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Quantum Chromodynamics: main experimental concepts

hadronization and jets

evidence for color existence

gluon discovery

↵s measurements

importance of understanding QCD at colliders
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Hadronization and Jets

For example, take electron positron annihilation e+e� ! qq̄:

quarks separate at
high velocity
color flux tube
forms between
quarks
energy stored in the
flux tube sufficient
to produce qq̄ pairs
continue until
quarks pair up into
jets of colourless
hadrons

q q

q q

q qq q
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Hadronization and Jets

this process is called hadronisation: it is not (yet) calculable, though
reasonable numeric simulations exist

the main consequence is that at collider experiments quarks and gluons
observed as jets of particles
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Jets in a detector
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Jets in a detector
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Quark studies in e+e�

e+e� colliders are an excellent place to study QCD:

Well-defined production of quarks:

QED process is well-understood

no need to know parton structure functions of colliding particles

experimentally very clean – no proton remnants
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Quark spin in e+e�
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From PPI, for e+e� ! µ
+
µ
� cross section:
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4⇡↵2
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,
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Quark spin in e+e�
Volume  183, n u m b e r 3,4 P HYS ICS  LETTERS  B 15 J a nua ry 1987 

e ne rgy o f the  ra d ia te d  p h o to n  km~x. Howe ve r, a s  k~ x 
a pproa che s  1, the  l/s  d e p e n d e n c e  o f the  h a d ro n ic  
cros s  s e c tion  is  compe ns a te d  fo r by the  los s  o f e ffi- 
c ie ncy fo r e ve n ts  with  s ma ll re ma in ing  ha d ron ic  
inva ria n t ma s s . F o r kin ,x=0.99  we  find  ~ r~ 0 . 6  a nd  
~n = 0.34 a t v / s =  34 Ge V. Th e  p ro d u c t 
~ H(I+~ H)~ 0 . 8  is  ins e ns itive  to  km,x. F o r he a vy 
qua rk p roduc tion ,  k~a x is  limite d  by the  ma s s  o f the  
qua rks , i.e . k ~  = 1 -4 m }/s .  Th e  e rro r on  R coming  
fro m the  unce rta in ty in the  he a vy qua rk th re s ho lds  
a nd  the  ma gn itude  o f the  low-e ne rgy h a d ro n ic  cros s  
s e c tion  wa s  e va lua te d  to  be  0.9% (a t 14 G e V) a nd  
0.5% (a b o ve  30 G e V).  We  ha ve  a ls o ta ke n  in to  
a ccoun t the  in itia l s ta te  ra d ia tion  fo r Z ° e xcha nge  
which lowe rs  fiH by 2% a t the  highe s t e ne rgie s . Fina l 
s ta te  ra d ia tion  fro m qua rks  ca n  be  ne gle cte d 
[ 11,12 ] ;- h ighe r-orde r ra d ia tive  corre c tions . Th e  
Lund  progra m incorpora te s  in itia l s ta te  ra d ia tive  
corre c tions  up to  o rd e r a  3. Ts a i give s  a n  e s tima te  o f 
the  h ighe r-orde r co rre c tions  by s umming  a ll le a ding 
loga rithms  [ 12]. S ince  the s e  ca lcula tions  a re  no t 
comple te  a nd  give  co rre c tion  fa c tors  a t the  pe rce n t 
le ve l with  e rrors  o f the  o rd e r o f the  co rre c tion  its e lf, 
we  ha ve  no t a pp lie d  the s e  corre c tions  to  the  da ta . We  
will ind ica te  la te r by how mu c h  the  re s ults  cha nge  if 
s uch a  co rre c tion  is  a pplie d. 

Th e  la rge s t con tribu tion  to  the  de te c tion  ine ffi- 
c ie ncy come s  fro m the  fa ct th a t we  limite d  o u r 
a cce pta nce  to  the  ce ntra l de te c to r ( I cos  01 < 0 .86) fo r 
th re e  re a s ons : 
- in the  e ndca p  re gion the  e ffic ie ncy ca lcula tions  a re  
mo re  de lica te  be ca us e  o f the  s ma lle r n u m b e r o f 
cha mbe rs  in  the  a cce pta nce ; 
- the  ba ckground  fro m -/y collis ions  a nd  b e a m-g a s  
s ca tte ring is  s ma lle r in the  ce ntra l re gion; 
- the  a ngula r d is tribution  o f ha drons  is  we ll de s cribe d 
by the  Mo n te  Ca rlo, s o e xtra po la ting  to  the  full s olid 
a ngle  ca n be  d o n e  re lia bly. Fig. 1 s hows  the  a ngula r 
d is tribution  o f the  s phe ric ity a xis , corre c te d  for QED 
a nd  gluon ra d ia tion  e ffe cts , a nd  de te c to r e ffic ie ncy. 
The  s olid line  is  the  re s ult o f a  fit o f 1 + a  cos 20 which 
give s  a  = 100_+ 0.0 l, a s  e xpe c te d  fo r the  pa ir p roduc- 
tion  o f ma s s le s s  s pin ½  pa rtic le s . Th e  unce rta in ty on  
the  e ffic ie ncy due  to  the  e rro r on  a  is  ne gligible . 

Fu rthe r ine ffic ie ncie s  a ris e  fro m  the  multip lic ity 
a nd  e ne rgy cuts . Fig. 2 s hows  the s e  d is tribu tions  fo r 
Mon te  Ca rlo  e ve nts  a nd  a  d a ta  s a mple  a t v/~=4 3 .6  
Ge V, s e le cte d by cuts  loos e r tha n  the  fina l one s . The  
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Eig. 1. Angula r d is tribu tion  o f th e  co rre c te d  s phe ric ity a xis . Th e  
s olid  line  c o rre s p o n d s  to  a  fit o f 1 + a  cos 20 with  a  = 1.00 _+ 0.01. 

ine ffic ie ncy is  d e te rm in e d  by the  fra c tiona l a re a  
be low the  cu t va lue s . Th e  me a s u re d  d is tribu tions  a re  
in  fa ir a g re e me nt with  the  Mo n te  Ca rlo  one s . S ma ll 
re la tive  d is p la ce me nts  o f the  Mo n te  Ca rlo  a nd  the  
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produce all quark flavors for which
p
s > 2mq

in general, unless producing a qq̄ bound state,
produce jets of hadrons

usually can’t tell which jet comes from quark and
which from anti-quark

measured angular distribution of jets / (1 + cos2 ✓)

=) quarks are spin 1
2

CELLO at PETRA in DESY: “Determination of ↵s and sin2 ✓W from measurements of the total hadronic cross section in e+e�

annihilation”, Phys. Lett. B 183 (1987) 400
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Quark color in e+e�

color is conserved, qq̄ produced with three color/anti-color variants

for a single quark flavor and single color:

�(e+e� ! qiq̄i) =
4⇡↵2

3s
Q2

q (2)

experimentally observe jets of hadrons of all flavors (and 3 colors):

�(e+e� ! hadrons) = 3
X

u,d,s,...

4⇡↵2

3s
Q2

u,d,s,... (3)

usually use a ratio R wrt �(e+e� ! µ+µ�):

R =
�(e+e� ! hadrons)
�(e+e� ! µ+µ�)

= 3
X

u,d,s,...

Q2
u,d,s,... (4)
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Quark color in e+e�: measurements
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u, d, s: R = 3 ⇥ (19 + 4
9 + 1

9) = 2
u, d, s, c: R = 3 ⇥ (19 + 4
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9 + 4

9) = 10
3

u, d, s, c, b: R = 3 ⇥ (19 + 4
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3

Data are consistent with factor 3 from color!
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Quark color in e+e�: zoomed-in measurements
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the next order contributions as e.g. e+e� ! µ

+
µ
�
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summing up to about 10% correction dominated by the last diagram and ↵s value.
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Quark color in e+e�: zoomed-in measurements
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Quark color in e+e�: zoomed-in measurements
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The Discovery of the Gluon

From John Ellis in https://arxiv.org/abs/1409.4232:

Abstract: “Soon after the postulation of quarks, it was

suggested that they interact via gluons, but direct experimental

evidence was lacking for over a decade. In 1976,

Mary Gaillard, Graham Ross and the author suggested

searching for the gluon via 3-jet events due to gluon

bremsstrahlung in e
+
e
�

collisions. Following our suggestion,

the gluon was discovered at DESY in 1979 by TASSO and the

other experiments at the PETRA collider.”

p.4: This was the context in 1976 when I was walking over the bridge from the CERN

cafeteria back to my office one day. Turning the corner by the library, the thought

occurred that the simplest experimental situation to search directly for the gluon would be

through production via bremsstrahlung in electron-positron annihilation: e
+
e
� ! qq̄g.

What could be simpler?
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The Discovery of the Gluon

Sau Lan Wu Standard Model at 50 – Discovery of the Gluon June 2, 2018 32 

Three-jet events shown at the EPS Conference in Geneva, 
June 27-July 4, 1979, by Paul Söding of TASSO. 

TASSO 

Discovery of the Gluon 

16 / 39https://indico.cern.ch/event/704471/contributions/3012502/attachments/1670841/2680256/Wu.pdf



Four decades of gluons celebrated in 2019

three jet rate =) measurement of ↵s

angular distributions =) gluons are spin-1

four jet rate and distributions =) QCD has an underlying SU(3) symmetry
17 / 39https://home.cern/news/news/physics/four-decades-gluons
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Running coupling constants: QED

“bare” electron charge is screened by virtual e+e� pairs
behaves like a polarizable dielectric
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Running coupling constants: QED

in terms of Feynman diagrams:

same final state =) add amplitudes: M = M1 + M2 + M3 + . . .
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Running coupling constants: QED

sum is equivalent to a single diagram with “running” coupling constant:
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Running coupling constants: QED

EM coupling becomes infinite at ln

✓
Q2

Q2
0

◆
=

3⇡

1/137
, i.e. at Q ⇠ 1026 GeV

but quantum gravity effects would come in way below this energy and it is
highly unlikely that QED “as is” would be valid in this regime
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Running coupling constants: QED

EPJC 33(2004)173 (arXiv)
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In QED, ↵ increases very slowly:

atomic physics (Q2 ⇠ 0):
1/↵ = 137.03599976(50)

high energy physics:
1/↵(193 GeV) = 127.4 ± 2.1
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Running coupling constants: QCD

Similar to QED, but in addition have gluon loops (no photon loops in QED!):
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Running coupling constants: QCD

adding amplitudes: bosonic loops interfere negatively, so get a different sign!
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Running coupling constants: QCD

25 / 39EPJC 64(2009)689 arxiv:0908.1135
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Running coupling constants: QCD

At low Q2: ↵s is large, e.g. at Q2 = 1 GeV2 find ↵s ⇠ 1

=) can’t use perturbation theory!

this is the reason why QCD calculations at low energies are so difficult, e.g.
properties of hadrons, hadronization of quarks to jets, . . .

At high Q2: ↵s is rather small, e.g. at Q2 = M2
Z find ↵s ⇠ 0.12

asymptotic freedom: can use perturbation theory

this is the reason that in deep inelastic scattering (DIS) at high Q2 quarks
behave as if they are quasi-free (i.e. only weakly bound within hadrons)

26 / 39EPJC 64(2009)689 arxiv:0908.1135



Running coupling constants: QCD at the LHC
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Hadron–hadron collisions

in e+e� collisions one angle ✓ is enough to parameterize event

in hh collisions there are more unknowns: x1, x2 of colliding partons

for hh need three variables to describe event, e.g. for pp ! jj +X two angles
between the jets and beam axis, and jet pT

pT =
p

p2x + p2y

rapidity y =
1

2
ln

✓
E + pz
E � pz

◆
– Lorentz-invariant wrt the boost along z
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Hadron–hadron collisions

for massless particles rapidity is the same as pseudorapidity

⌘ ⌘ � ln

✓
tan

✓

2

◆
– depends only on the angle between the particle

momentum and beam axis
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Pseudorapidity coverage in CMS vs. LHCb

Broadly speaking, the differential cross sections for jet production in hadron–hadron
collisions are approximately constant in pseudorapidity, implying that roughly equal
numbers of jets are observed in each interval of pseudorapidity, reflecting the forward
nature of jet production in pp and pp̄ collisions.
Complementarity...

Olli Lupton (CERN) EPFL seminar 16 January 2019 7 / 22

30 / 39



Pseudorapidity coverage in CMS

CMS is basically instrumented up to |⌘| ⇡ 2.5
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Pseudorapidity coverage in LHCb

LHCb is instrumented in a region 2 < ⌘ < 5:
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Geometry chosen to get forwardly produced bb̄ in acceptance:
LHCb intercepts 27% of b or b̄ quarks; 24% of bb̄ quark pairs
CMS intercepts 49% of b or b̄ quarks; 41% of bb̄ quark pairs
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QCD cross sections not sustainable
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inelastic pp cross section is 6 orders of magnitude larger than those of
W or Z bosons production
bb̄ cross section is such that a B meson is produced in every collision
at LHCb
dedicated online selection strategies – triggers – are in place to record
only interesting events
more rare process – Drell–Yan process: QED lepton pair production

�(qq̄ ! µ
+
µ
�) =

1

Nc
Q

2
q
4⇡↵2

3ŝ
, where Qq is the quark/antiquark

charge and ŝ is the centre-of-mass energy of the colliding qq̄ system
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DY production at CDF: pp̄ ! µ+µ� + X

to obtain full cross section, need to
integrate over parton distribution
functions (PDF) of quarks and
atniquarks in a proton and an
anti-proton
using invariant mass of muon system
M

2 = x1x2s, and its rapidity y can
obtain:

d2
�

dy2
M =

8⇡↵2

9Ms
f(x1, x2),

f(x1, x2) =


4

9
(u(x1)u(x2) + ū(x1)ū(x2)) +

1

9

�
d(x1)d(x2) + d̄(x1)d̄(x2)

��

The cross section can grow with the collider energy as it is impacted by the PDFs of
colliding partons. 34 / 39



Recent DY process measurements
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Going to invariant muon mass of 3 TeV!
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Dijet production at CMS

dijet mass = 8.0 TeV dijet mass = 7.9 TeV
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7!8!13 TeV

Dijet invariant mass shape is well described by MC generator up to highest values:
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7 TeV ! 13 TeV
1.0 fb�1 ! ⇠100 fb�1

in m(X): 3.5 TeV ! 8 TeV!

QCD is the most important process to understand and control at hadron colliders! 37 / 39



Seeing color flow in detectors

Color singlet (pp ! H ! bb̄) vs. colored particle (pp ! g ! bb̄) hadronization:

Distributions seen in the detector:

Many machine learning applications are developed to consider energy patterns in the jets
in the detector, e.g. papers citing this result: list

38 / 39PRL 105(2010)022001 arXiv:1001.5027



Summary

superficially QCD is very similar to QED
but gluon self-interactions are believed to result in colour confinement
all hadrons are colour singlets =) only observe mesons or baryons
at low energies ↵S ⇠ 1

=) cannot use perturbation theory
=) non-perturbative regime

↵S runs, becomes smaller at higher energy scales ↵S(100 GeV) ⇠ 0.1

=) can use perturbation theory
=) asymptotic freedom

where calculations can be performed, QCD provides a good description of
relevant experimental data
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