore whether hadron and quark languages would com-
plement each other. The lepton τ decays via many hadronic
channels with squared invariant mass s = (Pτ − pν)2 =
mτ (mτ − 2Eν) ranging from m2

π $ 0 all the way up to m2
τ .

Summing over all hadron states and integrating over s one
has a good chance to mimic the QCD prediction, should there
be one.

On the QCD side, since the gluon interaction does not dis-
criminate quark flavors (W− → dū, sū in place of γ ∗ → uū
or dd̄ ), formation of the final state via virtual W− is no dif-
ferent from that in the e+e− annihilation case. This allows
one to express the pQCD correction to the branching ratio
Bh via αs(m2

τ ) – the strong coupling at the tau-mass scale.
Moreover, by employing the Shifman–Vainshtein–Zakharov
(SVZ a.k.a. ITEP) sum rules (discussed in Sect. 5.7) designed
to match theoretical quark–gluon calculations with hadron
phenomenology via dispersion relations [145], it was possi-
ble to prove that the NP contributions are negligible [146]
being suppressed as a high power of the τ mass, (Λ/mτ )

6

[147].
The creator has chosen the τ mass wisely. It lies conve-

niently inside a window where αs(m2
τ ) is sufficiently large as

to make pQCD correction significant and well visible, and at
the same time not too large to undermine the PT treatment.
This resulted in [148,149]

αs(m2
τ ) = 0.345 ± 0.010,

which value is three times larger that the reference QCD
coupling at the Z -boson scale, αs(M2

Z ), and is indispensable
as a lever arm for visualizing asymptotic freedom, see Sect. 3
of this volume.

2.3.3 (p)QCD: precursors and hints

QCD inherited quite a dossier of puzzles from the constituent
quark model. It is worth recalling certain successes of the pre-
QCD quark picture of hadrons, some of which are short of a
miracle.

123

s (GeV)

R(s)

F. Gross et al.,

Eur.Phys.J.C 83 (2023) 1125  

[2212.11107]

PQCD curve

averages resonance

contributions 

(duality)
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Final state evolves in time τ with 
decreasing virtuality and thus 
decreasing energy uncertainty ΔE 

Evolution is unitary:
Measured cross section in energy 
interval ECM ± ΔE  must average 
to (parton) cross section at τ ~ 1/ΔE

Time evolution in  e+e– → of hadrons

Q2

Δ τ ∼ 1/Qe– 
  

e+

q

q
_

Δ τ ∼ 1/GeV ~ 0.2 fm
Δ τ ∼ 1 fm

The perturbative evolution is imprinted on the hadrons (duality)

Δτ ΔE ≳ ℏ
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c

d

hC/c

CSpec-
tators

Spec-
tators

• One active parton in each hadron
• No interactions with spectators
• Hard subprocess  is perturbativêσ

QCD Factorization in Hard Inclusive Processes

σ(A + B → C + X) = fa/A(xA) fb/B(xB)

× ̂σ(a + b → c + d) hC/c(zC)
× [1 + 𝒪(1/p2

T)]

pT ≫ ΛQCD
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51Jet production in hadron collisions

(Non-perturbative)

(log. scaling

violations)

Bhatti et al,

arXiv:1002.1708

(Non-perturbative)

(Inclusive sum) (or: h + X)

(log. scaling

violations)

(Perturbative)

(Higher order

in )αs
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Figure 29. Measurements of the colour factors CA and CF discussed in this report.
The ellipses show the correlated measurements using 4-jet events [181, 185] or event
shape distributions [334] while the lines represent the results of determinations of
CA/CF from DELPHI [333] (dashed) and OPAL [320] (solid). The upper solid and
dashed lines overlap. The grey filled ellipsis displays the combined result for CA

and CF (see text). The solid triangle and squares show the expectations for various
assumptions for the gauge symmetry of QCD as indicated on the figure.

QCD as the theory of strong interactions and thus as an integral part of the standard

model of high energy physics.

Studies of differences between quark and gluon jets reveal many properties of the
gauge bosons of QCD, the gluons, which are correctly predicted by the theory. The

measurements of jet production rates and event shape observables using theoretically

and experimentally well behaved observables allow direct tests of advanced perturbative

QCD predictions and precise determinations of the value of the strong coupling constant

αS. A fundamental prediction by QCD is asymptotic freedom of the coupling at high

energies and this has been verified directly using data over a large range of cms energies.
More indirect tests of asymptotic freedom stem from successful comparison of precision

determinations of αS at different energy scales.

The most reliable and precise determinations of αS in e+e− annihilation to hadrons

employ inclusive observables such as the hadronic branching ratios of the gauge bosons of

qu
ar

k 
co

lo
r c

ha
rg

e

gluon charge

The QCD Lagrangian

is verified by data 

on hard scattering

S. Kluth, hep-ex/0603011

Measurement of the quark

and gluon color charges
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Fig. 4. Comparison of the charged hadron multiplicity for an initial qq and a gg pair as function of the scale. The dashed curve is a fit
Ž . Ž . Ž .according to Eqs. 4 or 5 , the full line is twice the second term of Eq. 9 . The grey band indicates the uncertainty due to the error of N .0

w xThe DELPHI gg data will be made available in the DurhamrRAL database 38 .

parameter. C rC has been set to its default value.A F
The parameterization of the eqey multiplicity ac-

Ž . q ycording to Eq. 4 uses the low energy e e data as
input. The fit yields:

N s1.91"0.03 stat . "0.33 syst . 13Ž . Ž . Ž .0

The systematic error was estimated as for C rC .A F
Furthermore a normalization error due to the multi-
plicity in eqey events has been added in quadrature.
This error has been assumed to be given by the error
of the precise average multiplicity at the Z resonance
w x37 . The actual value of N f2 corresponds to0

Ž .about one primary particle see also Section 3.1 .
This is indeed a reasonable value which had already

w xbeen expected in Ref. 1 .

4. Summary

In summary, the dependence of the charged parti-
cle multiplicity in quark and gluon jets on the trans-
verse momentum-like scale has been investigated
and the charged hadron multiplicity in symmetric

three-jet events has been measured as a function of
the opening angle u .1
The ratio of the variations of gluon and quark jet

multiplicities with scale agrees with the QCD expec-
tation and directly reflects the higher colour charge
of gluons compared to quarks. This can also be
interpreted as direct evidence for the triple-gluon
coupling, one of the basic ingredients of QCD. It is
of special importance that this evidence is due to
very soft radiated gluons and therefore complemen-
tary to the measurement of the triple-gluon coupling
in four-jet events at large momentum transfer.
The increase of the gluon to quark jet multiplicity

ratio with increasing scale is understood as being due
to a difference in the fragmentation of the leading
quark or gluon. The simultaneous description of the
quark and gluon jet multiplicities with scale also
supports the Local Parton Hadron Duality hypothesis
w x33 although large non-perturbative terms for the
leading quark or gluon are responsible for the ob-
served relatively small gluon to quark jet multiplicity
ratio.
Using the novel method of measuring the evolu-

tion of the multiplicity in symmetric three-jet events

Nqq

Ngg

Gluon vs. Quark jets
The PQCD splittings of 

gluon and quark jets 

gives a multiplicity ratio

CA

CF
=

9
4

= 2.25

Hadron multiplicities in 

data gave

e+e−

CA/CF = 2.246 ± 0.062 (stat.)
±0.080 (syst.) ± 0.095 (theo.)

Local Parton-Hadron duality!

Yu. Dokshitzer, hep-ph/0306287
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54Dynamics of DIS: e + p → e + X

p = (M,0)

q = ( ,q)
e

e'

Deep Inelastic Scattering (DIS) was the key 
to discovering quarks as physical, pointlike 
constituents of the proton (SLAC, 1969)

Parton distributions in the proton



55Transverse resolution in DIS
Target rest frame: p = (m, 0),    pe = (Ee, 0, 0, − Ee)

fixed (Bjorken limit)

 r⊥ ~ 0.1 fm

Q2 = 4 GeV2

The probability to hit a single parton is 
  hence σDIS ~ 1/Q2    (dimensional scaling)

Probability to hit two partons is   (higher twist contribution)

∼ Λ2
QCD/Q2

σHT ∼ Λ4
QCD/Q4

pe

q

p

p′￼e

For Q2 = – q2 and q0 = ν both large and 

xB =
Q2

2p ⋅ q
=

Q2

2mν

the transverse resolution is r⊥ ∼ 1/q⊥ ∼ 1/Q e.g.,

Note: ν ∝ Q2
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Longitudinal resolution in DIS

Through a small rotation θ ~ 1/Q  align q along the 

negative z -axis q = (q0, qx, qy, qz) = (ν, 0,0, − ν2 + Q2)

The Fourier transform  implies∝ exp(ir ⋅ q) = exp[i(r+q− + r−q+)/2 − r⊥ ⋅ q⊥]
r+ ~ 1/q– ~ 1/ν → 0  The photon probes the proton at 

an instant of Light-Front (LF) time, r+ = t + z ≈ 0
r– ~ 1/q+ ~ 2ν/Q2 = 1/mxB 

The resolution is finite in r– = t–z
Note: Since t ≈ -z, the resolution in z is 1/2mxB xB = 0.1 ⇒  Δz = 1 fm

“Ioffe length”

pe

q

p

p′￼e

Define: q± ≡ q0 ± qz Then  q = (q+, q−, q⊥) ≃ (−
Q2

2ν
,2ν, 0)

Note: The photon moves

in the negative z-direction!
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57The Handbag
According to the optical theorem, the inclusive cross section is given by 
the discontinuity (imaginary part) of the handbag (forward) amplitude:

q⌥ =
⌃

1 � yQ

r⌥ ⇧ 1/Q

xB =
Q2

2p · q
=

Q2

2m⇤

r · q = 1
2 [r

+q� + r�q+]

⌅

X

|T (�⇤ + p ⌃ X)|2 = Disc T (�⇤ + p ⌃ �⇤ + p)

fq/N(xB, Q2) =
1

8⌅

⇧
dr�e�imxBx�/2�N(p)|q̄(r�)�+W [r�, 0]q(0)|N(p) 

���� r+=0
r⇤⇥1/Q

W [r�, 0] ⌅ P exp

⇥
ig

2

⇧ r�

0
dx�A+(x�)

⇤

⇧
dp�

2⌅

i

p+p� � p2
⌥ � m2 + i⇧

e�ip�x+/2 =
⇥(x+p+)

|p+| e�ip�x+/2
����
p�=

p2
⇤+m2

p+

q

p

q

p

0 r

γ* γ*

pq

T T*

The scaling (leading twist) contribution 
to σDIS arises when the same quark is hit 
in the amplitude and (amplitude)*. 

The photon vertices are separated by the 
finite resolution distance r− ∼ 1/mxB

r+ ∼ 1/ν ∼ 1/Q2 and r⊥ ∼ 1/Q
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58Parton distribution with rescattering

xB =
Q2

2p · q
=

Q2

2m⇥

r · q = 1
2 [r

+q� + r�q+]

fq/N(xB, Q2) =
1

8⇤

⇥
dr�e�imxBx�/2⇤N(p)|q̄(r�)�+W [r�, 0]q(0)|N(p)⌅

���� r+=0
r⇤⇥1/Q

q

p

q

p

0 r
...

γ* γ*

xB =
Q2

2p · q
=

Q2

2m⇥

r · q = 1
2 [r

+q� + r�q+]

fq/N(xB, Q2) =
1

8⇤

⌅
dr�e�imxBx�/2⌅N(p)|q̄(r�)�+W [r�, 0]q(0)|N(p)⇧

���� r+=0
r⇤⇥1/Q

W [r�, 0] ⇤ P exp

⇥
ig

2

⌅ r�

0
dx�A+(x�)

⇤

arises from rescattering of the struck quark on the color field of target spectators

where the gauge link

– Only instantaneous Coulomb exchange  (specific to gauge theory)
– The gauge link ensures gauge invariance of the matrix element

A+ = A0 + Az

Soft rescattering of the struck parton on the 
color field of the spectators gives rise to the 
“gauge link” in the matrix element that defines 
the gauge invariant parton distribution
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59The two views of DIS
The LF time (x+) development in DIS depends on the electron beam direction:

:  q+ = –mxB pz
e < 0 :  q+ = 2νpz

e > 0

Virtual photon scatters on a target quark
σDIS ~  in the targetσ(qq̄)

The two views are related by a rotation of 180°, but rotations are 
not kinematic (explicit) symmetries on the Light Front.

“Target rest frame”“Infinite momentum frame”

e

e

quark: p+
q > 0

q

k

e

e

antiquark: p+
q̄ > 0

q

k

σDIS ~ quark probability in the target
Virtual photon splits into a  pair.qq̄

time → time →
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60Shadowing in DIS for nuclear targets

NMC CoUaboration/Nuclear Physics B 441 (1995) 3-11 9 
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Fig. 2. The re-evaluated NMC structure function ratios for He/D, C/D, Ca/D together with the reanalysed 
SLAC results. The error bars show the statistical and systematic errors added in quadrature. The normalisation 
uncertainties are not included. 

 


is suppressed a small xB

F2(e + A → e + X)
A F2(e + N → e + X)

Intuitive explanation:

Nucleons in front “shadow”

those behind them.

Requires DIS to be coherent on more than one nucleon in nucleus A

Longitudinal resolution of :γ*
1

2mNxB
≥ 2 fm implies:  xB ≲ 0.05

Nucl.Phys. B441 (1995) 3



61Shadowing: the two views of  DIS

pz
e < 0 pz

e > 0

 absorbed on front surface of Aqq̄

The two views are related by a rotation of 180°, but rotations are 
not kinematic (explicit) symmetries on the Light Front.

“Target rest frame”“Infinite momentum frame”

e

e

e

e
q

A

A

Rescattering on several nucleons

time →time →

q
q q

q̄g
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Quantum

Chromodynamics

Soft scattering
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63 Soft hadron scattering: pp → pp

Three processes related by crossing symmetry: p p

p p
→

→
s

t

p2

p1

p3

p4

s = (p1 + p2)2

t = (p1 − p4)2

u = (p1 − p3)2

s-channel: pp → pp

s + t + u = 4m2
p

s ≥ 4m2
p ; t, u ≤ 0

t-channel: pp̄ → pp̄ t ≥ 4m2
p ; s, u ≤ 0

u-channel: pp̄ → pp̄ u ≥ 4m2
p ; s, t ≤ 0

Lorentz invariant Mandelstam variables s, t and u

have distinct values for the three scattering processes.

The same scattering amplitude A(s,t) describes all three processes (crossing symmetry)

A(s,t)
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64 Analytic continuation of pp → pp

p p
→

→

s

t

p p

Im s

Re s

s-channel

u-channel

path of analytic 

continuation

Keeping t < 0 fixed, we may analytically

continue the amplitude A(s,t) from the


 region, where Im(s) = pp → pp +iε
to the  region, where Im(s) = pp̄ → pp̄ −iε

This requires an exact knowledge 

of A(s,t) for a finite range of  s.

Crossing symmetry is an

exact property of QFT’s.

4m2
p
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p̄ p̄
→u

p p

 Particle poles in pp̄ → pp̄

u = M2 − iMΓ

p̄ p̄

p p
→u π, ρ, …, J/ψ…

→ t

t = M2 − iMΓ

p̄ p̄

p p

π, ρ, …, J/ψ…= +

→ t

cos θt =
2s + t − 4M2

t − 4M2 A(s, t) ∝
PJ(cos θt)

t − M2 + iMΓ
∝ sJ

For  with , 

a spin J resonance pole

in the t-channel is

s → ∞ t fixed

∝ sJ

+ …

Unitarity:  σtot(pp) =
ImA(s, t = 0)

s
<

π
m2

π
log2 s Violated by resonances


with spin ≥ 2 ?

Yes, but  is not in the physical region of the s-channel.t = M2 − iMΓ
Pole contribution is finite, and can be canceled by other terms.
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66 High energy behavior of A(pp → pp)

Im s

Re s

path of analytic 

continuation

A*(u, t)

A(u, t)

A(s, t)

Assuming  we may analytically continue


to  along the large semicircle.


Take complex conjugate to cross the cut: 

A(s → + ∞, t) = β(t) eiϕ sα

A(s → − ∞ + iε, t) = β(t) eiϕ eiπα(−s)α

A(u → ∞ + iε, t) = A*(s → − ∞ + iε, t)

For combinations that are (anti)symmetric 

under , i.e.,  get

the “Regge” phases:   or  

s → u A(pp → pp) ± A(pp̄ → pp̄)
ϕ = − π α/2 π(1 − α)/2

LHC data: Up to log’s:
σtot(pp) ≃ σtot(pp̄) ∝ s0

Hence αP(t = 0) ≃ 1 The “Pomeron” exchange amplitude 

(C = +1) should be dominantly imaginary
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Fig. 4.10. Compilation of ,r±p,K±Pand p~ptotal cross sections above 5 GeV/c. Only the point-to-point errors are shown. See text
for a discussion of the scale errors.

4.4.1. “Weak, electromagnetic and strong” cross sections
Figs. 4.7—4.10, which show the total cross sections for vN, ‘yN, e~eand charged hadrons re-

spectively, give an immediate idea of the drastic differences of the interactions involved.
The neutrino cross sections for muon production rise linearly with laboratory energy. There is

no visible deviation from linearity over the energy range of few MeV to 200 GeV, that is over a
factor of 100 000 in laboratory energy. Instead, the hadron—hadron cross sections change only
very slowly for energies above 5 GeV and the energy dependence of the photon—nucleon
cross section resembles that of hadron—hadron collisions. The e~e-÷ hadrons cross section also
changes slowly with momentum, apart from the recently discovered spikes.
In absolute values the cross sections differ considerably. At ~ —‘ 10 GeV the neutrino cross

section is about 4 X l0” cm2, while the (eke -+ hadrons) is probably 10_32 cm2, the photo-ab-
sorption cross section is about 10-28 cm2 and the typical hadron—hadron cross section is about
3 X 10~~cm2. Their respective ratios are thus approximately 1.3 X l0”: 0.4 X 106:
1/300:1 at~J~10GeV.
The (i) linear rise of ~N and 17N cross sections, the (ii) relation

Phys. Rept. 23 (1976) 123
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Fig. 5.23. The complete elastic scattering angular distributions at 10 GeV/c.
(a) ir~p[73B7]. (b) K~p[73B8].

only shoulders at 10 GeV/c. Thus the structures seem to diminish as the energy is increased. This
is in contrast with the dip in pp scattering at 1.4 (GeV/c)2, which instead becomes more prominent
as the energy increases. The structure in pp is interpreted as a diffraction-like structure; this is
probably not the case for the low energy structures in ir~pscattering, which may be connected to
low energy s-channel effects.
(ii) At 10 GeV/c the ir~pcross section flattens out in the region around 0cm = 90°(from

7< tI < 11 (GeV/c)2) reaching the value of 1 nb/GeV2. It has decreased by a factor of about 100
while going from 5 to 10 GeV/c. The energy dependencemay be expressed with the form

(da/dt)
0=90~ A s_fl A ~—(7±1) (5.16)

which is expected if the scattering process proceeds via the interactions between point-like con-
stituents (see section 10.4).
(iii) Similar statements, concerning dips and energy dependences, can be made about K~pand ~p

scatterings.
(iv) At

0cm = 90°all the cross sections for ir~p,K~pand pp seem to be approximately equal; on
the other hand the pp cross section is about a factor of 100 larger.

Note added in proof. The recent measurements of ir~pelastic scattering angular distributions at 100 and 200 GeV/c [75A2 I suggest
the presence of two breaks, at —t~0.5and 1.5 (GeV/c)2, which develop as the momentum increases. Thus they would seem to be
of the same type of the break at —t— 1.4 (GeV/c)2 in pp elastic scattering.
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Fig. 17: Illustration of approach 3, single fit. The data come from Table 3, the normalisation uncertainty is not
shown as it is not relevant for this fit.

Table 6: Summary of r and total cross-section results.
data method r stot [mb]

b ⇤ = 90m Ref. [6] - 110.6±3.4
b ⇤ = 2500m approach 1 0.09±0.01 111.8±3.2

approach 2 0.09±0.01 111.3±3.2
approach 3 0.08(5)±0.01 110.3±3.5

approach 3 (single fit) 0.10±0.01 109.3±3.5
b ⇤ = 90 and 2500m Ref. [6] � approach 3 110.5±2.4

As a test we tried approach 3 implementation with a single fit over |t|< 0.05GeV2, where all parameters
(h , a, b1 and r) are free and initialised to the values obtained in the previous paragraph. As antici-
pated above, such fit might have encountered problems due to non-optimal parameter sensitivities on the
available |t| range, however, the results listed in Table 6 are reasonable. h was found to be 1.005 thus
deviating by less than a sigma (sh ) from the b ⇤ = 90m normalisation. The fit quality is good: p-value
of 0.70, see also the illustration in Figure 17.

The uncertainties for the fits presented above were determined with the following procedure. The exper-
imentally determined ds/dt histogram was modified by adding randomly generated fluctuations reflect-
ing the statistical, systematic and normalisation uncertainties (see Section 5.4). This was done 100 times
with different random seeds. Each of the modified histograms was fitted by the above sequences, yielding
fit parameter samples to determine the parameter fluctuations, i.e. uncertainties. Histogram modifications
resulting in excessive parameter deviations from the unmodified fit (Dr > 0.05 or Dstot > 10mb) were
disregarded since such cases would not be accepted in the analysis. This estimation method gives con-
sistent results with Section 6.2 (for approach 1) and c2-based estimate (from approach 3, single fit).
The r and stot uncertainties were cross-checked and adjusted by varying one of the variables with its
uncertainty at a time for the steps where several variables were determined.

Table 6 compares r and total cross-section results from Ref. [6] and the approaches described above.
All the results are consistent within the estimated uncertainties. The top two rows use the same normal-
isation, which is a decisive component for the total cross-section value. The larger stot obtained in this
publication can be attributed to the methodological difference: the destructive Coulomb-nuclear interfer-
ence is explicitly subtracted here. The stot determinations from Ref. [6] and approach 3 are completely

TOTEM, Eur.Phys.J.C 79 (2019) 785

 Photon exchange dominates at small |t|in pp → pp
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Also, in this case the fit data include many points where the CNI effects are limited. Consequently, the
fit can “learn” the trend of the nuclear component and “impose it” in the region of strong CNI effects.
Conversely, the fit configuration Nb = 1 with |t|max = 0.07GeV2 relies uniquely on data with sizeable
CNI effects. This complementarity explains why these two cases give the extreme values of r in Table 5.
Fit details for these two configurations are shown in Figures 13 and 14.

The fit configuration Nb = 1 with |t|max = 0.07GeV2 has another important meaning. Considering the
shrinkage of the “forward-cone”, this |t| range is similar to the one used in the UA4/2 analysis [36]. This
fact may suggest why UA4/2 could not observe deviations of the differential cross-section from pure
exponential: the |t| range was too narrow, as it would be for the present data, had the acceptance stopped
at |t|= 0.07GeV2, see Figure 14. Beyond the |t| range, this fit combination shares more similarities with
the UA4/2 fit (and in general with many other past experiments): purely exponential fit and assumption
of constant hadronic phase. Moreover, as shown in Ref. [5], the “KL” interference formula [34] used
in this report gives for this fit configuration very similar r results as the “SWY” interference formula
[37] used in many past data analyses. From this point of view this fit combination corresponds to the
most fair comparison to previous r determinations and their extrapolations, as e.g. in Figure 15. It is
worth noting that this fit configuration yields a r value incompatible at the level of about 4.7s with the
preferred COMPETE model (blue curve in the figure).

Further tests were performed in order to probe the stability of the r extraction. Since at higher |t| values
the effects of CNI are limited, one may conceive a two-step fit: first, use only the higher |t| data to
determine the parameters of the hadronic modulus, cf. Eq. (15), and second, optimise only r with all
the data but the hadronic modulus fixed from the first step. Figure 13 indicates that for the first step one
needs to include points down to about |t| = 0.04GeV2 in order to describe correctly the concavity of
the data. Performing the two-step fit with Nb = 3 and with ansatz r = 0.10 (or 0.14) yields, at the end,
r = 0.103 (or 0.116). Although there is a non-zero r difference (CNI effects cannot be fully neglected
at higher |t|), these results demonstrate the pull of the data towards r ⇡ 0.10. A logical counterpart of
the procedure just described would be to give the higher-|t| data less weight. In its extreme, where the
higher-|t| data are not used at all, this has already been covered by fits with |t|max = 0.07GeV2 discussed
above, also showing the preference for lower r values.

Figure 16 illustrates a small correction due to a conceptual improvement in combining the data from this

TOTEM, Eur.Phys.J.C 79 (2019) 785

ρ =
ReAQCD
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from the non-perturbative regime and instead one might see
signs of perturbative QCD. The triple gluon exchange pro-
posed in Ref. [4012] could be a manifestation of this.

The Odderon
As seen in the previous paragraphs the Pomeron plays an
essential role in the description of elastic scattering and the
total cross section. The situation is very different concerning
the Odderon. The Odderon is the CP = −− counter-partner
of the Pomeron and contributes with a different sign to the
amplitude for pp-scattering relative to p̄ p-scattering. The
Odderon is both controversial and non-controversial. It is
non-controversial in the sense that no one really doubts its
existence. It is a firm prediction of QCD and represents a
three gluon state in contrast to the two gluon state of the
Pomeron. What is somewhat controversial is the size of its
coupling and its importance in the elastic amplitude. To what
extent the Odderon really has manifested itself in the avail-
able experimental data is debatable (see e.g. Ref. [4013])
though the authors of Ref. [4014] claim a discovery.

Experimentally there are two different signals that have
been evoked as a sign of an Odderon. The most convincing
is probably the difference between p̄ p-scattering and pp-
scattering observed in the dip region of elastic scattering.
The p̄ p data from the D0 experiment at the Tevatron at 1.96
TeV have been compared to the pp data at 2.76 TeV from the
TOTEM experiment at the LHC [4014]. The dip is supposed
to be filled partly by the real part of the Odderon amplitude
having a different sign for pp and p̄ p-scattering. The two
distributions are shown in Fig. 334. Ideally the comparison
pp and p̄ p should be done at the same energy. However,
the authors have taken great care to compare the D0 mea-
surement with TOTEM data extrapolated to the 1.96 TeV of
the Tevatron. They find a 3.4σ difference between the two
distributions in Fig. 334.

The second possible experimental manifestation of the
Odderon is a measurement of the TOTEM experiment which
has measured theρ parameter at 13 TeV to beρ = 0.09±0.01
[4003]. This result is in contradiction to dispersion relation
calculations assuming that the standard ln2(s) behaviour of
σtot continues beyond LHC and assuming that the elastic
amplitude only contains the Pomeron contribution. Those
calculations give ρ = 0.13−0.14 (see Fig. 335 and Ref.
[4005]) thus significantly higher than the TOTEM result.

The TOTEM result could therefore be an indication that
σtot starts to grow somewhat slower beyond the LHC ener-
gies. However an alternative explanation might well be that
the low ρ value is produced by an Odderon effect. An Odd-
eron contribution to the amplitude can modify the dispersion
relation calculation in a way to give a better agreement with
the data. The effect depends on the size of the Odderon con-
tribution at a certain energy. The so called maximal Odderon

Fig. 334 Comparison between the D0 p̄ p measurement at
√
s =

1.96 TeV and the extrapolated TOTEM pp cross section rescaled to
match the optical point of the D0 measurement. The dashed lines show
the 1σ uncertainty band. Figure is taken from Ref. [4014] where more
details are given

Fig. 335 Dependence of the ρ-parameter on center-of-mass energy.
The pp(blue) and p̄ p(green) curves are taken from Ref. [4005]. Figure
is taken from Ref. [4003]

[4015] is one example that actually produces an effect agree-
ing with the TOTEM data.

To summarise: the measurement of ρ at 13 TeV may be
an indication of the Odderon but the fact that an alternative
explanation exists means that this signal can not be taken as
a hard proof of the Odderon.

12.6.3 Diffraction

In this article we have separated the discussion of elastic
scattering and diffraction but actually elastic scattering is the
dominant diffractive process. There is no unique definition
of diffraction, neither theoretically nor experimentally. A key
concept when talking about diffraction is rapidity gaps. For
elastic scattering the size of the rapidity gap (a rapidity115

region void of particles) between the two outgoing protons is

115 When dealing with a particle whose mass is negligible compared
with its energy, the pseudorapidity = − ln (tan(θ /2)) is a good approxi-
mation to the rapidity. Here θ is the polar angle of the particle. In this

123

 Odderon: σ(pp → pp) − σ(pp̄ → pp̄)

Search for an exchange 

with  and odd

charge conjugation:

The Odderon

α ≃ 1

Phys. Rev. Lett. 127, 062003 (2021) 

Odderon exchange implies

σ(pp → pp) − σ(pp̄ → pp̄) ≠ 0
at LHC energies.



72 Linear Regge trajectories α(t)

 = A(π−p → π0n) β(t) i e−iπαρ(t)/2 sαρ(t)
→ tπ− π0

p n

ρs →

At particle poles  the s-dependence

 is determined by the pole residues to be ,

where J is the spin of the resonance. E.g., .

t = m2 > 0
∝ sJ

αρ(m2
ρ) = 1

For  the  amplitude is dominated


by  Regge exchange in the t-channel:

s → ∞ π−p → π0n
ρ

In the physical scattering region ( ),  can be determined from the

s-dependence of the cross section.

t ≤ 0 α(t)

The data on the resonances and the scattering agree on αρ(t) ≃ 0.5 + 0.9 t
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α(t)
Giacomelli, Phys. Reports 23 (1976) 123
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W. Melnitchouk (2010)
https://www.jlab.org/conferences/HiX2010/program.html
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 Duality in hadron scattering

Resonances in s-channel or Regge exchange in t-channel build  Im A(s, t)

Analogous duality phenomena seen in hadrons and in DIS, e+e− → eN → eX

https://www.jlab.org/conferences/HiX2010/program.html
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76Analytic example: Dual amplitudes

G. Veneziano, Nuovo Cim. 57A (1968) 190

C. Lovelace,  Phys. Lett. 28B (1968) 264

In 1968, Veneziano found a simple analytic function with many of the 
properties required for scattering amplitudes, including duality.
Lovelace applied this idea to the  scattering amplitudeπ+π− → π+π−

π+ π+

π– π–

s →

→ t
A(⇡+⇡� ! ⇡+⇡�) =

�(1� ↵s)�(1� ↵t)

�(1� ↵s � ↵t)

↵s ⌘ ↵(s) = 1
2 + s (↵0 ⌘ 1)

Thus the pole at αs = n is a superposition of bound states with J = 1, ... , n

lim
s!1

A(s, t) = �(1� ↵t)e
�i⇡↵ts↵t

Regge behavior

The amplitude has poles at α = 1, 2, ... : the ρ, ω, f, ... resonances.
The residues are polynomials of degree α = n in cosϴ = 1+2t/s
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77The π+π– → π+π– dual amplitude A(s,t)

A(s, t) =
Rn(↵t)

↵s � n
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78The Veneziano model morphed into String Theory…

while duality in hadron physics is waiting for a QCD explanation
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Quantum

Chromodynamics

Summary



80Take-home messages

QCD is the theory of the strong interactions
Theoretically self-consistent

Lagrangian verified by hard scattering data

Soft features verified using lattice methods

Lattice methods

Perturbative methods (Generalized) parton and hadronization distributions

Cross sections (gg  Higgs, BSM physics)

Nuclear targets (shadowing, saturation)

High temperature (quark-gluon plasma)

→

Confinement and chiral symmetry breaking

Hadron masses, form factors, …

Strong coupling αs

New methods Experimental facilities 

Theoretical developments

QCD is a remarkable theory, and much remains to be explored!



81Perspective: The divisibility of matter
One has wondered since ancient times whether matter can be divided into 
smaller parts ad infinitum, or whether there is a smallest constituent.

Common sense suggest that these are the only possibilities, but

Nature has provided other alternatives.
Quantum mechanics shows that atoms (or molecules) are the identical 
smallest constituents of a given substance,

– yet they can be taken apart into electrons, protons and neutrons.

Hadron physics gives a new twist to this age-old puzzle: Quarks can be 
removed from the proton, but cannot be isolated. Relativity – the creation 
of matter from energy – is the new feature which makes this possible.

We are fortunate to be here to study – and hopefully develop an 
understanding of – this essentially novel phenomenon!

Democritus, ~ 400 BC; Vaisheshika school


