
V. Heavy Quark 
Production



V.1 Quarkonia in e+e- Collisions
r e+e- annihilation (s-channel) is the classic channel for production & study

of heavy quarks as cross sections are relatively large wrt backgrounds

r A (Q!Q) bound state with zero net flavor is called quarkonium of which
some are directly produced as narrow resonances in e+e- collisions

r c-quarks were simultaneously discovered in e+e- collisions & p-N
collisions via the J/y resonance 

r b-quarks were discovered in p-N collisions via the ¡ resonance, 
but for exploration they were produced at e+e- colliders

r Note that no resonance was found in t-quark production, because
due to Vtb=1 the t-quark decays before forming a t ̅t bound state

r In a heavy (Q!Q) system many possible states can be produced

r In a non-relativistic approximation the total angular momentum of the
(Q!Q) system is J = L + S with spin S=0 (antisymmetric) & S=1 (symmetric 

r Parity & C-parity of the system are P=(-1)L+1 and C=(-1)L+S



V.1.1 (Q!Q) in e+e- Collisions: Properties
r We introduce the 

following notation

r Only JPC=1– states can 
be produced in e+e-

annihilation via a 
virtual photon

r In principle JPC=1++ states could be produced by virtual Z0 axial vector
coupling, but that it is suppressed by the angular momentum barrier

r For production of 1-- states we can apply the cross section formulae
from the previous chapter 

r Since e+ & e- beam energy resolutions are much larger than the natural
resonance width, we have to use the energy-integrated formulae here

where X denotes any particular set of final states, GX denotes
corresponding partial width and G is the total width

S=0 S=1 2S+1LJ

L=0 hQ (0-+) y, ¡ (1--) 1S0  
3S1

L=1 hQ (1+-) cJ (0++, 1++, 2++) 1P1
3PJ

L=2 2-+ 1--, 2--, 3-- 1D2
3DJ

d sσ (e+e− →ϒ → X ) = 6π
2

MV
2

Γ eeΓ X

Γ∫ (5.1)



V.1.2 (Q!Q) in e+e- Collisions: Potential
r Note that the total integrated cross section is proportional to Gee

r The production cross section and the annihilation decay width of
3S1 quarkonia are determined by the wave function at the origin 

r The number of narrow 3S1 states below threshold can be 
estimated in a potential model framework: 2 for c"c and 3 for b"b

r Quarkonium states with masses above the threshold for producing
2 heavy Q-flavored mesons will decay strongly into the latter
(Zweig s rule) and therefore have much larger widths (~103 times)
than states below this threshold energy

r If we set E0=2mQ, then the interquark potential V(r) arising from
QCD is independent of flavor

r The interquark potential has been parameterized as a sum of 3
contributions

r The 1st term is the short-distance Coulomb-like term (the Fourier
transform of the 1-gluon exchange scattering amplitude)

V (r ) = − 4
3
αs(r )
r

+VI(r )+ ar (5.2)



V.1,2 (Q!Q) in e+e- Collisions: Potential
r as(r) is the Fourier transform of as(Q2) but the logarithmic behavior of

as within the Fourier transform can be included

r At the 2-loop 
level one finds

where                      , gE=0.5772 is Euler s constant and LMS is the QCD 
scale parameter in the MS minimal subtraction scheme

r The 3nd term is the confining potential with 
a»0.2 GeV2

r The 2nd term VI(r) parameterizes additional 
intermediate contributions

r Several parameterizations exist

r Their parameters are fixed by c"c and b"b
quarkonium data
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V.1.3 (Q!Q) in e+e- Collisions: Matrix Elements
r From the standard results for the hydrogen atom the wave function of

the 1-gluon exchange alone with as(m2
Q) gives the L=0 wave functions

at the origin as 
Ψ n(0)

2
= 1
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αs(mQ
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(5.4)

where Yn(r) is the complete wave function & n=1,2 .. is radial QN

r Short distance structure of the wave function of 3S1, quarkonium
state V(QQ) is represented by ME

where <0| is vacuum, eV is V polarization & FV V-decay constant

r The latter can be expressed by the wave function at origin by    

r Since the Q!Q state is coupled to g and Z0, V is coupled through
them to f ̅f via an effective ME

0 Qγ µQΨ V = εV
µFV (5.5)

FV
2
= 12mVΨ V(0)

2

(5.6)

(5.7)M(V → ff ) = −iFVεVµ u(f )γ
µ GV

f +GA
f γ 5( )v(f )⎡

⎣
⎤
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V.1.4 (Q!Q) in e+e- Collisions: Decay Widths
with

GV
f =

8GFMZ
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e2efeQ
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(5.9)where ef, eQ are 
fermion & quark 
charges and gi

V, gi
A are couplings of f & Q to the Z0

r Hence the EM decay width to e+e- or µ+µ- is

r The expression in [ ] is the QCD correction, common to other modes

r For MV«MZ, the virtual photon contribution dominates e+e-modes

r The f, y, & ¡ ground states have a partial width of

r indicating that çYV(0) ç2 ~m2
V for these states
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Γ (V → e+e− ) ! 11 keV( ) ieQ2 (5.11)



V.1.4 (Q!Q) in e+e- Collisions: Decay Widths
r Note that quarkonium decays are Zweig suppressed è narrow width

r For the virtual g & Z0 decay (a) the partial width is

where C=3 (1) for quarks (leptons) is color factor
and GV & GA are evaluated at s=M2

V

r The ggg decay (b) is the dominant mode for y & ¡
with partial widths

r Another large decay is the ggg mode that has a partial 
width of  
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Γ (V → ggγ ) =
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V.1.4 (Q!Q) in e+e- Collisions: Decay Widths
r In addition, suppressed decays occur that may become important in case

of very heavy (Q!Q) states

r Quarkonium production is signaled
by narrow peaks in the total &
partial e+e- cross sections 

r So an f ̅f final state is produced via g
or Z0 transition yielding amplitudes of

r Note that at s=M2
¡, the direct e+e-®g® f ̅f amplitude does not interfere 

with the e+e-®¡® f ̅f amplitude

r We focused here on S-wave quarkonia with S=1 that includes 3S1-3D1
mixtures 

r Other states can be produced by g & hadron transitions from 3S1 states   
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V.1.5 (Q!Q) in e+e- Collisions: EM Transistions
r Photon transitions in the charmonium and bottomonium system   



V.1.6 (Q!Q) in e+e- Collisions: c"c g Spectrum
r E.g., in the charmonium system many photon transition have been 

observed providing access to non 3S1 states   



V.1.7 (Q!Q) in e+e- Collisions: b"b g Spectrum
r In the bottomonium system many photon transition have been also

observed to non 3S1 states 
¡(2S)®gc0,1,2(1P) ¡(3S)®gc0,1,2(2P) ¡(2S)®ghb

CLEO BABAR

m
η
b

= 9388.9
−2.3
+3.1 ± 2.7 MeV (5.17)



V.1.8 (Q!Q) in e+e- Collisions: b"b States
r Study decay ¡(5S)® hb(nP) p+p-, reconstruct only p(p+p-) and

look in missing mass p(¡(5S))- p(p+p-)

r Observe hb(1P) and hb(2P) with significance of 6.2s and 12.4s at
masses

r BABAR observed the hb(1P) at the same time in p0 transitions

m
h
b
(1P )

== 9898.25 ±±1.06
−−1.07
++1.03  MeV m

h
b
(2P )

== 10259.76 ±± 0.64
−−1.03
++1.43  MeV (5.18)

Belle 2011



V.1.8 (Q!Q) in e+e- Collisions: b"b States
r See new states in decaying to J/y

Ø X(3872)®ppJ/y
m=(3872 8) MeV, G< 2.3 MeV @90%CL
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Ø In ISR events see Y(4260)®J/yp+p-

m=(4258 8) MeV, G=(88 23) MeV

r Nature of these states is not yet clear



V.2 Open Flavor Production in e+e- Collisions
r When a pair of produced heavy quarks Q!Q form a pair of heavy

flavored hadrons, we call this open flavor production

r For c"c production the charm threshold is at s1/2=2mD0=3.73 GeV
that is slightly below y” having a mass of My=3.77 GeV

r For b"b production the bottom threshold is at s1/2=2mB0=10.56 GeV
that is slightly below the ¡(4S) having a mass of M¡=10.58 GeV

r The simplest sign of open Q!Q production is a step in the ratio
R=shad/sµµ



V.3 Quarkonia in Hadroproduction
r Hadroproduction of quarkonium states played an important role 

for the discovery of c!c and b!b bound states

r Unlike e+e- collisions, hadron-hadron collisions can produce many 
quarkonium states directly through subprocesses such as
gg® (h, c0, c2), gg® yg, q!q® y

r By crossing, these subprocesses are 
directly related to decay processes
(h, c0, c2 )® gg, y ®ggg, y ® q!q

r The production cross sections are
fully determined by the decay width 

Γ (ηq → gg) = 8
3
αs
2 Rs(0)

2

mηq

2 (5.19)

Γ (χ0 → gg) = 96αs
2 R 'P(0)

2

mχ0

4

(5.20)

Γ (χ2 → gg) = 128
5

αs
2 R 'P(0)

2

mχ2

4

(5.21)RS(0) is radial wave function at origin  
R’P(0) is derivative of radial wave function at origin  



V.3.1 (Q!Q) in Hadroproduction: Decay Widths

r RS(0) is the S-wave (Q!Q) radial wave function, RP(0) is the derivative of
P-wave (Q!Q) radial wave function, as is evaluated at the Q!Q mass scale, 
eQ, eq are electric charges of the heavy, light quarks

r R(0) is related to the total wave 
function at the origin y(0) by

r The cross section for gg®", a generic quarkonium state of spin J
and mass m0, is given by  

r The hat indicates the quark subprocess, #s is CM energy squared

r Yang s theorem states that 2 massless spin-1 particles cannot have
angular momentum J=1 for a state symmetric in space and spin variables 

r Thus, considering Bose statistics and recalling that a color-singlet
state of 2 gluons is symmetric in their color variables, forbids gg®y

Γ (ψ → ggg) = 40 (π
2 − 9)
81π

αs
3 RS(0)

2

mψ
2

(5.22)
Γ (ψ → qq) = 12α 2eQ

2eq
2 RS(0)

2

mψ
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R(0)
2
= 4π ψ (0)

2

(5.24)

σ̂ (gg→O ) = (2J +1)π
2

8m
O
3 Γ (O → gg)δ (1− ŝ

m
O
2 ) (5.25)

&



V.3.2 (Q!Q) in Hadroproduction: Cross Section
r So the lowest-order gg subprocess is gg®yg, where a bleaching g

comes off color in the final state

r The cross section is σ̂ (gg→ψ g) = 9π 2

8mψ
3 (π 2 − 9)

Γ (ψ → ggg)I ŝ
mψ
2

⎛

⎝
⎜

⎞

⎠
⎟ (5.26)

where  
I(x) = 2
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+ 4lnx
ŝ(x +1)

(5.27)

r Note that I(x) is not singular at x=1, I(1)=0

r 3S1 states can be produced also by q"q fusion, 
the inverse of y® q"q

r The cross section for this process is 

r The production of quarkonium states is 
dominated by gg fusion

r hc is the most-strongly produced state

σ̂ (qq→O ) = 4π 2

9m
O
2 (2J + 1)Γ (O → qq)δ 1− ŝ

m
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2
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V.3.3 (Q!Q) Production via q"q Annihilation 
r However, the y & ¡ states can be 

identified in ℓ+ℓ- mass distributions
while for hQ states no simple 
signature exists 

r Lowest-order parton subprocesses
for production of heavy Q!Q pairs
are q"q production and gg fusion

r Differential cross section for q"q fusion

gg® Q!Q

t us s

dσ̂ (qq→QQ)
dt̂

= 4π
2

9ŝ4
αs
2 m2 − t̂( )2 + m2 − û( )2 + 2m2ŝ⎡
⎣⎢

⎤
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$t =(q-Q)2, %u =(q-!Q)2 ,              

where %s=(q+"q)2, 

q"q ® Q!Q



V.3.4 (Q!Q) Production via gg Fusion 
r The differential cross section for gg fusion is

dσ̂ (g1g2 →QQ)
dt̂

= π
8ŝ2

αs
2
6 m2 − t̂( ) m2 − û( )

ŝ2
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(5.30)

where  "s=(g1+g2)2, #t =(g1-Q)2, "u =(g1-!Q)2

s

ut symmetry

r Note, that the #t-2 and "u-2 singularities of gg® qq massless quark production
have been removed by the presence of mQ=m, since 
#t<0 and "u<0 due to kinematics

r The running coupling constant as(Q2) is evaluated at appropriate
scale, usually Q2=p2

T, "s/4 or "s
r For the latter choice as(Q2) is finite at small pT



V.4 Open Flavor in Hadroproduction

r There are also flavor excitation processes in which a heavy quark

is scattered out of the sea in one of the incident hadrons

r The corresponding cross sections are

dσ̂ (qQ→ q 'Q ')
dt̂

= 4π
9ŝ2

αs
2
m2 − û( )2 + ŝ −m2( )2 −m2t̂

t̂ 2

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

(5.31)

qQ®qQ gQ®gQ

where !s=(q+Q)2, "t =(q-q’)2, !u =(q-Q’)2



V.4.1 Q Production via Gluons
dσ̂ (gQ→ g 'Q ')

dt̂
= π
ŝ2

αs
2
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(5.32)

where !s=(g+Q)2, "t =(g-g’)2, !u =(g-Q’)2

è obtain from eq 5.30 by crossing relation t« s, & factor (-1)

r These flavor excitations subprocesses present some difficulties,
when we try to calculate realistic final states from them
i) It is not possible to arrange realistic kinematics to allow both 

the struck quark Q & its partner #Q to come on-shell in a single
collision where #Q is unseen and unspecified  

ii) It is unsatisfactory not to know what happened to Q, so we may
want to include its decays products in the final state

s« u symmetry

t

s u



V.4.2 Q!Qg and Q!Qq Production 
r iii) Subprocess cross sections have soft & collinear divergences at 

"t=0, where the exchange gluon comes into its mass shell 
seeming to require an arbitrary cut-off

r Difficulties (i) & (ii) resemble problems of exciting heavy sea 
quarks in EW lepton scattering

r The solution is to go to higher-order QCD, where explicit g®Q!Q
vertices provide a dynamical model of the Q!Q sea

r The 2®3 parton subprocesses that produce Q!Q pairs are

q#q ®Q!Q g gq(#q)®Q!Q q(#q) gg®Q!Q g

(a) (b)



V.4.2 Q!Qg and Q!Qq Production 
r Lowest-order contributions are "(as

3) tree graphs yielding rather
lengthy formula (see Nuc. Phys. B282, 643 1987)

r The above graphs show some interesting feature

iv) They show flavor excitation qQ®qQ scattering from a Q!Q pair
explicitly generated by a gluon (solves problems i & ii), since
heavy quark kinematics are specifically put in and we exactly 
know what happened to the spectator Q

v) they have soft and collinear divergences when pT(Q!Q)®0 and the
momentum of exchanged gluon goes on-shell è problem iii
Ø when this, however, happens, we can see that the on-shell gluon

is simply part of an empirical parton distribution in hadron A,
so this configuration is already included in gluon fusion cross
section gg® Q!Q

Ø Thus, a major part  of the flavor excitation is already included
in gg, q#q ®Q!Q calculation è it would be double counting if it
were included separately è the cut-off should be at the scale
of evolution of the parton distribution 



V.4.2 Q!Qg and Q!Qq Production 
r vi) Figure b illustrates gluon fragmentation as a source of Q!Q pairs

Ø The hard contributions originate from highly virtual gluons, while
soft fragmentation is not expected to produce Q!Q As shown here,  
they appear explicitly in order "(as

3) (higher orders
can be calculated by  MC shower techniques)

Ø Gluon fragmentation is expected to be the major source of c#c &
b#b production at the LHC

r Lets compare gluon fragmentation to gluon fusion

σ (gg→QQg)
σ (gg→QQ)

!
σ (gg→ gg)
σ (gg→QQ)

αs(4mQ
2 )

3π
ln ŝ
4mQ

2

⎛

⎝
⎜

⎞

⎠
⎟ (5.33)

r If $s ≫ 4m2
Q, gluon fragmentation dominates over gluon fusion as 

Q!Q source

r To avoid double counting, the strategy is to focus on 2®2 and 
2®3 channels for Q!Q production



V.4.2 Q!Qg and Q!Qq Production 
r The total cross section is approximately given by the 2®2 

subprocesses q"q®Q!Q and gg®Q!Q, evolving them up to the 
appropriate scale Q2 =p2

T+m2
Q or #s/4

r Major contributions from flavor excitations and 2®3 channels arise
when the exchanged gluon approaches the mass shell that are 
already included in qQ®qQ and gQ®gQ diagrams

r Thus, the diagram of 2®3 channels in a) and b) do not give large
additional contributions

r In effect, we assume that Q!Q was produced by 2 gluons, one from
each hadron or else from one gluon where 2 parents from this gluon
came from different hadrons

r This includes all $(as
3) quark-excitation-type processes and some

of the gluon fragmentation, except for gluons in initial-state or 
final-state showers



V.4.3 Q!Q via EW Production 
r Furthermore, EW channels need to be added:
q"q ®W ®Q!Q , q"q®g®Q!Q and q"q®Z0®Q!Q

r These contributions are very small compared
to QCD

r The EW calculations can be normalized to 
W®en and Z®e+e- data

r Using parton distributions by the D0 experiment
typical predictions at s1/2=630 GeV and s1/2=2 TeV for Q2= #s/4 ,
L=0.2 GeV, nf=5, first-order as corrections and but without
other non-LLA corrections 

cross section s1/2=630 GeV s1/2=2 TeV

s(QCD®c"c) 140 µb 300 µb

s(QCD®b"b) 6 µb 25 µb

s(QCD®t ̅t) <0.6 µb <10 µb



V.4.4 Q!Q Production: Recombination 

r Besides perturbative QCD & EW
production 2 other processes
contribute

a) recombination: a 
heavy quark may be
picked up by one or
more valence quarks
& form a fast baryon
qqQ or meson q!Qè
fast flavored
hadrons (small 
effect on total
cross section) 

cross section s1/2=630 GeV s1/2=2 TeV

s(Z®c"c) 0.2 nb 0.8 nb
s(Z®b"b) 0.3 nb 1.0 nb

s(W®c"s) 1.7 nb 5.8 nb



V.4 V.4.5 Q!Q Production: Diffraction 
b) diffraction: the incident p

is excited by vacuum 
exchange to a high mass
N* with essentially 
unchanged energy that
can decay into Q-flavored
hadrons, one of which can
be fast

r Both processes cannot be
reliably predicted 

r They are characterized by low
pT and high xF
(xF=pD

long/pmax)

r Present data are contradictory: In pp®DX charm production we
observe a 20% diffractive component in ds/dxF ~ (1-çxFç)n with 
n=1-2, while rest agrees with QCD fusion with n=6-8    



V.4.5 Q!Q Production: Open Charm 
r Charm production in CDF

σ (D0)pt>6  GeV = 9.3 ± 0.1±1.1 pb

σ (D *± )pt>6  GeV = 5.1± 0.1± 0.8 pb

σ (D± )pt>6  GeV = 4.2 ± 0.1± 0.7 pb

(5.34)

r The observed 
cross sections 
are



V.4.6 Q!Q Production: Open Charm and Beauty 
r We also see an excess of D mesons that share the valence quark

with the incident p, p+ ®D0, D+ but not p+ ® !D0, D-

r In contrast, the ISR data for pp®L+
cX suggest an overwhelming

diffractive component but such a strong onset of diffraction over
a relatively small change of energy would be surprising (open issue)

r Note that the heavy quarks are tagged by leptons or in a new jet

r Actually, B0-!B0 oscillations were discovered that way

r UA1 looked at the ratio of like-sign to unlike-sign leptons

N±±

N±∓ =
2χ(1− χ)

χ 2 + (1− χ)2
(5.35)χ == fdχd ++ fsχs

r c gives the probability for oscillations B0® !B 0

r In a sample of 512 µµ events they measured 
χ == 0.121 ±± 0.047 (5.36)

r Note, though c=x2/(2x2+2) and xd has been measured this does not
give the sensitivity to extract xs



r CDF & D0 discovered the top quark in p!p ® t ̅t X in 1995

r The decay proceeds 100% via t®bW+

r Since W bosons decay as W+® ℓ+n or q!q, we get

3 classes of events: ℓ+ ℓ -n!n b!b, ℓnq!q b!b or q1!q′1q2!q’2b!b
è 2 leptons plus 2 jets, 1 lepton plus 4 jets or 6 jets   

r The top was observed first in the ℓnq!q b!b decay

with a W mass constraint in the ln decay

r CDF reconstructed mt templates in terms of top 

mass and jet energy scale (JES) è extract 

mt pdfs from multidimensional templates

r Construct W-mass templates as a function of mt &

JES and background templates that are independent

of mt and JES

r Validate technique on independent sample

r CDF and D0 measured mass and other properties in

all channels

V.5 Production of the top Quark



r ATLAS and CMS have measured the top quark properties

r In the t ̅t® b"bj1j2j3j4 analysis
ATLAS reconstructs a c2 based
on j1j2, j3j4 and bj1j2 or bj3j4
masses producing templates for
the 3-jet/2-jet mass ratio: R3/2

r Generate R3/2 distributions with 
different masses (template)

r Measure top mass

V.5.1 Top Quark at LHC

m
top

= 173.72 ± 0.55
stat

± 1.01
sys

 GeV

Ø R3/2 distribution
generated for
different mt

Ø Fit signal with
Novosibirsk 

and background
Landau functions

W mass Top mass

MC R3/2 for 172.5 GeV 

Observed R3/2 wrt
simulated signal

and backgrounds

Observed R3/2 fit to
signal plus background
templates

(5.36)



V.5.1 Top Quark at LHC
r In the bℓn channel ATLAS measures 

r The ATLAS mt average yields 

r In comparison, CMS obtains

r t ̅t event observed by ATLAS
in the ℓ+ℓ -n#nb#b channel       

m
top

= 172.99 ± 0.41
stat

± 0.74
sys

 GeV
(5.37)

m
top

= 172.84 ± 0.34
stat

± 0.61
sys

 GeV (5.38)
m

top
= 172.44 ± 0.13

stat
± 0.47

sys
 GeV (5.39)



V.5.1 Top Quark at LHC
r Differential cross section as function

pT(t ̅t) falls rapidly in good agreement with
prediction

r Total t ̅t cross section agrees well with
NNLL prediction for all measurements

r Furthermore, NNLL prediction describes
well pp ® t ̅tX cross section measurements
at LHC and p"p ® t ̅tX cross section measurements at Tevatron



V.5.2 t ̅t W and t ̅t Z Production
r ATLAS measured t ̅t W and t ̅t Z Production

at 8 TeV using 4 signal decay topologies for 
each vector boson and 5 control regions

r Use neural network to separate t ̅t W & t ̅t Z
signal from backgrounds (7 inputs)

r See significant signal yields & measure
cross sections consistent with the SM

r CMS has similar results 

σ
ttW

= 369
−79(stat )
+86 ± 44

sys
fb (5 s.d.)

σ
ttZ

= 176
−48(stat )
+52 ±24

sys
fb (4.2 s.d.)

(5.40)

(5.41)



r Single top was discovered by CDF and D0 in 2009

r t-channel production dominates over s-channel

r Study t-channel in tq mode with t®lnb

r Use NN to separate signal from background (7 inputs)

r See significant signals

V.5.3 Single Top Production



V.5.3 Single Top Production
r ATLAS observes single top production in the s-channel at 3.2 s.d.

r ATLAS measures the cross sections in the t-channel and s-channel at
8 TeV:   ATLAS                    NLO SM prediction

t-channel

s-channel

r Measurements
are in good
agreement with
the NLO SM 
prediction

r From stot(t!q+ ̅tq)
determine |Vtb|

r |Vtb| measurements are consistent with 1 but
errors are still large

σ
tot

tq( ) = 56.7
−3.8
+4.3 pb

σ
tot

tq( ) = 32.9
−2.7
+3.0 pb

σ
tot

tq( ) = 54.9
−1.9
+2.3pb

σ
tot

tq( ) = 29.7
−1.5
+1.7 pb

σ
s
th = 5.61 ± 0.22 pb

(5.43)
(5.45)

(5.42)
(5.44)

σ
s
= 4.8

−1.5
+1.8  pb (5.47)(5.46)

(5.48)|V
tb
|= 0.88 ± 0.07



V.6 Observables at Hadron Colliders
r In hadron colliders, we characterize processes by kinematic variables:

transverse momentum pT, azimuth angle f and pseudorapidity h

r For masses much smaller than pT, pseudorapidity and rapidity are equal

where rapidity is defined as

r The separation between two objects i and j in the h-f plane is 

r Using these variables we define the transverse mass

r Thus,

r The maximum value of y at fixed E occurs at pT=0, cosh ymax=g, yielding
ymax=7.7 for the Tevatron (2 TeV) and ymax=9.6 for LHC  (14 TeV) 

η == −− ln tan θ 2⎡⎡⎣⎣ ⎤⎤⎦⎦(( )) (5.49)

y == 1
2
ln
E ++ p!
E −− P!

⎛⎛

⎝⎝⎜⎜
⎞⎞

⎠⎠⎟⎟
(5.50)

E 2 −− p!
2 == m2 ++ pT

2 ≡≡ mT
2 (5.52)

E == mT coshy (5.53)

ΔR
i,j

= η
i
−η

j( )2 + φ
i
−φ

j( )2 (5.51)



V.6.1 Observables at Hadron Colliders: Rapidity
r Gluon-gluon scattering is one of the dominant subprocesses in 

proton-proton collisions 

r The rapidity distribution at 14 TeV shows
a flat plateau of width Dy= 3

r This indicates that the 
produced particles follow
single particle phase space
at wide angles

r The ATLAS coverage is
Dy= 2.7 muon system, 
Dy= 4.9 em calorimeter
Dy= 2.5 tracking

r At the Tevatron at 1.96 TeV
the plateau is only Dy= 2



V.6.2 Jet Characteristics
r The jet production cross section depends on h, showing a steeper

ET dependence for large h

r We assume that the p is
an incoherent sum of u & d
valence quarks, radiated g
plus a sea of qq pairs

r The reason is that 2 
fundamental scales
contribute here: the
binding energy scale or size
of proton and the hard or
fundamental collision scale

r We operate at hard scale,
pT»LQCD, since p will
dissociate into partons
with life time 1/LQCD long
wrt 1/pT

è incoherent scattering



V.6.2 Jet Characteristics
r Inclusive jet double 

differential cross section 
from ATLAS at 13 TeV

r Comparison of inclusive jet double
differential cross sections from
different experiments at different
energies

r At large h, the differential cross section falls off faster at high pT;
At low pT slopes are similar for different h

r Data are well described by prediction 



V.6.2 Jet Characteristics
r In hadron-hadron collisions typically two 

partons interact and remaining
partons produce the Underlying Event

r They evolve into soft pions (pT~0.4 GeV)
with a charge density of 6 per unit 
rapidity in a ratio of p :p0=2:1

r Every interaction will contain a 
similar distribution of soft or low
transverse momentum particles, called
minimum bias events 

r A clear plateau in h is visible rising
slowly with Ös; its width increases with Ös

r The pT distribution is tightly localized to 
values < 0.5 GeV and Ös dependence for
pT < 1 GeV is small

r We can fit the pT
behavior with 
A~450 mb/GeV2, p0~1.3 GeV, n~8.2

d 3σ
πdydpT

2 ∼
A

(pT ++ p0)
n

(5.54)



V.6.2 Jet Characteristics

r The coefficient A is of !(100 mb) 
è since this is of the order of total 
inelastic cross section; the low pT

particles make the bulk of particles 
produced in inelastic p-p interactions

r For pT »p0 cross section drops as pT
n, 

large n 

r The fragments of hadrons A and B at 
low pT merge smoothly with

fragmentation products of minijets for 
pT > 10 GeV

r Production of g jets has cross section of ~1 mb at pT ~10 GeV 

r Boundary between soft and hard physics is not very definite

r Simulation shows expected cross section for g-g scattering
at the LHC at 14 TeV



V.6.3 Distribution Functions
r Thus, quarks and gluons inside proton can

be represented by classical distribution 
functions fAi(x), where x is momentum 
fraction

r If we had only 3 valence quarks their 
distribution functions would
be expected to peak at x=1/3

r Since u &d quark masses are 5 MeV 
compared to mp=940 MeV,
quark motion is relativistic
è radiated gluons which have

small x distribution

r The gluons themselves can split
or decay to q!q, thus apart from
u!u, d!d, also s!s and c!c pairs may
be created at very small x

 
dx u

v
(x) == 2, dx d

v
(x) == 1

0

1

∫∫
0

1

∫∫ (5.55)

Parton functions  



V.6.3 Distribution Functions
r We note that valence and sea quarks 

carry half the momentum

r The other half is carried by gluons

r This is confirmed experimentally
in lepton scattering experiments

r Suppression at high x is ensured by  

r The pointlike cross section for 
pointlike scattering of partons is

where a1 and a2 are the couplings at the 2 
vertices and the amplitudes for the various 
processes are shown in the table below

dx x q(x) ++ q(x)(( ))
0

1

∫∫
q
∑∑ ! 0.5 (5.56)

dx x ⋅g(x)
0

1

∫ ! 0.5 (5.57)

(5.58)xg(x) = 7
2 1− x( )6
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(5.59)σ̂ ~ πα1α2

A
2

ŝ
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V.6.4 Pointlike Scattering of Partons

r For ℒ~1034/(cm2 s) & 
s~100 mb at the LHC, 

total inelastic rate is
s×L~1GHz

è for 25 ns beam Xing
expect 25 minimum
bias events/Xing

r g-g scattering has 
by far the largest 
cross section 

(>5 times)   

r While final-state 
particles like e, µ, g
appear directly in the
detector, quarks and
gluons appear as jets

r The process from parton to jets is called fragmentation è it is a 
complex process simulated in various computer programs 
(PYTHIA, HERWEG, ISAJET)

(there should be a ˆ on s, t, u) 



V.6.5 Jet Fragmentation 

r Assume fragmentation properties factorize 
è parent quark or gluon fragment is
independent of the mechanism parent is
created è we need only a single unified 
description of fragmentation process

r # particles in jet depends logarithmically 
on parent particle momentum 

r Assume: all fragments are pions (simplicity)

r Assume: pT acquired in the fragmentation 
process is limited to the fragment 
momentum transverse to parent jet axis, 
kT~LQCD

r The fragmentation function D(z) describes 
the distribution in z=k/P of those products in
which z is the momentum fraction of the 
parent with momentum P, carried off by
the fragment with momentum k

r The fraction z is bounded by
Mπ / P < z <1



V.6.5 Jet Fragmentation 

r It has a radiative form similar to that already assumed for the
parton distribution functions

r We get  

from which we determine the
multiplicity

r The fragmentation process
implies that we observe a 
jet of particles that moves
approximately along the direction of the parent quark or gluon

r We expect a core within the jet that carries most of the jet 
momentum and that is localized at a small cone radius, R, in

(h,f) space 

(5.60)zD(z) = a(1− z)α

(5.61)n = D(z)dz ~ a dz / z ~ a ln(P /Mπ )
Mπ /P

1

∫∫

R = Δη2 + Δφ2 (5.62)

logarithmic dependence



V.6.5 Jet Fragmentation 

r The core is surrounded at larger R by 
many low-energy particles

r From the CDF data it is evident that 
a sharply peaked distribution
of particles around the jet axis exists,  
as the multiplicity increases less than
linear

r In the CDF plot shown on RH side
we see 40% of the energy of the
jet contained in a cone with R=0.1,
while 80% is contained in a cone
with R=0.4

r In simulations of the data using
zD(z)=(1-z)5 and <kT>~0.72 GeV
the highest jet energy is about
1/4 of the jet momentum 

r Fragmentation is soft introducing
non-perturbative effects



V.6.2 Event Shape Observables
r In pp collisions we have to deal with the Underlying Event since typically

2 partons interact and the remaining partons form the UE (jets)

r Event shape variables are used to separate signal from backgrounds

r Lets look at common event shape variable in Z0®µ+µ-

Ø number of charged tracks è multiplicity increases with dimuon pT

Ø Scalar sum of pT :
è increases with dimuon pT, long tail 

Ø Beam thrust:
è increases with dimuon pT, long tail 

B = p
T
i

i
∑ exp[− |η

i
|]

p̂
T
i

i
∑ = p

T∑ (5.63)

(5.64)



V.6.2 Event Shape Observables
Ø Thrust:

è increases with dimuon pT

Ø Spherocity: 
è becomes more symmetric with larger dimuon pT

Ø F parameter is defined as ratio of smaller to larger eigenvalues of the 
transverse momentum tensor

r For high dimuon pT different prediction yield reasonable description

T =
n̂T

max

!
p
T
i i n̂

T
i
∑

!
p
T
i

i
∑

S = π 2

4 !n=(nx ,ny ,0)
T

min

!
p
T
i ×
!n

i
∑

p
T
i

i
∑

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

2

(5.65)

(5.66)


