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Recently QCD turned 50 . . .
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Current Algebra: Quarks and What Else?
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Abstract

After receiving many requests for reprints of this article, describing the original
ideas on the quark gluon gauge theory, which we later named QCD, we decided to
place the article in the e–Print archive.
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A D V A N T A G E S  O F  T H E  C O L O R  O C T E T  G L U O N  P I C T U R E  ¢~ 

H. FRITZSCH*, M. GELL-MANN and H. LEUTWYLER** 
California Institute of Technology, Pasadena, Calif. 91109, USA 

Received 1 October 1973 

It is pointed out that there are several advantages in abstracting properties of hadrons and their currents from a 
Yang-Mills gauge model based on colored quarks and color octet gluons. 

In the discussion of  hadrons, and especially of  their 
electromagnetic and weak currents, a great deal of  use 
has been made of a Lagrangian field theory model in 
which quark fields are coupled symmetrically to a neu- 
tral vector "gluon" field. Properties of  the model are 
abstracted and assumed to be true for the real hadron 
system. In the last few years, theorists have abstracted 
not only properties true to each order of the coupling 
constant (such as the charge algebra SU 3 X SU 3 and 
the manner in which its conservation is violated) but 
also properties that would be true to each order only 
if there were an effective cutoff  in transverse momen- 
tum (for example, Bjorken scaling, V-A light cone al- 
gebra, extended V-A-S-T-P light cone algebra with fi- 
nite quark bare masses, etc.). 

We suppose that the hadron system can be described 
by a theory that resembles such a Lagrangian model. I f  
we accept the stronger abstractions like exact asymp- 
totic Bjorken scaling, we may have to assume that the 
propagation of gluons is somehow modified at high 
frequencies to give the transverse momentum cutoff. 
Likewise a modification at low frequencies may be 
necessary so as to confine the quarks and antiquarks 
permanently inside the hadrons. 

The resulting picture could be equivalent to that 
emerging from the bootstrap-duality approach (in 
which quarks and gluons are not mentioned initially), 
provided the baryons and mesons then turn out to 
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Francisco Operations Office, U.S. Atomic Energy Commis- 
sion. Work supported in part by a grant from the Alfred P. 
Sloan Foundation. 
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physik, Miinchen, Germany. 
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behave as if they were composed of  quarks and 
gluons. 

We assume here the validity of  quark statistics 
(equivalent to para-Fermi statistics of  rank three, but 
with restriction of baryons to ferrnions and mesons 
to bosons). The quarks come in three "colors",  but 
all physical states and interactions are supposed to be 
singlets with respect to the SU 3 of color. Thus, we do 
not accept theories in which quarks are real, observ- 
able particles; nor do we allow any scheme in which 
the color non-singlet degrees of  freedom can be ex- 
cited. Color is a perfect symmetry.  (We should men- 
tion that even if there is a fourth "charmed"  quark u' 
in addition to the usual u, d, and s, there are still three 
colors and the principal conclusions set forth here are 
unaffected.) 

For a long time, the quark-gluon field theory mod- 
el used for abstraction was the one with the Lagrangian 
density 

L = -?1 [3/~ (0~ - igB~ •o) + M ] q + L B. (1) 

Here M is the diagonal mechanical mass matrix of  the 
quarks and L B is the Lagrangian density of  the free 
neutral vector field Ba, which is a color singlet. Re- 
cently, it has been suggested [ 1] that a different mod- 
el be used, in which the neutral vector field BAa is a 
color octet (A = 1 ... 8) and we have 

L = - t7  ['yc~(0,, - i g B A a X  A ) + M]q 

+ L B (Yang-Mills), (2) 

where ×A is the color SU 3 analog ~'i" In this commu- 
nication we discuss the advantages of  abstracting prop- 
erties of  hadrons from (2) rather than (1). 

We remember, of course, that the real description 
of hadrons may involve a mysterious alteration of  L B 
to L B or of  LBOf-M ) to La(Y-M), where the new 
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Ultraviolet Behavior of Non-Abelian Gauge Theories*

David J.Gross t and Frank Wilczek
Joseph Henry Laboratories, Princeton University, Princeton, Nese J'casey 08540

(Received 27 April 1973)

It is shown that a wide class of non-Abelian gauge theories have, up to calculable loga-
rithmic corrections, free-field-theory asymptotic behavior. It is suggested that Bjorken
scaling may be obtained from strong-interaction dynamics based on non-Abelian gauge
symmetry.

Non-Abelian gauge theories have received much attention recently as a means of constructing unified
and renormalizable theories of the weak and electromagnetic interactions. ' In this note we report on
an investigation of the ultraviolet (UV) asymptotic behavior of such theories. We have found that they
possess the remarkable feature, perhaps unique among renormalizable theories, of asymptotically ap-
proaching free-field theory. Such asymptotically free theories will exhibit, for matrix elements of
currents between on-mass-shell states, Bjorken scaling. We therefore suggest that one should look to
a non-Abelian gauge theory of the strong interactions to provide the explanation for Bjorken scaling,
which has so far eluded field-theoretic understanding.
The UV behavior of renormalizable field theories can be discussed using the renormalization-group

equations, "which for a theory involving one field (say gq') are
[m&/em+ P(g) 8/Sg -ny(g)11",»~"i(g; P„..., P„)=0. (1)

is the asymptotic part of the one-particle-irreducible renormalized r&-particle Green's function,
P(g) and y(g'j are finite functions of the renormalized coupling constant g, and m is either the renor-
malized mass or, in the case of massless particles, the Euclidean momentum at which the theory is
renormalized. ' If we set P, =Aq, ', whe. re q.o are (nonexceptional) Euclidean momenta, then (1) deter-
mines the A dependence of r "~:
r " (g; P,.) = ~'I ~" (g(g, f); q;) exp [-n f, y (g(g, t')) dt'], (2)

dg/d ~ = P(g), g(g, o) =g.
The UV behavior of I" ~ i (A. -+ ~) is determined by the large-f behavior of g which in turn is controlled
by the zeros of P: P(g&)=0. These fixed points of the renormalization-group equations are said to be
UV stable [infrared (IR) stable] if g -g~ as f -+~ (—~) for g(0) near g~. If the physical coupling con-
stant is in the domain of attraction of a UV-stable fixed point, then

I' " (g P,) = A~ "& ~&I' " (g q, )exp{-n. f, [y(g(g, f))—y(gz)]dt]; (4)

where t=lnA. , D is the dimension (in mass units) of I ~"', and g, the invariant coupling constant, is the
solution of

so that y(g&) is the anomalous dimension of the
field. As Wilson has stressed, the UV behavior
is determined by the theory at the fixed point (g
=g,).'
In general, the dimensions of operators at a

fixed point are not canonical, i.e., y(gz) e0. If
we wish to explain Bjorken scaling, we must as-
sume the existence of a tower of operators with
canonical dimensions. Recently, it has been ar-
gued for all but gauge theories, that this can only
occur if the fixed point is at the origin, g&= 0, so
that the theory is asymptotically free." In that
case the anomalous dimensions of all operators

vanish, one obtains naive scaling up to finite and
calculable powers of ink. , and the structure of
operator products at short distances is that of
free-field theory. ' Therefore, the existence of
such a fixed point, for a theory of the strong in-
teractions, might explain Bjorken scaling and the
success of naive light-cone or parton-model rela-
tions. Unfortunately, it appears that the fixed
point at the origin, which is common to all theo-
ries, is not UV stable. " The only exception
would seem to be non-Abelian gauge theories,
which hitherto have not been explored in this re-
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~4Y. Nambu and G. Jona-Lasino, Phys. Rev. 122, 345
(1961); S. Coleman and E.Weinberg, Phys. Rev. D 7,
1888 (1973).
' K. Symanzik (to be published) has recently suggested
that one consider a A. @4 theory with a negative A, to
achieve UV stability at A=0. However, one can show,
using the renormalization-group equations, that in such
theory the ground-state energy is unbounded from below
(S. Coleman, private communication) .

'6W. A. Bardeen, H. Fritzsch, and M. Gell-Mann,
CERN Report No. CERN-TH-1538, 1972 {to be pub-
lished) .
' H. Georgi and S. L. Glashow, Phys. Rev. Lett. 28,
1494 (1972); S.Weinberg, Phys, Rev. D 5, 1962 (1972).
' For a review of this program, see S. L. Adler, in
Proceedings of the Sixteenth International Conference
on High Energy Physics, National Accelerator Labora-
tory, Batavia, Illinois, 1972 (to be published).

Reliable Perturbative Results for Strong Interactions?*

H. David Politzer
Jefferson Physical I.aboxatomes, Hazard University, Cambridge, Massachusetts 02138

(Received 3 May 1973)

An explicit calculation shows perturbation theory to be arbitrarily good for the deep
Euclidean Green's functions of any Yang-Mills theory and of many Yang-Mills theories
with fermions. Under the hypothesis that spontaneous symmetry breakdown is of dynami-
cal origin, these symmetric Green's functions are the asymptotic forms of the physical-
ly significant spontaneously broken solution, whose coupling could be strong.

Renormalization-group techniques hold great
promise for studying short-distance and strong-
coupling problems in field theory. " Symanzik'
has emphasized the role that perturbation theory
might play in approximating the otherwise un-
known functions that occur in these discussions.
But specific models in four dimensions that had
been investigated yielded (in this context) dis-
appointing results. ' This note reports an in-
triguing contrary finding for any generalized
Yang-Mills theory and theories including a wide
class of fermion representations. For these
one-coupling-constant theories (or generaliza-
tions involving product groups) the coefficient
function in the Callan-Symanzik equations com-
monly called P(g) is negative near g=0.
The constrast with quantum electrodynamics

(QED) might be illuminating. Renormalization
of QED must be carried out at off-mass-shell
points because of infrared divergences. For
small e', we expect perturbation theory to be
good in some neighborhood of the normalization
point. But what about the inevitable logarithms
of momenta that grow as we approach the mass
shell or as some momenta go to infinity? In
QED, the mass-shell divergences do not occur
in observable predictions, when we take due
account of the experimental situation. The re-
normalization-group technique' provides a some-
what opaque analysis of this situation. Loosely
speaking, ' the effective coupling of soft photons

goes to zero, compensating for the fact that
there are more and more of them. But the large-
r' divergence represents a real breakdown of
perturbation theory. It is commonly said that
for momenta such that e'1n(p'/m') -1, higher
orders become comparable, and hence a calcu-
lation to any finite order is meaningless in this
domain. The renormalization group technique
shows that the effective coupling grows with mo-
me nta.
The behavior in the two momentum regimes is

reversed in a Yang-Mills theory. The effective
coupling goes to zero for large momenta, but
as p"s approach zero, higher-order corrections
become comparable. Thus perturbation theory
tells nothing about the mass-shell structure of
the symmetric theory. Even for arbitrarily
small g, there is no sense in which the interact-
ing theory is a small perturbation on a free mul-
tiplet of massless vector mesons. The truly
catastrophic infrared problem makes a sym-
metric particle interpretation impossible. Thus,
though one can well approximate asymptotic
Green's functions, to what particle states do
they refer?
Consider theories defined by the Lagrangian

2 = —4Eq,'E'"'+i iy, y D;; g;,
where

s ~ o++f ~&~~ &~ ~
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. . . and was celebrated
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Today event generators are taken for granted . . .

ATLAS: Status of SM Higgs searches, 4/7/2012 

The low-mass  
    region 

m4l <160 GeV: 
Observed: 39 
Expected: 34± 3 
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Kinematics-dependent cross sections for signal + background.

Smearing and acceptance from detector imperfections.

Effects of underlying event and pileup.

QCD understanding is the crucial point!
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. . . also in astroparticle physics

Mass composition results – world data

46

Number of charged particles
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sX1,Fe ⇠ 10g/cm2Important: LHC-tuned interaction models used for interpretation

(Snowmass report UHECR composition, 2022) (Phys. Rev. D96 (2017), 122003)
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Figure 3: Measurements of hXmaxi (left) and �(Xmax) (right) compared to the predictions for proton and iron
nuclei of the hadronic models Sibyll2.3c, EPOS-LHC and QGSJet-II.04. Detection techniques: fluorescence (FD),
Cherenkov, using time traces in the surface detector stations (SD), radio (RD).
Pierre Auger Observatory: FD [40], SD [62], RD (AERA) [41]; Telescope Array: FD [50] (hXmaxi and �(Xmax)
are corrected for reconstruction and detector biases same as was done in [63] except here there is no correction of
the energy scale), Cherenkov (TALE) [39]; Yakutsk: Cherenkov [52], RD [44]; Tunka: Cherenkov [51], RD [43];
LOFAR [42]. Systematic uncertainties of the FD measurements at 1018.5 eV are indicated for the Pierre Auger (red
arrows) and Telescope Array (blue arrows) data.

uncertainties in muon production; however, recent studies1 indicate that an energy independent
shift of the Xmax scale, on the order of 20 � 30 g/cm2, could also be needed. This is in good
agreement with studies that estimate the influence of hadronic models on the shower maximum
and the signals in the surface detector [4]. The extent to which these observations are related to155

the muon deficit, and the Xmax scale, of simulations must be determined in further studies.

1.3. FD and SD measurement tensions: the self-consistency of hadronic interaction models

SD measurements run nearly 100% of the time and require rather simple event selection criteria,
meaning they can o↵er around an order of magnitude more data for mass composition analyses as
compared to measurements from FDs. However, due to the lack of the accelerator data relevant160

for the description of UHECR interactions, current inaccuracies in the modeling of high-energy
nuclear collisions remain relatively large. As a result the mass compositions inferred from SD
measurements with the current hadronic models often turn out to be outside the expectations of
any realistic astrophysical scenarios. Being inconsistent as well with FD results (see figure 5), the
absolute values of hln Ai from the SD data can currently be only used for describing the trends in165

the changes of the mass compositions with energy which are found to be very similar to those from
the FD data.

1Machine learning methods cross calibrated with FDs [76] and mass/energy/arrival direction combined fit re-
sults [77, 78] both suggest an o↵set between the Xmax scale predicted models and that seen in UHECR observations.

6

How did we arrive here? What next?
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Monte Carlo pre-QCD

1958: Kopylov addresses Fermi model of pions in nuclear
collisions, by hand producing 200 random events.

1960: Kopylov; Raubold & Lynch : M (mass) generator
for phase space, with OWL/FOWL implementation used
for s-channel processes (mainly decays) through 70ies.

1968: James, ”Monte Carlo Phase Space”, CERN 68-15.

1969: Byckling & Kajantie, multiperipheral phase space
for t-channel processes.
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Jet Production at SPEAR (1975)

Determine jettiness and jet axis
by sphericity measure
(Bjorken & Brodsky).

Compare isotropic phase space
with ”jet model” where one adds
|M|2 = exp(−∑i p

2
⊥i/2b

2).

Jet model favoured
at higher energies.

With ansatz dσ/dΩ ∝ 1 + α cos2 θ
αobserved = 0.45± 0.07 ⇒
αcorrected = 0.78± 0.12.

Quarks produced in e+e−

have spin 1/2 !
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G. Hanson et al. (1975)
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The Simple String

String theory early approach to hadron
structure. Here 1 + 1-dimensional
picture, i.e. no transverse oscillations.

Corresponds to linear potential
V (r) ≈ κr , where κ ≈ 1 GeV/fm
fixed from Regge trajectory slopes.

Yo-yo motion, where linearity
between (t, z) and (E , pz) gives∣∣∣∣dEdz

∣∣∣∣ = ∣∣∣∣dpzdz

∣∣∣∣ = ∣∣∣∣dEdt
∣∣∣∣ = ∣∣∣∣dpzdt

∣∣∣∣ = κ

(c = 1, mq ≈ 0) for a qq pair
flying apart along the ±z axis.

Later supported by lattice QCD.

qq

z

t
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The Artru-Mennessier Model (1974)

First (semi-)realistic hadronization model.
Assumes fragmentation local, and string homogeneous.
Thus constant probability per unit string area of breaking.
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The Artru-Mennessier Model (1974)

First (semi-)realistic hadronization model.
Assumes fragmentation local, and string homogeneous.
Thus constant probability per unit string area of breaking.

But a string cannot break
where it has already broken
⇒ remove vertices
in forward lightcone
of another
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The Artru-Mennessier Model (1974)

First (semi-)realistic hadronization model.
Assumes fragmentation local, and string homogeneous.
Thus constant probability per unit string area of breaking.

But a string cannot break
where it has already broken
⇒ remove vertices
in forward lightcone
of another

⇒ dampening factor
exp(−PÃ),
where Ã is string area
in the backwards lightcone

Drawback: continuous
hadron mass spectrum
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The Field–Feynman Model (1978)

Describes single quark jet as recursive
split-off of one hadron at a time w.r.t.

new flavour uu,dd or ss,

produced hadron (V or PS meson),

Gaussian transverse momentum,

fraction of remaining E + pz .

But single jet, so no E , p, flavour,
colour conservation.
And no understanding of space–time
picture, notably time ordering.

-93-

fig. 34 The mean value of the transverse momentum, <k1>, of two particles ver-

sus the two particle mass M. The results are for a u-quark of momen-

tum Pq =SO GeV. Also shown, by dashed lines, is fi times the <k1 > of 

primaries (621 HeV) and 12 times the <k1 > of the final mesons (457 MeV), 

Fig. 35 Predicted behavior of the asymmetry l:(Y
1

,Y
2

) (N
0

CY
2

) - Nli(Y
2
)J/ 

(NU(Y2 ) + N0 (Y 2)) before (upper) and after (lower) decay of the pri-

mary mesons. The crosses (diamonds) are for the unlike (like) charge 

combinations and where NU and N0 are the number of hadrons at v
2 

with 

!.;. 12 1 < '11/2 and 141 12 1 > '11/2, respectively, and .p 12 is the angle between 

the transverse momentum vectors k11 and k12 . The results are for par-

ticle h at 'i .. 4,0 and are plotted versus t.Y .. Y Y 
1 z 1 

z z 1 z 2 

fig. 36 Particle ratios versus x1 2 p1//S for Scm • 90 6 pp collisions at large 

p1 predicted from the quark scattering model of FFl but using our new 

Fig. 37 

quark decay functions. 

Predicted ratios of resonance to '1!
0 production for e 90 6 pp colli-cm 

sions versus x1 = 2 p1 /f:S from the quark scattering model of FFl but 

using our new quark decay functions. 

Fig. 38 Predicted contribution to the total large p1 meson signals for Scm "' 90 6 

pp collisions from resonance decays. The symbol V refers to the sum 

over all nine vector mesons and K*O K+/K+ means the ratio of K+'s due 

•o + to K decay to the total K signal, etc. 

... 

••• 

"HIERARCHY" OF Fl NAL MESONS 

3 
(d f) 

3 
(fc) 

2 
(cbl 

I 
(be) (eal 

= RANK 

VtV SOME "PRIMARY" 
MESONS DECAY 

dd 

3 
(de) 

cc 

2 
(cbl 

bli 

fig. l 

(lia) 
= RANK 

"PRIMARY" MESONS 
ARE FORMED 

NEW QUARK PAIRS 
bb, cc, ... ARE FORMED 

]
ORIGINAL QUARK 
OF FLAVOR "a" 

Conceptually less sophisticated than Artru-Mennessier,
but more useful and so immensely successful and influential.
Triggers development of more sophisticated event generators.
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Independent Fragmentation (1979)

FF-based generators for PETRA physics:

TASSO (internal, 1979), 2 + 3 jet MEs

Hoyer et al. (1979), 2 + 3 jet MEs, g = q

Ali et al. (1980), 2 + 3 + 4 jet MEs, g = qq

Volume 86B, number 2 PHYSICS LETTERS 24 September 1979 

(A, S small), uniform disk shaped events in the upper 
corner (A small, S large), and spherical events in the 
lower right-hand corner (4,  S large), while coplanar 
events will occupy a band along the larger of the two 
small sides of the triangle in fig. 5. 

Collinear two-jet events are seen to dominate at all 
energies, the collinearity being most pronounced at 
the highest energy. We exclude these events and select 
the candidates for planar events by requiring that 
A < 0.04 and S > 0.25. At 13 and 17 GeV we observe 
six events in this region compared to  3.5 events pre- 
dicted by the q~l model with Oq = 0.30 GeV/c. At the 
higher energies we find 18 events compared to 4.5 
events predicted by the qr: 1 model, independent of Oq 
between 0.30 and 0.45 GeV/c. As an independent 
test of the planar structure, a randomization proce- 
dure , s  was applied to the data to destroy any natural 
correlations. This estimate of accidentally planar events 
yields six events in the 13-17 GeV data and four 
events in the higher-energy data. Thus at the higher 
energies there is an excess of planar events well above 
the level predicted from statistical fluctuations of the 
qCt jets. This shows that e+e-  ~ hadrons proceeds via 
the creation and decay of at least three primary par- 
ticles that subsequently fragment into hadrons. Field 
theories of the strong interactions predict such a topol- 
ogy resulting from the radiation of a field quantum 
(gluon) by one of the quarks, i.e., e÷e-  ~ q~g. 

If this is the correct explanation and the gluon 
materializes as a jet of hadrons with limited transverse 
momentum then a small fraction of the events should 
display a three-jet structure. The events were analyzed 
for a three-jet structure as described in ref. [21]. All 
the coplanar events gave a good fit to the three-jet hy- 
pothesis. We further determined the transverse momen- 
ta of the hadrons with respect to the axis to which 
they were assigned. For the 18 events defined above 
we find an average transverse momentum of about 
0.30 GeV/c, close to the mean PT observed in two-jet 
events at lower energies. 

To compare this new class of three-jet events with 
the predominant class of two-jet events, fig. 6 shows 
a characteristic event of each type in momentum 

, s  The sphericity axis was chosen as a reference, and all tracks 
were rota ted by a r andom azimuthal  angle a round  the  jet  

• direction; this preserves b.oth PT and p I1" Then  at r andom 
the  sign o f  p il was changed. 

6 F , I ,  l I l - r  , 1 I , I i  i L :I '°'I 
~'~ ~ - 5  T r o e k s  7 Trocks  ~ - -  

-=8.7 GeV - 9 . 9  GeV 

E 2 0 2 

- 6  - 4  - 2  0 2 4 6 

4 ' ' ' I ' ' ' I ' ' 

(d) --~ I ( e l) 2 -~5.4 GeV .~ 

'~ 3 Tr,ock s _ , ~  
O~ -~4.4 G eV / 

2 L I ,  I , , ' l | '  
o 

i i J q i t i ~ - 2  -4 -2 0 2 4 
Momentum (GeV/c) 

Fig. 6. Momentum space representation of a two-jet event 
(a)-(c) and a three-jet event (d)-(f) in each of three pro- 
jections. (a), (d) h2-h 3 plane; (b), (e) hi-h2 plane; (c), (f) 
h l -h 3 plane. 

space in all three projections. Figs. 6a and 6d show a 
two-jet and a three-jet event, respectively, in the 
h 2 - h  3 plane; this is the plane containing the largest 
components of momenta. The first event shows two 
clearly delineated jets. The three-jet event, on the oth- 
er hand, shows a much broader distribution of mo- 
menta transverse to the h 3 axis. Figs. 6b and 6e show 
the projection on the plane perpendicular to the jet 
direction (h3). Here one clearly sees the small trans- 
verse momenta for the two-jet event and the tendency 
of the large transverse momentum to lie along the h 2 
direction for the three-jet event. Finally figs. 6c and 
6f show the remaining projection on the h 1 -h  3 plane. 

248 

q

g

q

Key assumption:
particle production
aligned along jet axes,
with limited p⊥ spread.
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The Gluon Spin (1980)

Ellis–Karliner angle:
Volume 97B, number 3,4 PHYSICS LETTERS 15 December 1980 

a) 

XI~,, ee23 e l ~  X2 e3 
e 1 
x 3 

b) 

f(3 
Fig. 1. (a) Momenta and angles of a qqg final state in the 
center-of-momentum frame. (b) The qqg final state transform- 
ed to the rest frame of particles 2 and 3. 

Karliner [11] to discriminate between vector and sca- 
lar gluons. In this figure, the qqg-system has been 
Lorentz boosted to the center-of-momentum frame of  
partons 2 and 3. Assuming negligible quark and gluon 
masses, cos 0 is given by 

cos ~-_x2 - x3 sin 02 - sin 03 
- -  - ( 7 )  
x 1 sin 01 

The distribution functions for the x i in QCD and in 
the scalar-gluon model, after averaging over the pro- 
duction angles relative to the incident e+e - beams 
[14], are given by [5] 

1 [ do \ 
vector: °0 t ~ l l  d~c2) v 

cyclic ) - 2C~s x2 + x2 + permut. , (8) 
3~ ( 1 - - X l ) ( 1 - x  2) ofl ,  2,3 

scalar: o~ S 

( c y c l i c )  ~s X23 + permut. . 
- ~ (1 - X l ) ( 1  - x 2 )  of 1, 2,  3 

(9) 

The infrared divergences in perturbative QCD are ex- 
pressed by the (1 - xi)  denominators. The vector ex- 
pression has both collinear and soft divergences, while 
for the scalar case there is only the collinear divergence, 

causing a somewhat flatter behaviour as a function of  
X i • 

The main experimental difficulty is distinguishing 
between the vector and scalar cases comes from the 
fact that the distributions (8) and (9) differ strongly 
only for large values of thrust Xl, where one approaches 
the collinear two-jet singularity. In this kinematic re- 
gion, however, the cross section is rapidly varying with 
x 1 and therefore becomes sensitive to smearing effects 
caused by quark and gluon fragmentation. Moreover, 
for x 1 too close to 1, lowest-order QCD perturbation 
theory, i.e. eqs. (8) and (9), will become meaningless 
since higher-order terms and non-perturbative effects 
come in. 

One therefore must restrict the spin analysis to a 
kinematic region safely away from x 1 ~ 1, by a cut 
in (1 - Xl). We placed this cut at a value twice as large 
as the value 1 - T O = 0.05 found to serve as a useful 
boundary between the two-jet and three-jet regions 
in QCD Monte Carlo calculations [6 -8 ] .  Thus we used 
the kinematic region defined by 1 - x  1 > 0.10. In 
the three-jet region so defined, the distributions are 
not strongly peaked either for vector or scalar gluons, 
making the dependence on fragmentation smearing 
small. (This will be shown in the discussion of  fig. 2 
and table 1 below.) As a further precaution we only 
used distributions normalized to the number of  events 
in this kinematic region. This means that the distinc- 
tion between vector and scalar gluons is made only on 
the basis of  the difference in shape of the two distribu- 
tions in the three-jet region. In this way we eliminate, 
on the parton level, all dependence of  our spin analysis 
on the values of  the strong coupling constants c~ s and 
~'s for vector and scalar gluons, respectively. Of course 
the smearing effects of  fragmentation into hadrons will 
necessarily cause some leakage of  two-jet events into 
the three-jet region and thus lead to a weak dependence 
on the coupling constants, the effect of which was 
studied by Monte Carlo calculations. 

We used the QCD model of Hoyer et al. [7] to calcu- 
late the Xl, x 2 distributions expected for vector and 
scalar gluons including the effects of  fragmentation, 
radiative corrections [ 15], and detector acceptance. + This model includes e e -  -+ q~ and e+e - -~ q~tg but not 
the higher-order process e+e - ~ q~tgg that was includ- 
ed in our detailed QCD analysis [6] based on the mod- 
el of  Ali et al. [8]. Since no calculation of  these higher- 
order processes for scalar gluons has been made, we 
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preferred for the present spin analysis to use the Hoyer 
et el. model [7] for both vector and scalar gluons. (We 
verified that the inclusion of these higher-order contri- 
butions in the vector-gluon case has only a very small 
effect.) We used the fragmentation parameters a F 
= 0.57, Oq = 0.32 GeV/c and P/(P  + V) = 0.56 as 
determined in our QCD analysis of both the two-jet 
and the three-jet regions [6]. For the QCD coupling 
constant we used the value a s = 0.19; with this value 
the Hoyer et el. model gives an excellent description of 
our combined two-jet and three-jet data , l .  We re- 
peated the same analysis procedure as that used to 
determine a s, to obtain the best value for the coupling 
constant in the scalar model; we found ~s = 1.6,2 

From the QCD Monte Carlo calculations we deter- 
mined that our thrust cut 1 - x  1 > 0.10 leaves a back- 
ground of 18% (vector) or 17% (scalar gluons) of two- 
jet events in the three-jet sample. In order to assess 
the possible effect of this background on our spin 
analysis we have varied its size systematically by 
varying a s and as around their best values as discussed 
later. 

By comparing the Monte Carlo-generated q~g state 
with the result of the analysis after fragmentation into 
hadrons, we found that the rms error in measuring the 
angles 0 i after the thrust cut was in the range of 3 ° to 
8 ° , depending on the energy of the jet. Events of the 
following types were eliminated from both the data 
and the Monte Carlo samples. 

(a) All three jet axes lay on the same side of a line 
in the event plane so momentum conservation was 
impossible. 

(b) One or more of the calculated x i values were 
significantly below the total energy of the hadrons as- 
signed to the jet divided by the beam energy. 
Both of these difficulties appear only for events with 
a very soft jet, so that the three jets are not  distinct. 

,1 This value of a s differs from our published value [6] of 
cz s = 0.17 -+ 0.02 -z_ 0.03 (systematic) which was obtained 
including higher-order QCD effects according to the Ali 
et el. model [8]. The difference effectively compensates 
for the neglect of these effects in the Hoyer et el. model 
[71. 

,2 With this value of ~s for scalar gluons, and using a thrust 
value To = 0.95 as the boundary to distinguish between 
the q~ and q~g regions, the total fraction of q~g events 
in the Hoyer et al. model is 28% and so in spite of the 
large value of ~s the first-order perturbative contribution 
is relatively small. 

100 ~ i i [ i I l I 

~ 1-X~>O.1 

c -  

vector 

~) scalar 

Z 

\ \ 1  

I I I I I I i ~ ] 1  I 
0.5_ 1.0 

cos O 

Fig. 2. Observed distribution of the data in the region 1 - x 1 
> 0.10, as a function of the cosine of the EUis-Karliner angle 
0"defined in fig. lb. The solid line shows the QCD prediction, 
the dotted line the prediction for scalar gluons, both normal- 
ized to the number of observed events. 

As turned out, in the three-jet region used in our analy- 
sis less than 1% of the events had to be eliminated. 

Applying the cut 1 - x 1 > 0.10, the number of 
hadron events is reduced from 1869 to 248 events. 
Fig. 2 compares the observed distribution of cos 0 ~ 
with the predictions of the Hoyer et el. model for vec- 
tor and scalar gluons. The model curves are normaliz- 
ed to 248 events ,3. They have been calculated taking 
the effects of non-perturbative fragmentation, radia- 
tive corrections, jet axes reconstruction, as well as ex- 
perimental acceptance, efficiency and resolution into 
account. The distribution of cos 0" is, however, very 
insensitive to all these effects, the total correction 
being less than 10%. The data clearly favour spin 1 
over spin 0. The X 2 values for 3 degrees of freedom 
calculated taking the finite statistics of the Monte 
Carlo into account are 

X 2 = 1.0,  C.L. = 79% for vector gluons, 

X 2 = 14.9, C.L. = 0.2% for scalar gluons.  

Thus, vector gluons are consistent with the data but 
scalar gluons are disfavoured by 3.1 standard deviations. 

4:3 These curves differ qualitatively from the ones in ref. 
[11]. In particular, the non-zero derivative at cos 0 ~= 0 
is due to condition (4), and the strong decrease at larger 
values of cos ~ comes from the x 1 dependence of the 
kinematic limit. 
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Based on comparisons with Hoyer simulation of both alternatives,
taking into account 3-jet selection criteria etc.

TASSO (1980)
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The Lund Model (1977 — 1982)

String breakup vertices have a spacelike separation
⇒ can use recursive fragmentation from ends inwards
with onshell hadrons, like FF,
but give overall space–time picture similar to Artru-Mennessier.

space

time
quark
antiquark
pair creation

Torbjörn Sjöstrand The Role of Event Generators slide 13/41



The Lund Gluon Picture (1980)

A gluon carries one colour and one anticolour. Thus it can be
viewed as a kink on the string, carrying energy and momentum:

cf. NC → ∞ (planar QCD)
where NC/CF = 2.

(’t Hooft, 1973)

quark

antiquark

gluon

string motion in the event plane
(without breakups)

The most characteristic feature of the Lund model.
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The JADE Effect (1980)

independent fragmentation

θ

q

q

g string fragmentation

q

q

g

θ

qg

qg

3 jets
energy-ordered.
JADE (1980,
1983)

not confirmed
by TASSO
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The αs Confusion (∼ 1982)

CELLO (1982): αs,Lund/αs,Hoyer ≈ 1.5 from 3-jet rate at LO!
(E ,p) not preserved when massless partons become massive jets!

q

q

g

jq

jq

jg

qg

qg

Lund: qq jets more back-to-back;
gluon jet p most reduced.

Hoyer: jet directions preserved;
pi rescaled for

∑
pi = 0

⇒ gluon energy increased.

Ali: allow overall boost
⇒ closer to Lund (for αs).

Ellis, Ross, Terrano (1980): NLO qqg rate (+ LO 4-parton):

calculations by a Hamburg/Wuppertal group disagreed

required numerical integration by user as fn. of (x1, x2; y);

(possibility of negative 3-jet rate someplace).
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The αs Confusion (∼ 1983)

q

q

g

jq

jq

jg

qg

qg

Progress:

Jets are crooked!

TASSO found bug

ERT confirmed

Settled down to
ERT + strings
from ∼ 1985

JADE (1983; some models added later)
Torbjörn Sjöstrand The Role of Event Generators slide 17/41



The running of αs (2021)

35 9. Quantum Chromodynamics

more than three jets in the final state. A selection of results from inclusive jet [429, 443, 600–605],
dijet [451], and multi-jet measurements [385, 387, 388, 429, 606–610] is presented in Fig. 9.3, where
the uncertainty in most cases is dominated by the impact of missing higher orders estimated through
scale variations. From the CMS Collaboration we quote for the inclusive jet production at

Ô
s = 7

and 8 TeV, and for dijet production at TeV the values that have been derived in a simultaneous
fit with the PDFs and marked with “*” in the figure. The last point of the inclusive jet sub-field
from Ref. [605] is derived from a simultaneous fit to six datasets from di�erent experiments and
partially includes data used already for the other data points, e.g. the CMS result at 7 TeV.

The multi-jet –s determinations are based on 3-jet cross sections (m3j), 3- to 2-jet cross-section
ratios (R32), dijet angular decorrelations (RdR, RdPhi), and transverse energy-energy-correlations
and their asymmetry (TEEC, ATEEC). The H1 result is extracted from a fit to inclusive 1-, 2-,
and 3-jet cross sections (nj) simultaneously.

All NLO results are within their large uncertainties in agreement with the world average and
the associated analyses provide valuable new values for the scale dependence of –s at energy scales
now extending up to almost 2.0 TeV as shown in Fig. 9.4.

αs(MZ2) = 0.1179 ± 0.0009

August 2021

α s
(Q
2 )

Q [GeV]

τ decay (N3LO)
low Q2 cont. (N3LO)
HERA jets (NNLO)

Heavy Quarkonia (NNLO)
e+e- jets/shapes (NNLO+res)

pp/p-p (jets NLO)
EW precision fit (N3LO)

pp (top, NNLO)

0.05

0.1

0.15

0.2

0.25

0.3

0.35

1 10 100 1000

Figure 9.4: Summary of measurements of –s as a function of the energy scale Q. The respective
degree of QCD perturbation theory used in the extraction of –s is indicated in brackets (NLO:
next-to-leading order; NNLO: next-to-next-to-leading order; NNLO+res.: NNLO matched to a
resummed calculation; N3LO: next-to-NNLO).

11th August, 2022

PETRA:
early “precision”
measurements,
but limited statistics
makes hints of
running inconclusive.
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Colour Factors (∼ 1991)

Angular correlations in LEP four-jet events
help disentangle colour factors CA = NC , CF and TR .
Final confirmation of QCD!

10

Figure 12 presents the results of the individ-
ual analysis in a CF vs. CA plane together with
the combined result and the expectations of QCD
based on the SU(3) gauge symmetry and various
other gauge symmetries. The correlation coeffi-
cients for [15,33] were calculated from the refer-
ences4. The error ellipses refer to 86% CL. The
combined result is in good agreement with the in-
dividual analyses and with standard SU(3) QCD
while the total uncertainties are substantially re-
duced. The other possibilities for gauge symme-
tries shown on the figure are clearly ruled out.

4. CONCLUSIONS

Jet physics in e+e− annihilation based on data
from

√
s = 14 to 207 GeV allows to study many

aspects of QCD. Precision measurements of the
strong coupling αS at many points of

√
s gave

convincing evidence for the running of the strong
coupling as predicted by the theory.

A combination of measurements of the mass of
the b-quark mb(MZ0) at the MZ0 energy scale
using jet production rates was performed. The
resulting value

mb(MZ0) = (2.92±0.03(stat.)±0.31(syst.))GeV(3)

compared with low energy measurements resulted
in strong evidence for the running of the b-quark
mass analogously to the running of αS.

The investigation of the gauge structure of
QCD was discussed for several different meth-
ods: angular correlations in 4-jet final states from
hadronic Z0 decays, global fits of event shape data
at many points of

√
s, the scaling violation of the

FF of gluon and quark jets and the evolution with
energy scale of the charged particle multiplicity
N ch.

gg determined from 3-jet events. The results of
the analyses were combined taking correlations
between the colour factor measurements into ac-
count with the results:

CA = 2.89 ± 0.03(stat.) ± 0.21(syst.) , (4)

CF = 1.30 ± 0.01(stat.) ± 0.09(syst.) ,

ρ = 0.82 .

4ALEPH: ρ = 0.97, OPAL: ρ = 0.93.

0

0.5

1

1.5

2

2.5

0 1 2 3 4 5 6

U(1)3

SU(1)

SU(2)

SU(4)

SU(5)Combined result
SU(3) QCD

ALEPH 4-jet

OPAL 4-jet

Event Shape

OPAL Ngg

DELPHI FF

CF

CA

86% CL error ellipses

Figure 12. The figure presents various measure-
ments of the colour factors CA and CF discussed
in this report. The ellipses show the correlated
measurements using 4-jet events [15,33] or event
shape distributions [34] while the lines repre-
sent the results of determinations of CA/CF from
DELPHI [38] (dashed) and OPAL [41] (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 as-
sumptions for the gauge symmetry of QCD as
indicated on the figure.

The combined results are in good agreement with
the individual measurements and have substan-
tially reduced total errors of less than 10% for
both CA and CF . The measurements are also in
good agreement with the expectation from QCD
CA = 3 and CF = 4/3.

The study of jets in QCD with e+e− annihila-
tion is in very good shape and will continue to
provide interesting and important new results.

compiled by S. Kluth (2003)

0

0.2

0.4

0.6

0.8

1

1 1.25 1.5 1.75 2 2.25 2.5 2.75 3 3.25

ALEPH

CA/CF

T R
/C
F

SU(4)

This analysis, 68% CL contour

 ALEPH-1997 OPAL-2001

Figure 8: 68% confidence level contour in the (x = CA

CF
,y = TR

CF
) plane, calculated from statistical plus systematic

uncertainties (shaded region). For comparison also the results from previous measurements are given, as well as
predictions for simple Lie groups.

The results are

x = 2.27 ± 0.09(stat) ± 0.08(sys)
y = 0.38 ± 0.05(stat) ± 0.07(sys)

(⇢xy)total = �0.15

for the pure QCD case, and

x = 2.26 ± 0.08(stat) ± 0.07(sys)
y = 0.15 ± 0.06(stat) ± 0.06(sys)

(⇢xy)total = �0.19

for the QCD+gluino hypothesis.

Figure 10 shows that these results exclude the existence of a massless gluino at more than
95% confidence level, since the measured colour factor ratios do not agree with the expectation of
SU(3) anymore.

In a previous publication by ALEPH [33] a similar analysis allowed to set a limit on the light
gluino mass. At that time only LO predictions existed for the four-jet angular correlations, both

23

ALEPH (2003)
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Parton Showers Intro

Equivalent Photon
Approximation (Bohr; Fermi;
Weiszäcker, Williams, 1934)

DGLAP:
Gribov, Lipatov (1971),
Altarelli, Parisi (1977),
Dokshitzer (1977)

Jet calculus: Konishi,
Ukawa, Veneziano (1979)

First shower (?): Wolfram
(+ Fox, Field) (1979)

More: Odorico (1980),
Kajantie, Pietarinen (1980),
. . .

DGLAP:

dPa→bc =
αs

2π

dQ2

Q2
Pa→bc(z) dz

Pq→qg =
4

3

1 + z2

1− z

Pg→gg = 3
(1− z(1− z))2

z(1− z)

Pg→qq =
nf
2

(z2 + (1− z)2)

Sudakov form factor:

∆(Q2
1 ,Q

2
2 ) = exp

(
−
∫ Q2

1

Q2
2

∫ 1

0
dPa→bc

)

Event generation with the veto algorithm.
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Angular Ordering (1983)

Ambiguous interpretation of evolution variable Q2

dM2

M2
dz =

dp2⊥
p2⊥

dz =
dθ2

θ2
dz

since p2⊥ ≈ z(1− z)M2 and θ2 ≈ M2/(z(1− z)).

Marchesini, Webber (1983):
effects of soft-gluon destructive
interference can be emulated in
an angularly-ordered cascade.

Note: softer partons
tend to be emitted earlier
and harder ones later.

300 

N 

Fig. 4 

Fig, 3 

0.0001 

ξ ≈ 1− cos θ ≈ θ2/2
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The Cluster Model (1980)

Wolfram (1980), Webber (1983), . . . :
“preconfinement” ≈ adjacent partons in a shower form low-mass
systems (when evolved to a low cut-off scale Q0).

Herwig scheme:

1 Force g → qq branchings
(mg > 2mu/d on lattice).

2 Form colour singlet clusters.

3 Decay high-mass clusters
to smaller clusters
along “string” direction.

4 Decay clusters to 2 hadrons
according to phase space
times spin weight.

Many further refinements
added over the years.
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String vs. Cluster

program PYTHIA Herwig, SHERPA
model string cluster

energy–momentum picture powerful simple
predictive unpredictive

parameters few many

flavour composition messy simple
unpredictive in-between

parameters many few

Free parameters abound in each nonperturbative description.
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The Dipole Approach (1985)

Azimov, Dokshitzer, Khoze, Troyan (1985):
the radiation pattern of a secondary soft gluon g2
around a (hard) qqg1 topology is approximately

W (n2) ∼ Nc

(
q̂g1 + q̂g1

)
− 1

NC
q̂q

where a dipole factor

âb ∼ (papb)

(papg2)(pbpg2)
∝ (1− nanb)

(1− nan2)(1− nbn2)

for massless partons with pi = Ei (1;ni )

Perturbative soft-gluon emissions give the same radiation pattern
as the nonperturbative string picture in the NC → ∞ limit.

Both effects contribute, but in absolute terms the perturbative
contribution increases with energy and overtakes the constant
string one at around ECM = 100 GeV (= LEP 1).

Torbjörn Sjöstrand The Role of Event Generators slide 24/41



Photon vs. Gluon Emission (1985)

qqg fragmentation

q

q

g

qg

qg

qqγ fragmentation

q

q

γ

qq
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e • 
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Ycut = 0.007 

Particle flow in event plane 

OPAL (b) 
Ycut = 0.007 

* 
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X 
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Figure 1: (a) Charged particle flow in the event plane for two-jet radiative events, and 
three-jet multihadronic events. Error bars for the qqg sample are smaller than the dots. 
(b) Charged particle flow with respect to the reduced angle X. 
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particle flow in
the event plane;
3-jet selection,
but third jet
location not fixed

OPAL (1995)
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The Dipole Shower (1986)

G. Gustafson (1986): dual description of partonic state:
partons connected by dipoles ⇔ dipoles stretched between partons
parton branching ⇔ dipole splitting

q q q

g

q
p⊥-ordered dipole emissions ⇒
coherence (cf. angular ordering).

2 → 3 on-shell parton branchings
with local (E ,p) conservation.
ARIADNE shower + many more.

B. Andersson, G. Gustafson (1990):
neat representation in Lund plane
(hot topic today).

y

κ = ln(k2
⊥/Λ2)

L = ln(s/Λ2)

−L/2 L/2
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Example of e+e− Event Properties
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Need both showers and hadronization! ALEPH (2003)
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Interconnection

Colour rearrangement well
established e.g. in B decay.

Introduction
(V.A. Khoze & TS, PRL72 (1994) 28, ZPC62 (1994) 281,
EPJC6 (1999) 271;
L. Lönnblad & TS, PLB351 (1995) 293, EPJC2 (1998) 165)

ΓW,ΓZ,Γt ≈ 2 GeV
Γh > 1.5 GeV for mh > 200 GeV
ΓSUSY ∼ GeV (often)

τ =
1

Γ
≈

0.2GeV fm

2GeV
= 0.1 fm # rhad ≈ 1 fm

⇒ hadronic decay systems overlap,
between pairs of resonances
⇒ cannot be considered separate systems!

Three main eras for interconnection:
1. Perturbative: suppressed for ω > Γ by propaga-

tors/timescales⇒ only soft gluons.
2. Nonperturbative, hadronization process:

colour rearrangement.

B0

d

b
c

W− c

s

!"

!"
B0

d

b

c

W−
c

s
g

!" K0
S

!"J/ψ

3. Nonperturbative, hadronic phase:
Bose–Einstein.

Above topics among unsolved problems of strong in-
teractions: confinement dynamics, 1/N2

C effects, QM
interferences, . . . :

• opportunity to study dynamics of unstable parti-
cles,

• opportunity to study QCD in new ways, but
• risk to limit/spoil precision mass measurements.

So far mainly studied for mW at LEP2:

1. Perturbative: 〈δmW〉 <∼5 MeV.
2. Colour rearrangement: many models, in general

〈δmW〉 <∼40 MeV.

e−

e+

W−

W+

q3

q4

q2

q1

!
"

!
"

π+

π+

#$BE

3. Bose-Einstein: symmetrization of unknown am-
plitude, wider spread 0–100 MeV among models,
but realistically 〈δmW〉 <∼40 MeV.

In sum: 〈δmW〉tot < mπ, 〈δmW〉tot/mW
<∼0.1%; a

small number that becomes of interest only because
we aim for high accuracy.

At LEP 2 search for effects in e+e− → W+W− → q1q2 q3q4:

perturbative ⟨δMW⟩ ≲ 5 MeV : negligible!

nonperturbative ⟨δMW⟩ ∼ 40 MeV :
favoured; no-effect option ruled out at 2.8σ.

Bose-Einstein ⟨δMW⟩ ≲ 100 MeV : full effect ruled out
(while models with ∼ 20 MeV barely acceptable).
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The structure of an LHC pp collision

MPIMPI
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·
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Torbjörn Sjöstrand The Role of Event Generators slide 29/41



Hadron Collision Generators

Early days mostly simple longitudinal phase space.
Evolved over time, e.g. UA5 Monte Carlo tuned to
multiplicity distribution, y and p⊥ spectra, particle
composition, etc., but no jets and weak on correlations.

1980 ISAJET begun by F. Paige and S. Protopopescu
for ISABELLE studies.
Main generator for most pp/pp physics in the 1980’ies.

1982: (Wolfram), Fox, Field, Kelly ⇒ FieldAJet
used to present SSC predictions, but never public (and slow)

Other generators developed but with limited impact:
COJETS/WIZJET (R. Odorico, 1984),
EUROJET (B. Van Eijk, 1985), . . .
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Early Days: SUSY Speculations (1984)
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We report the observation of five events in which a missing transverse energy larger than 40 GeV is associated with a 
narrow hadronic jet and of two similar events with a neutral electromagnetic cluster (either one or more closely spaced 
photons). We cannot find an explanation for such events in terms of backgrounds or within the expectations of the Standard 
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We report here the observation of a novel type of 
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event in which a very large missing transverse energy 
is associated with a single, narrow jet of hadrons or 
with an isolated energetic photon(s). No conventional 
mechanism appears to be capable of producing such 
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event in which a very large missing transverse energy 
is associated with a single, narrow jet of hadrons or 
with an isolated energetic photon(s). No conventional 
mechanism appears to be capable of producing such 
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events which may be due to some new physical process. 
The importance o f  an unambiguous determinat ion of  
the missing energy has been amply demonstrated in 
the recent work which has led to the discovery of  the 
W -+-particles [ 1 ] * 1. 

The UA1 experiment [3] *2 has made unique use 
of  47r-calorimetry. Detectors cover the full angular 
range down to 0.2 ° with a hermetic configuration 
and a minimal fraction of  insensitive areas. Both elec- 
tromagnetic cascades are completely absorbed in the 
sensitive volume of  the calorimeters. Furthermore,  
muons penetrating the detector  are observed by  large 
area wire chambers. In this way the apparently missing 
transverse energy can be meaningfully associated to the 
emission of  one or more neutral, non-interacting par- 
ticles. The most obvious possibility is the emission o f  
one or several neutrinos. However in the light of  re- 
cent theoretical developments, emission of  phot inos 
for instance could also give rise to energy Unbalance. 

For  standard events where the energy balance is 
expected to be determined by overall calorimeter reso- 
lutions, the transverse components  AEy, AE z of the 
transverse energy are neatly centered around zero and 
have an approximately gaussian shape with a RMS width 
which can be well parametrized as 0.5 x/ /~T [ where 
[ET I is the scalar sum (in GeV) of  observed transverse 
energy distributions from all calorimeter cells ,3 .  The 
modulus o f  the resultant transverse vector A EM, 
laEM I= (AE 2 + AEz2) 1/2 is distributed exponen- 
tially in the variable 12xE 21 (fig. 1). 

Results are based on an integrated luminosity fL 
X dt = 0.113 pb -1 .  This run was primarily oriented to- 
ward the observation o f  the Z ° [5] and W + particles 
[6]. No dedicated trigger was provided by the re- 
quirement of  the missing energy alone. An addit ional 

~:1 The UA2 Collaboration has reported observation of W 
events in ref. [ 2]. 

,2 The UA1 Collaboration is preparing a comprehensive re- 
port on the detector [4]. 

~:3 A very elaborate study of the performance of the detec- 
tor has been performed using test beam data, real events, 
and Monte Carlo simulation. The geometry included in the 
Monte Carlo includes all shower fluctuation effects, cracks 
in the apparatus, punch-through effects of hadrons, and 
reconstruction procedures. A particularly useful calcula- 
tion was performed with a single-jet generator using the 
experimentally observed fragmentation functions and with 
which one has mapped the jet resolution over the whole 
detector solid angle. 

1 r T r T - - T - -  

1000 ' • AEM from 2 jet events 

3t+52 events 

~ ,  - -  Monte-Ear[o simulation 
c 
:o  

~> 1oo 
"6 

=E 
z 

10 

I 
0 2 t~ 6 g 

(AEM)2/(]Er[) (GeV) 

Fig. 1. Distribution of missing energy squared normalized to 
the total scalar transverse energy observed for a sample of jet 
triggers. The solid curve is a Monte Carlo simulation. 

signature is therefore necessary in order to record the 
event, namely either (i) a je t  o f E  T > 25 GeV, (ii) an 
electromagnetic cluster of  E T > 10 GeV, (iii) a muon 
o fPT  > 5 GeV/c, or (iv) a scalar transverse energy 
IETI > 60 GeV in the region IA~I < 1.5. 

The initial selection of  events starts from a sample 
of  2.5 X 106 events, out  of  which 1.5 × 106 are calo- 
rimeter triggers. A first selection consists of  the fol- 
lowing requirements: (1) IAEMI > 15 GeV; (2); total  
energy smaller than 700 GeV to remove multiple inter- 
actions; (3) technical cuts to remove reconstruction 
errors in the forward electromagnetic calorimetry 
(bouchons);  (4) removal o f  cosmic ray and beam halo 
events, in which most of  the energy comes from the 
outer calorimeter segments. 

This first selection gave 29 962 events which were 
fully reconstructed by standard UA1 programs, and 
AE M was recalculated. A more refined selection was 
then performed: (1) IAEM I > 4awi th  o=  0.7 X X/q-ET 1; 
(2) AE M must not point  to within + 20 degrees of  
the vertical. This cut is necessary because of  the re- 
duced efficiency of  calorimetry in that region. After 
this second selection 1159 events are left. 
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ground expected ~om jet fluctuations. The dashed curveistheexpected contribution ~ o m W ~  ru. 

rest of  the calorimetry.  The angular distr ibution of  
this vector with respect to the je t  direction * s is shown 
in fig. 5. There is a peak at cos A~ = -- 1, corresponding 
to the case where the residual transverse energy flow 
is opposite to the jet ,  as expected from QCD back- 
ground and clearly visible in our jet  data sample [7] *6. 
For  comparison the corresponding distr ibution for 
W ~ eu does not exhibit such a strong spike around 
cos A~ = --1. Therefore events with cos A~o < --0.8 
have then been rejected. The six events with largest 
AE 2 o f  fig. 2b pass the cut. The distribution d N / d A E  2 

is given in fig. 6. In order to evaluate the background 
we have then taken a sample of  jet  events and "fluc- 
tua ted"  the calorimeter response to the jets  *3 as well 
as to the non-jet part  of  the event in order to simulate 
single-jet events from variations in the response of  the 
detector.  The result of  this calculation shows (fig. 6) 
that  both  the absolute number and the AE M distribu- 

, s  We remark that there is a bias which shifts the cos A~ dis- 
tribution to the negative side due to over-subtraction of 
the jet. The contribution of random particles from the 
rapidity plateau which fluctuate into the AR = 1 cone 
(in r/, ¢ space) which defines the jet is on the average about 
2 GeV. 

,6 The transverse energy threshold for definition of a jet has 
been set to 12 GeV. 

tions of  the events with A E  M < 30 GeV are consistent 
with this background, which vanishes exponential ly 
for AE M > 30 GeV. Clearly events labelled A - F  can- 
not  be due to this effect. 

Another  contr ibut ion can come from W -+ r + v r 

in which the r-decay is called the "jet" .  A full detec- 
tor simulation gives the result shown in fig. 6. Nine 
events are expected,  mostly in the region dominated 
by QCD background. Event F is in the region where 
we would expect about one event, while the others 
( A - E )  are beyond the kinematic limit for the decay 
process. Likewise, the contr ibut ion from a hypotheti-  
cal new sequential lepton of  mass > 20 GeV/c 2 is at 
the level of  a few events with a spectrum slightly softer 
than from W ~ rv .  

Finally the possibility of  a QCD jet  produced in 
association with an "invisible" Z 0 -* v~decay has been 
considered. Events of  the type W + jet  and Z 0 + jet  
have been observed [6] and they appear in excellent 
agreement with QCD predictions. There is no appre- 
ciable contr ibut ion predicted for our values of  E T. 

The contr ibut ions due to charm and beauty decays 
have been calculated with the help of  ISAJET [8] * 7, 

,7 We assume a cross section of I nb for bband c~ produc- 
tion for PT > 30 GeV. 
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S. Ellis, R. Kleiss, J Stirling: cocktail of small SM contributions!

Also UA1 1984 “40 GeV top signal” eventually went away.
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Current Workhorses

Herwig, PYTHIA and Sherpa offer convenient frameworks
for LHC pp physics studies, covering all aspects above,
but with slightly different history/emphasis:

PYTHIA (successor to JETSET, begun in 1978):
originated in hadronization studies;
still special interest in soft physics.

Herwig (successor to EARWIG, begun in 1984):
originated in coherent showers (angular ordering);
cluster hadronization as simple complement.

Sherpa (APACIC++/AMEGIC++, begun in 2000):
has own matrix-element calculator/generator;
originated with matching & merging issues.

Torbjörn Sjöstrand The Role of Event Generators slide 32/41



MultiParton Interactions (1985)

1 Multiple cut pomerons and dual
topological unitarization, and

2 double (hard) parton scattering

combined to picture with multiple
(semi)perturbative interactions:

Colour screening from finite proton size (confinement):

dσ̂

dp2⊥
∝ α2

s (p
2
⊥)

p4⊥
→ α2

s (p
2
⊥)

p4⊥
θ (p⊥ − p⊥min) (simpler)

or → α2
s (p

2
⊥0 + p2⊥)

(p2⊥0 + p2⊥)
2

(more physical)

At LHC p⊥0 ≈ 3 GeV and ⟨nMPI⟩ ≈ 3− 4.
Absolutely essential for minimum-bias and underlying event:
average activity level and fluctuations. DPS also observed at LHC.
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The Pedestal Effect (1983)

Events with hard scale (jet, W/Z) have more underlying activity!
(UA1, 1983)

Jet pedestal e↵ect – 1

Events with hard scale (jet, W/Z) have more underlying activity!
Events with n interactions have n chances that one of them is hard,
so “trigger bias”: hard scale ) central collision
) more interactions ) larger underlying activity.

Studied in particular by Rick Field, with CDF/CMS data:

Torbjörn Sjöstrand Intro to Particle Physics 3 slide 46/54

Protons are extended
⇒ impact-parameter.
“Trigger bias” for hard
interactions to occur in
central collisions.

Torbjörn Sjöstrand The Role of Event Generators slide 34/41



Colour Reconnection (1985)
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The Breakdown of Jet Universality

Overall generators are successful for perturbative physics.
What about nonperturbative physics at the LHC?

Jet universality old concept; current interpretation:
A hadronization model, once tuned to LEP data,
should be directly applicable to other collisions, notably LHC pp.
(AA Quark–Gluon Plasma physics excepted.)

Proven wrong at the LHC, in particular by

strange baryon enhancement,

charm/bottom hadron composition, and

the ridge and collective flow.
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Strangeness enhancement (2016)

(Also observed in Bs/B
0 by LHCb.)

Signs of QGP in high-multiplicity
pp collisions? If not, what else?

Core–corona? Ropes?
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The charm baryon enhancement (2017)

In 2017/21 ALICE found/confirmed strong enhancement of charm
baryon production, relative to LEP, HERA and default Pythia.

Fragmentation fractions and charm production cross section ALICE Collaboration
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Figure 2: Left: Charm-quark fragmentation fractions into charm hadrons measured in pp collisions at
p

s =

5.02 TeV in comparison with experimental measurements performed in e+e� collisions at LEP and at B factories,
and in ep collisions at HERA [63]. The D⇤+ meson is depicted separately since its contribution is also included
in the ground-state charm mesons. Right: Charm production cross section at midrapidity per unit of rapidity as a
function of the collision energy. STAR [11] and PHENIX [66] results, slightly displaced in the horizontal direction
for better visibility, are reported. Comparisons with FONLL [13–15] (red band) and NNLO [67–69] (violet band)
pQCD calculations are also shown.

An increase of about a factor 3.3 for the fragmentation fractions for the L+
c baryons with respect to

e+e� and ep collisions, and a concomitant decrease of about a factor 1.4–1.2 for the D mesons, are
observed. The significance of the difference considering the uncertainties of both measurements, is
about 5s for L+

c baryons. This in turn decreases the fragmentation into D0 mesons at midrapidity by
6s with respect to the measurements in e+e� and ep collisions. In previous measurements in e+e� and
ep collisions no value for the X0

c was obtained and the yield was estimated according to the assumption
f (c!X+

c )/ f (c!L+
c ) = f (s!X�)/ f (s!L0)⇠ 0.004 [63]. The fraction f (c!X0

c) was measured for
the first time and f (c ! X0

c)/ f (c ! L+
c ) = 0.39 ± 0.07(stat)+0.08

�0.07(syst) was found [28]. A first attempt
to compute the fragmentation fractions in pp collisions at the LHC was performed in [63] assuming
universal fragmentation, since at that time the measurements of charm baryons at midrapidity were not
yet available. The measurements reported here challenge that assumption.

The updated fragmentation fractions obtained for the first time taking into account the measurements of
D0, D+, D+

s , L+
c , and X0

c at midrapidity in pp collisions at
p

s = 5.02 TeV, allowed the recomputation of
the charm production cross sections per unit of rapidity at midrapidity in pp collisions at

p
s = 2.76 and

7 TeV. The L+
c /D0 ratios measured in pp at different collision energies, as well as the X0

c/D0 ratio, are
compatible [25, 28, 56]. The charm cross sections were obtained by scaling the pT-integrated D0-meson
cross section [1, 3] for the relative fragmentation fraction of a charm quark into a D0 meson measured
in pp collisions at

p
s = 5.02 TeV and applying the two correction factors for the different shapes of the

rapidity distributions of charm hadrons and cc̄ pairs. The pT-integrated D0-meson cross section was used
because at the other energies not all charm hadrons were measured and the D0 measurements are the
most precise. The uncertainties of the fragmentation fraction (FF) were taken into account in calculating
the cc production cross section as was the uncertainty introduced by the rapidity correction factors. The
BR of the D0 ! K�p+ decay channel was also updated, considering the latest value reported in the
PDG [47].

6

Possible reconnections

Ordinary string reconnection

(qq: 1/9, gg: 1/8, model: 1/9)

Triple junction reconnection

(qq: 1/27, gg: 5/256, model: 2/81)

Double junction reconnection

(qq: 1/3, gg: 10/64, model: 2/9)

Zipping reconnection

(Depends on number of gluons)

Jesper Roy Christiansen (Lund) Non pertubative colours November 3, MPI@LHC 10 / 15

Measurement of prompt D0, L+
c , and S0,++

c production in pp collisions at
p

s = 13 TeV ALICE Collaboration
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Figure 2: Prompt-charm-hadron cross-section ratios: L+
c /D0 (left), S0,+,++

c /D0 (middle), and
L+

c  S0,+,++
c /L+

c (right), in pp collisions at
p

s = 13 TeV, compared with model expectations [25–
27, 29] and (left) with data from pp collisions at

p
s = 5.02 TeV [3]. The horizontal lines reflect the

width of the pT intervals. The PYTHIA Monash 2013 curve is scaled by a factor of 10 in the middle
panel.

verse of the quadratic sum of the relative statistical and uncorrelated systematic uncertainties as weights.
The total systematic uncertainty of the averaged Sc cross section varies from 20% at low pT to 13% at
high pT. The cross-section ratios L+

c /D0 and S0,+,++
c /D0 are compared with model expectations in Fig. 2

(left and middle panels). In the ratios, the systematic uncertainties of the track-reconstruction efficiency
and luminosity, considered as fully correlated, cancel partly and completely, respectively. The feed-down
uncertainty is propagated as partially correlated, while all other uncertainties are treated as uncorrelated.
The L+

c /D0 ratio decreases with increasing pT and is significantly larger than the⇡0.12 values observed
in e+e� and ep collisions at several collision energies [12–15, 45–47]. The values measured in pp colli-
sions at

p
s = 13 TeV are compatible, within uncertainties, with those measured at

p
s = 5.02 TeV [3, 4].

As shown in Fig. 2 (middle), the S0,+,++
c /D0 ratio is close to 0.2 for 2 < pT < 6 GeV/c, and decreases

with pT down to about 0.1 for 8 < pT < 12 GeV/c, though the uncertainties do not allow firm conclusions
about the pT dependence to be made. From Belle measurements (Table IV in Ref. [24]), the S0,+,++

c /L+
c

ratio in e+e� collisions at
p

s = 10.52 GeV can be evaluated to be around 0.17 and, thus, the S0,+,++
c /D0

ratio can be estimated to be around 0.02. Therefore, a remarkable difference is present between the
pp and e+e� collision systems. Although rather approximate, such comparison is corroborated by the
fact that a simulation performed with the default version of PYTHIA 6.2 reasonably reproduces Belle
data [24], while the default version of PYTHIA 8.243 (Monash 2013 tune) severely underpredicts ALICE
data, despite the very similar modelling of charm fragmentation in the two simulations. Figure 2 (right)
shows the ratio L+

c  S0,+,++
c /L+

c as a function of pT, which quantifies the fraction of L+
c feed-down

from S0,+,++
c . In order to better exploit the cancellation of correlated uncertainties, this is calculated as

the weighted average of the ratios measured separately in the L+
c ! pK�p+ and L+

c ! pK0
S decay chan-

nels. The pT-integrated value in the measured pT > 2 GeV/c interval is 0.38 ± 0.06(stat)± 0.06(syst),
significantly larger than the ratio S0,+,++

c /L+
c ⇠ 0.17 from Belle data and the ⇠0.13 expectation from

PYTHIA 8 (Monash 2013) simulations. This indicates a larger increase for S0,+,++
c /D0 than for the

direct-L+
c /D0 ratio from e+e� to pp collisions. The larger feed-down from S0,+,++

c partially explains the
difference between the L+

c /D0 ratios in pp and e+e� collisions.

As shown in Figure 2, the CR-BLC (for which the three variations defined in Ref. [25] are considered),
SHM+RQM, and Catania models describe, within uncertainties, both the L+

c /D0 and S0,+,++
c /D0 ratios.

The QCM model uses the L+
c /D0 data in pp collisions at

p
s = 7 TeV to set the total charm baryon-

6

Christiansen, Skands (2015):
QCD-inspired CR (QCDCR)
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The Ridge Effect (2010)
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Elliptic flow in AA predicted
from geometry + pressure.

Not so for pp, and yet ridge is
observed at high multiplicities:

12 7 Long-Range Correlations in 7 TeV Data
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally

QGP? Shove/repulsion? Hadronic rescattering?
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Apologies

Many high-energy physics aspects not covered, e.g.

perturbative higher-order calculations,

next-to-leading-log parton showers, and

the matching and merging of matrix elements and showers.

Parton Distribution Functions,

HERA ep physics: PDFs, rapidity gaps, photoproduction, . . . ,

LEP γγ physics,

σtot, ρ, diffraction,

heavy flavour production,

Quark–Gluon Plasma modelling of heavy ion collisions,

cosmic ray physics (cascades in the atmosphere), and

QCD aspects of BSM physics,
e.g. hidden sectors with showers and hadronization.
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Summary

With the help of event generators we have established that

quarks have spin 1/2;

gluons have spin 1;

colour factors CA = 3,CF = 4/3,TR = 1/2 as expected;

αs runs in agreement with QCD and αs(MZ) ≈ 0.12;

perturbative evolution is strongly influenced by coherence;

confinement leads to hadronization along colour lines
(strings or cluster chains);

multiparton interactions and colour reconnection are needed;

jet universality is broken at low p⊥ and high multiplicity.

Nonperturbative pp LHC physics not yet fully understood.
Several ideas floating around, but no complete picture.
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