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Plan for these Lectures

■ LHC p+p physics: the usual suspects

‣ Standard model, physics beyond the standard model

‣ Higgs search, supersymmetric par;cles, mini black holes, 
extra dimensions, …

‣ Will be largely pursued by ATLAS and CMS

■ However, ALICE has some unique p+p physics capabili;es
‣ Comparison data for heavy‐ion program

‣ Comprehensive study of minimum bias events:
➜ soJ & semi‐hard QCD

■ These lectures aim at providing background and details on the 
(early) p+p measurements in ALICE 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Slides 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the referenced material.
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1. Introduc;on
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Alice‘s Core Business: IdenIficaIon and CharacterizaIon of the 
QGP produced in Ultra‐RelaIvisIc Nucleus‐Nucleus Collisions
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Nucleus‐Nucleus Collisions: 
„Mini Big Bang in the Laboratory“

■ Transi;on from the  Quark‐
Gluon Plasma to a gas of 
hadrons at
~ 1012 °C

■ 100 000 hoPer than the core of 
the sun

■ Early universe:
QGP → hadron gas 
a few microseconds aJer the 
Big Bang

Time after Big Bang (seconds)
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■ Confinement:
Isolated quarks and gluons cannot 
be observed, only color‐neutral 
hadrons

■ Asympto;c freedom:
Coupling αs between color charges gets weaker for high momentum transfers, 
i.e.,  for small distances (Perturba;ve methods applicable for r < 1/10 fm)
  

■ Limit of low par;cle densi;es and weak coupling experimentally 
well tested (→ QCD perturba;on theory)  

QCD and 
Heavy‐Ion Physics

■ Nucleus‐Nucleus collisions: High temperature and density limit of QCD 
(„QCD thermodynamics“)

Nobel prize in physics (2004)

David J. Gross  H. David Politzer   Frank Wilczek 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PredicIons from First Principles: Lacce QCD

F. Karsch, E. Laermann, hep‐lat/0305025 2 quark flavors:

Tc = (160 – 200) MeV
εc ≈ 0.7 – 1.0 GeV/fm3

only 20% deviation:
qgp is an ideal gas 

not

    

εSB = g ⋅ π
2

30
⋅T 4  

with g = 37
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Expected QCD Phase Diagram

Measure of the net baryon density ρ

Early universe (t ≈ 10‐6 s)

RHIC, LHC

(?)
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Incomplete List of QGP Signatures

■ Collec;ve behavior of the produced par;cle: flow

■ Strangeness enhancement rela;ve to p+p

■ Yields of different par;cle species describable with a temperature T close 
to the expected transi;on temperature (sta;s;cal par;cle produc;on)

■ Energy loss of high‐energy quarks and gluons: jet quenching

■ J/ψ suppression at „lower“ √s (including RHIC ) turning into a J/ψ 
enhancement at LHC energies

■ Thermal photons reflec;ng the temperature of the thermalized medium

■ ...
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Let‘s turn to p+p Collisions at the LHC:
LHC Energy Compared to Cosmic Rays

For billions of years Nature has been producing collisions in the LHC energy regime 

“Fixed Target” Beam energy
that corresponds to LHC energy:
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Alice, p+p @ 7 TeV
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Reminder: 
Rapidity, Pseudorapidity, Transverse Momentum

pL

p

beam axis
p = pL

2 + pT
2 , mT := m2 + pT

2 , pT = p ⋅ sinϑ

e y =
E + pL
E − pL

, e− y =
E − pL
E + pL

E = mT ⋅ cosh y, pL = mT ⋅ sinh y

βL =
pL
E

= tanh y

y is addiIve under Lorentz transformaIon:

y = 1
2
ln E + pcosϑ
E − pcosϑ

≈
pm 1

2
ln1 + cosϑ
1 − cosϑ

=
1
2
ln
2cos2 ϑ

2

2sin2 ϑ
2

= − ln tanϑ
2

⎡

⎣
⎢

⎤

⎦
⎥ =:η

Pseudorapidity η:

y = y '+ yS '
rapidity in system S rapidity of S‘ measured in S

rapidity in S‘

y := 1
2
ln
E + pL
E − pL

=
1
2
ln
1 + βL
1 − βL

rapidity

ϑ

y ≈ βL  for βL  1

y = η  for m = 0In par;cular:
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Summary: KinemaIc Variables

p
pT

ϑ

Transverse momentum

Rapidity

Pseudorapidity

pT = p ⋅sinϑ

y= atanhβL

η=−ln tan ϑ / 2( )⎡
⎣⎢

⎤
⎦⎥

(~40°)

(~15°)
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p+p Physics with ALICE

■ Par;cle iden;fica;on and tracking over a broad momentum range

‣ 100 MeV/c < pT < 100 (or more) GeV/c

‣ Very low‐pT cut‐off: Unique for studying low pT phenomena due to small 
magne;c field (B = 0.5 T) and low material budget (~ 10% X0 on average 
between the vertex and the ac;ve volume of the TPC)
(cf. ATLAS: B = 2 T at the center, CMS: B = 3.8 T)

‣ Important for minimum bias physics and understanding of the underlying 
event in specialized searches, e.g. Higgs search.
Access to very low Bjorken‐x (down to x ~ 10‐5 – 10‐6)
(cf. HERA: x ~ 10‐4 for Q2 in the perturba;ve regime of several GeV2)

■ Excellent determina;on of secondary ver;ces 
(e.g., reconstruc;on of par;cles containing c‐ and b quarks)

ALICE is the only dedicated heavy‐ion experiment at the LHC. 
ALICE has several features that also make it an important contributor 
to p+p physics at the LHC
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Alice Physics Papers (as of October 2010)

■ First proton‐proton collisions at the LHC as observed with the ALICE detector: 
Measurement of the charged par;cle pseudorapidity density at √s = 900‐GeV, 
Eur.Phys.J.C65:111‐125,2010

■ Charged‐par;cle mul;plicity measurement in proton‐proton collisions at 
√s = 0.9 and 2.36 TeV with ALICE at LHC, Eur.Phys.J.C68:89‐108,2010.

■ Charged‐par;cle mul;plicity measurement in proton‐proton collisions at 
√s = 7 TeV with ALICE at LHC, Eur.Phys.J.C68:345‐354,2010.

■ Midrapidity an;proton‐to‐proton ra;o in pp collisions at √s = 0.9 and 7 TeV 
measured by the ALICE experiment, Phys.Rev.LeP.105:072002,2010

■ Transverse momentum spectra of charged par;cles in proton‐proton collisions 
at √s = 900 GeV with ALICE at the LHC, Phys. LeP. B 693 (2010) 53‐68

■ Two‐pion Bose‐Einstein correla;ons in pp collisions at √s = 900 GeV, 
arXiv:1007.0516

dNch / dη

dNch / dη
and multiplicity
distributions

p / p ratio

high pT  charged
hadrons

HBT



Access to Published Alice Data: HepData

■ Data available as plain text files 
and root macros

■ Example: Alice mul;plicity 
distribu;on in p+p at 7 TeV 
ploPed root macro created 
automa;cally by HepData

http://hepdata.cedar.ac.uk/reaction

http://hepdata.cedar.ac.uk/reaction
http://hepdata.cedar.ac.uk/reaction
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2. The Alice Experiment



ALICE

TPC

TRD

PHOS

TOF

dipole magnet

L3 magnet

ITS

muon tracking

ZDC

ZDC

ITS SPD

ITS SDD

ITS SSD

EMCAL

HMPID

V0 and T0
     (C side)

FMD

PMD

V0 and T0
(A side)
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Inner Tracking System (ITS)

■ 6 layers silicon
‣ 2 pixel detectors (SPD),
9.8 M channels

‣ 2 driJ detectors (SDD),
133k channels

‣ 2 strip detector (SSD),
2.6M channels

■ Coverage: |η| < 0.9

■ Reconstruc;on of primary 
vertex (σ < 100 μm)

SPD

SSD

SDD
21

■ Secondary 
ver;ces, e.g., for 
heavy‐quark 
measurements
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The ALICE‐TPC: 
The World‘s Largest Time ProjecIon Chamber (TPC)

22

E E
Radius: 85 cm – 247 cm

length: 2 × 2.5 m

~ 90 m3 gas: Ne/CO2/N2 (85.7%/9.5%/4.8%)driJ field: E = 400 V/cm

driJ ;me: 92 μs (500 bins)

Readout via Mul;‐Wire 
Propor;onal Chambers,
in total 557568 readout pads

■ Track posi;on and momentum 
(pT = 0.3⋅B⋅r)

■ Par;cle iden;fica;on via specific 
energy loss
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TPC Momentum ResoluIon

■ Cosmic muon tracks treated independently in two halves of TPC

■ Comparison of pT at vertex gives resolu;on

■ Design goal: 4.5% at 10 GeV/c

■ Achieved: 6.5% at 10 GeV/c

24
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TPC dE/dx spectra: p+p at 900 GeV

■ dE/dx resolu;on:
σdE/dx ≈ 5%

■ Characteris;c bands of 
various par;cles clearly 
visible

■ ALEPH parameteriza;on 
of the Bethe‐Bloch curve

25
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TPC dE/dx spectra: p+p at 7 TeV

26

the first 11 million 
events at 7 TeV...

!
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The TransiIon RadiaIon Detector (TRD)

27

• chamber produc;on finished
• 7 supermodules opera;onal 
in 2009/2010

90% funded by Germany: GSI, Univ. DA, HD, FRA, MS, FH Cologne, Worms

task: electron id by TR
J/ψ, ϒ → e+ e‐

D, B → e + anything (semi‐leptonic)
trigger on high pT electrons

■ 540 chambers /18 supermodules

■ total area:   694 m2 

■ gas volume:   25.8 m3  (Xe‐CO2)

■ resolu;on (rφ):   400 μm

■ trigger:   275 000 CPUs,
    6.5μs /event

status:



First p+p results from ALICE                                                                                                                                                        Klaus Reygers

TransiIon RadiaIon (TR)

■ Charged par;cles emit photons („transi;on 
radia;on“) when they cross boundaries of 
media with a different dielectric constant ε

■ Small probability

⇒ many boundaries (nTR ~ αem × Ntransi;ons)

■ Ephoton ~ γ, θphoton ~ 1/γ   (i.e. approx. collinear)

■ Threshold: Lorentz factor γ = E/m > 1000
⇒ essen;ally only electrons emit TR 

⇒ iden;fy electrons !
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Typical TR radiators:
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TRD − Signal GeneraIon 

■ Charged par;cles induce a signal in the detector

■  Only electrons produce transi;on radia;on

■  Electron ID, misiden;fied pions 1 % or less

29

Fig.8: A schematic illustration of the TRD principle. The left panel shows a projection in the x-z plane. The field lines in the Drift Chamber are calculated with

GARFIELD. Schematic signals produced by a pion and an electron are shown. The right panel shows a projection in the x-y plane. The insert shows for a meas-

ured electron track the distribution of pulse height over pads and timebins spanning the drift region. Note that the radiator is not to scale and the wire geometry 

may not be the final one. 
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TRD Performance in 7 TeV p+p Collisions

30
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TPC and TRD

31

Installa;on of the 
first TRD supermodule
(October 2006)

Time Projec;on Chamber (TPC)
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TOF (Time of Flight)

■ Mul;‐gap Resis;ve Plate Chambers (MRPC)

■ 18 sectors covering the whole azimuthal 
angle, |η|<0.9

■ ∼153k readout channels

■ Granularity: 2.5x3.5 cm2 at ∼3.7 m from the 
primary vertex

■ Resolu;on reached so far: ∼100 ps

32

charged particle
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ElectromagneIc Jet Calorimeter

■ construc;on start April 2008

■ approved & funded Dec 2008

■ US, Italy, France, Finland

■ approx. 20% installed

■ complete in 2010
33
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ParIcle IdenIficaIon in ALICE

 ‘Stable’ hadrons (π, K, p): 100 MeV < p < 5 GeV   (few 10 GeV)
- dE/dx in silicon (ITS) and gas (TPC)  + ;me‐of‐flight (TOF) + Cherenkov (RICH)

 Decay topologies:  Kinks (K+, K‐) [e.g., K →μ+ν] and 
invariant mass analysis of decay products (KS0, Λ, φ, D)
- Secondary vertex reconstruc;on

 Leptons (e, μ), photons, η, π0

- Electrons TRD: p > 1 GeV, muons: p > 5 GeV, π0 in PHOS/EMCal and via conversions
34

Alice has excellent 
momentum 
reconstruc;on  and 
par;cle ID capabili;es 
at low transverse 
momenta 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Forward Detectors

■ FMD (Forward Mul;plicity Detector)

‣ 3 planes Si‐pad,  ‐3.4 < η < ‐1.7 , 
1.7 < η < 5.0

■ T0

‣ 2‐arrays 12 quartz Cherenkov counters

‣ 30ps res.

‣ Start for TOF detector

■ V0

‣ 2 scin;llator arrays, 32 ;les

‣ V0A: 1.7 < η < 5.0, V0C: ‐3.7 < η < ‐1.7

‣ Minimum bias trigger in p+p and A+A

■  ZDC (Zero Degree Calorimeter)
‣ 2‐neutron, 2‐proton calorimeters, 116m from IP

■ PMD (Photon Mul;plicity Detector)
‣ 2.3 < η <3.5

35

V0A detector:

wave length shifting fibers
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ALICE p+p Minimum Bias Trigger

■ pp @ 0.9 and 7 TeV

‣ SPD (|η|<2) or V0‐A or V0‐C
(at least one par;cle in 8 units of η)

‣ In coincidence with passing bunches 
(BPTX beam pickups)

‣ Also control triggers to measure beam‐
induced and accidental background

■ pp @ 2.36 TeV
‣ SPD only + BPTX

■ Collected minimum bias pp samples:

‣ 2009: 0.9 and 2.36 TeV, ∼0.5 M events 
(10.3 μb‐1)

‣ 2010: 0.9 and 7 TeV, ∼700 M events 
(9.4 nb‐1) of which ∼10 M events 
@ 0.9 TeV
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0.9 TeV (in %)0.9 TeV (in %) ND SD DD
Pythia MBOR 100 77 92Pythia

MBAND 98 29 49
Phojet MBOR 100 86 98Phojet

MBAND 98 34 66

Trigger efficiencies from MC:
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3. Average par;cle mul;plicity: dNch/dη
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DiffracIve Events (I)

■ (Single) diffrac;on in p+p:
“Projec;le” proton is excited to a hadronic state X with mass M

38

■ The excited state X fragments giving rise to the produc;on of 
(a small number) of par;cles in the forward direc;on

■ Theore;cal view:

‣ Exchange of mul;‐gluon states („Pomeron exchange“)

‣ No exchange of quantum numbers (like color or charge)

pproj + ptarg → X + ptarg
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DiffracIve Events (II)
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ND SD DD

y y y

dN
ch

/d
y

dN
ch

/d
y

dN
ch

/d
y

Pythia simulaIon: p+p at √s = 900 GeV:

ybeam = ln
2Ebeam
m

= ln s
m

= 6.9

non‐diffracIve single diffracIve double diffracIve central diffracIon

■ Rapidity gaps are 
characteris;c of 
diffrac;ve events

plot: F. Reidt, Bachelor thesis

http://www.physi.uni-heidelberg.de//Publications/bt_reidt.pdf
http://www.physi.uni-heidelberg.de//Publications/bt_reidt.pdf
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DiffracIve Events (III)

σ tot = σ elastic + σ inel

√s = 200 GeV √s = 900 GeV

Total inelastic (41.8 ± 0.6) mb (50.3 ± 0.4 ± 1.0) mb

Single-diffractive (4.8 ± 0.5 ± 0.8 ) mb (7.8 ± 0.5 ± 1.8 ) mb

Double-diffractive (3.5 ± 2.2) mb (4.0 ± 2.5) mb

Non-diffractive  ≈ 33.5 mb ≈ 38.5 mb

UA5, Z. Phys. C33, 175 (1986)

Example: Result from UA5 

About 20‐25% of the inelasIc cross secIon is due
to diffracIve processes for √s = 200 ‐ 900 GeV 

σ inel = σND + σSD + σDD + σCD

40

ExpectaIon for p+p at 14 TeV:
σtot = 102 mb, σND = 76 mb, σSD = 12 mb (nucl‐ex/0701067)

small, < 1 mb 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Soq QCD Models: Pythia vs. Phojet

■ Pythia

‣ Extends a perturba;ve high‐pT picture down to the low pT region

‣ Hard processes: 
almost all 2 → 1 and 2 → 2, a few 2 → 3 processes from the Standard Model

‣ Includes ini;al and final state radia;on (jet shower evolu;on)

‣ Mul;ple hard parton interac;ons within the same p+p collisions

‣ Hadroniza;on via Lund string fragmenta;on

■ Phojet
‣ Two‐component model using Reggeon theory for soJ and leading order perturba;ve QCD 
for hard interac;ons

‣ Each Phojet collision includes mul;ple hard and mul;ple soJ pomeron exchanges

‣ In these processes color neutral strings are formed. These strings are hadronized in Phojet 
using the Lund model as implemented in Pythia.

41
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Average Charged ParIcle MulIplicity: dNch/dη

■ Total number of produced charged par;cles in a p+p collision

‣ related to soJ processes and hence difficult to calculate from first QCD principles

‣ Thus, a large variety of models describing soJ par;cles produc;on exists

‣ dN/dη measurements at the LHC help to kill inadequate models

■ History
‣ Feynman concluded in the 1970‘s that for asympto;cally large energies the mean total 
number of procuced par;cles increases as
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Nch ∝ ln s (follows from "Feynman scaling", 

i.e., from E d
3σ
d 3p

= F(xF ) ⋅F(pT )=
!
B ⋅F(pT ),  xF =

pL
*

s / 2
)

‣ Maximum beam rapidity also scales as ln √s, thus Feynman scaling implies   

dN / dy = constant
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√s Dependence of dNch/dη

■ Experimentally, it was found the dNch/dη increases with √s: 
⇒ Feynman scaling is violated (at currently available energies) 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Figure 9. dNch/dη|η=0 (left panel) and 〈Nch〉 versus
√

s in full phase space and |η| < 1.5 (right
panel) as a function of

√
s. Data points from [10, 12, 13, 15, 16, 35, 53, 77, 78, 82, 84, 86, 90].

Fermi–Landau form 〈Nch〉 ∼ s1/4 fails to describe the p + p data. The form a + bsn

([94]) provides a good description of the data with a = 0, b = 3.102, n = 0.178. At√
s = 14 TeV the different fits differ significantly so that measurements at the LHC will easily

reject inadequate parameterizations.

3.5. Universality of multiplicities in p + p(p̄) and e+e−

Charged-particle multiplicities in e+e− collisions are found to be larger than the multiplicity
in p + p(p̄) collisions at the same centre-of-mass energy (see figure 10). The multiplicities in
e+e− and p + p(p̄) collisions become strikingly similar when the p + p(p̄) points are plotted
at half their collision energy [95, 96]. This leads to the concept of an effective energy Eeff

in p + p(p̄) collisions available for particle production [94, 97–99]. This concept emerged
already in the 1970s in the study of high-energy cosmic rays [100]. In this picture the remaining
energy is associated with the two leading baryons which emerge at small angles with respect
to the beam direction:

Eeff =
√

s − (Elead,1 + Elead,2), 〈Eeff〉 =
√

s − 2〈Eleading〉. (37)

It has been speculated that Eeff or correspondingly the inelasticity K = Eeff/
√

s is related
to the 3-quark structure of the nucleon [101–103]. In this simple picture the interaction of
one of the three valence quarks in each nucleon would correspond to an average inelasticity
〈K〉 ≈ 1/3.

Here we estimate the coefficient of inelasticity K of a p + p(p̄) collisions by comparing
p + p(p̄) with e+e− collisions. Given a parameterization fee(

√
s) of the

√
s dependence of

〈Nch〉 in e+e− collisions, one can fit the p + p(p̄) data with [101]

fpp(
√

s) = fee(K ·
√

s) + n0. (38)

The parameter n0 corresponds to the contribution from the two leading protons to the total
multiplicity and is expected to be close to n0 = 2.

To parameterize the multiplicity data in e+e− collisions, we use the analytic QCD
expressions of equation (29). The strong coupling constant αs was fixed at the Z mass to

23



First p+p results from ALICE                                                                                                                                                        Klaus Reygers

Range of PredicIons Prior to First LHC p+p data

■ Pythia tunes op;mized with Tevatron data signifcantly below 
7 TeV LHC data

44

J. Phys. G: Nucl. Part. Phys. 37 (2010) 083001 Topical Review

=0η
|η/dchdN

0 1 2 3 4 5 6 7 8

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

CDF param.

Busza

/pp universality)-e+G-O., R. (e

 extrapolation)sG-O., R. (ln 

 extrapolation)s2G-O., R.  (ln

Armesto, Salgado, Wiedemann

Kharzeev, Levin, Nardi

Kaidalov, Poghosyan (QGSM)

Phojet

Epos, no mini-plasma

Epos, with mini-plasma

Pythia default

Pythia, tune A

Pythia, ATLAS MC09 tune

Pythia, D6T tune (CMS)

7 TeV 10 TeV 14 TeV

> full phase spacech<N
0 10 20 30 40 50 60 70 80 90 100

1

2

3

4

5

6

7

8

9

10

11

12

Busza

/pp universality)-e+G-O., R. (e

 extrapolation)s2G-O., R.  (ln

Kharzeev, Levin, Nardi

Kaidalov, Poghosyan (QGSM)

Phojet

Abramovsky, Radchenko

Pythia default

Pythia, tune A

Pythia, ATLAS MC09 tune

Pythia, D6T tune (CMS)

7 TeV 10 TeV 14 TeV

Figure 23. Predictions for dNch/dη|η=0 and 〈Nch〉 in full phase space in p + p collisions at
√

s = 7,
10 and 14 TeV. For dNch/dη|η=0 predictions 6 and 7 [130, 131], it is not explicitly stated whether
the predictions are for inelastic, NSD or non-diffractive collisions; all other predictions [51, 84,
128, 129, 132–134, 137] are for NSD events.

Salgado, Wiedemann [130] and Kharzeev, Levin, Nardi [131]). QGSM is a representative of
a class of models for soft scattering based on Regge theory and the parton structure of hadrons
[132]. In these models proton–proton interactions are described in terms of the exchange of
colour-neutral objects called Pomerons. The multiple-particle production is governed by the
fragmentation of strings that occur in the cut Feynman diagrams of these processes.

In many cases it is more practical to implement theoretical ideas in terms of Monte Carlo
event generators. Phojet [133] is such a generator based on the dual parton model [56] whose
concepts are similar to the concepts used in QGSM. Based on the Pomeron picture, Phojet
accounts for both soft and hard interactions. Epos is another event generator that aims at
consistently treating soft and hard interactions [128, 134]. This model has been compared
and tested with data from high-energy cosmic rays. Epos can be run in a mode which allows
the formation of a quark–gluon plasma in p + p collisions. In the Pythia event generator
[51], the picture of individual parton–parton scatterings, which successfully describes high-pT

phenomena, is extrapolated to low pT. Pythia has many parameters and several Pythia tunes
exist which, e.g., describe Tevatron data well. The shown predictions are based on the default
Pythia settings and three frequently used tunes: A [135], D6T [135] and ATLAS MC09 which
are the main tunes used by the CDF, CMS and ATLAS experiments, respectively. Pythia
6.4.14 has been used with the structure functions CTEQ6 L [136]. The large increase in√

s from the Tevatron to the LHC will unveil whether certain Pythia tunes really capture the
underlying physics or whether they are just ad hoc descriptions at specific energies.

Predictions for the multiplicity distribution in full phase space and in a limited range
of |η| < 1 are shown in figure 24 for

√
s = 7 TeV and in figures 25 and 26 for 14 TeV.
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LHC data: p+p at 7 TeV (NSD)
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ALICE dNch/dη Results (I)

■ Triggers for INEL and NSD results

‣ INEL: SPD (|η|<2) OR V0‐A OR V0‐C

‣ NSD: V0‐A AND V0‐C

■ Good agreement between different experiments

■ Pythia D6T tune (CMS) significantly below data
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Fig. 6 Left: measured pseudorapidity dependence of dNch/dη at
√

s =
0.9 TeV for INEL (full symbols) and NSD (open symbols) collisions.
The ALICE measurements (squares) are compared to UA5 pp̄ data [40]
(triangles) and to CMS pp data at the LHC [4] (stars). Right: mea-
sured pseudorapidity dependence of dNch/dη at

√
s = 2.36 TeV for

INEL (full symbols) and NSD (open symbols) collisions. The ALICE

measurement (squares) for NSD collisions is compared to CMS NSD
data [4] (stars) and to model predictions, PYTHIA tune D6T [9] (solid
line) and PHOJET [12] (dashed line). For the ALICE data, systematic
uncertainties are shown as shaded areas; statistical uncertainties are
invisible (smaller than data marks). For CMS data error bars show the
statistical and systematic uncertainties added in quadrature

data. Data from hadron colliders at lower energies have been
used to fix the energy scaling of the parameters. Tune D6T
uses the old PYTHIA multiple scattering and Q2-ordered
showers, whereas the two other tunes use the new multiple-
scattering model provided by PYTHIA 6.4 and transverse-
momentum-ordered showering. Perugia-0 was not tuned for
diffractive processes, which affects the validity of this tune
for the lowest multiplicities. For final-state-radiation and
hadronization, Perugia-0 adds parameters fitted to LEP data.
The charged-particle density in the central rapidity region is
mainly influenced by the infrared cut-off for parton scatter-
ing at the reference energy (1.8 TeV) and its energy depen-
dence.

Figure 6 (left) shows the charged-particle density as a
function of pseudorapidity obtained for INEL and NSD in-
teractions at a centre-of-mass energy

√
s = 0.9 TeV com-

pared to pp̄ data from the UA5 experiment [40], and to pp
NSD data from the CMS experiment [4]. The result is con-
sistent with our previous measurement [2] and with UA5
and CMS data. Figure 6 (right) shows the measurement of
dNch/dη for INEL and NSD interactions at

√
s = 2.36 TeV

compared to CMS NSD data [4] and to PYTHIA tune
D6T and PHOJET calculations. Our results for NSD col-
lisions are consistent with CMS measurements, systemati-
cally above the PHOJET curve, and significantly higher than
the distribution obtained with the PYTHIA tune D6T. Note
that in the CMS pseudorapidity-density measurement the
contribution from charged leptons was excluded. This im-
plies that the CMS value is expected to be approximately
1.5% lower than in our result, where charged leptons are
counted as primary particles.

The pseudorapidity density measurements in the central
region (|η| < 0.5) are summarized in Table 3 along with
model predictions obtained with QGSM, PHOJET and three
different PYTHIA tunes. Note that QGSM is not readily
available as an event generator and the predictions for some
of the event classes were obtained analytically by the authors
of [6]. At both energies, PYTHIA tune D6T and PHOJET
yield respectively the lowest and highest charged-particle
densities for INEL collisions.

Because part of the systematic uncertainties cancels in
the ratio of the multiplicity densities between the two ener-
gies, these ratios are compared to model calculations as well.
The main contribution to the systematic uncertainties in the
measurement of charged-particle densities comes from the
estimate of the number of events with zero tracks. Therefore,
in addition to the two event classes (INEL and NSD) intro-
duced so far, results are also presented for inelastic events
with at least one charged particle produced in the region
|η| < 0.5, labeled as INEL > 0. These values were obtained
as the mean values of the corresponding corrected multiplic-
ity distributions for Nch > 0 (see Fig. 8).

The consistency between data and model calculations
varies with event class and the collision energy. PYTHIA
tunes D6T and Perugia-0 significantly underestimate the
charged-particle density in all event classes and at both en-
ergies. ATLAS-CSC tune, PHOJET, and QGSM are closer
to the data and describe the average multiplicity reasonably
well, at least for some of the classes and energies listed in
Table 3. However, the relative increase in charged-particle
density is underestimated by all models and tunes, most
significantly for the event class with at least one charged
particle in the central region (INEL > 0). The increase
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ALICE dNch/dη Results (II)

■ Increase in dNch/dη from 0.9 TeV to 7 TeV: 60%

■ Larger than predicted by Phojet and and most Pythia tunes
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Table 1 Charged-particle pseudorapidity densities at central pseudo-
rapidity (|η| < 1), for inelastic collisions having at least one charged
particle in the same region (INEL > 0|η|<1), at three centre-of-mass
energies. For ALICE, the first uncertainty is statistical and the second
is systematic. The relative increases between the 0.9 TeV and 2.36 TeV

data, and between the 0.9 TeV and 7 TeV data, are given in percent-
ages. The experimental measurements are compared to the predictions
from models. For PYTHIA the tune versions are given in parentheses.
The correspondence is as follows: D6T tune (109), ATLAS-CSC tune
(306), and Perugia-0 tune (320)

Energy (TeV) ALICE PYTHIA [5, 6] PHOJET [10]

(109) [7] (306) [8] (320) [9]

Charged-particle pseudorapidity density

0.9 3.81 ± 0.01+0.07
−0.07 3.05 3.92 3.18 3.73

2.36 4.70 ± 0.01+0.11
−0.08 3.58 4.61 3.72 4.31

7 6.01 ± 0.01+0.20
−0.12 4.37 5.78 4.55 4.98

Relative increase (%)

0.9–2.36 23.3 ± 0.4+1.1
−0.7 17.3 17.6 17.3 15.4

0.9–7 57.6 ± 0.4+3.6
−1.8 43.0 47.6 43.3 33.4

5 Results

The pseudorapidity densities of primary charged particles
obtained in the central pseudorapidity region |η| < 1 are
presented in Table 1 and compared to models. The mea-
sured values are higher than those from the models consid-
ered, except for PYTHIA tune ATLAS-CSC for the 0.9 and
2.36 TeV data, and PHOJET for the 0.9 TeV data, which
are consistent with the data. At 7 TeV, the data are signif-
icantly higher than the values from the models considered,
with the exception of PYTHIA tune ATLAS-CSC, for which
the data are only two standard deviations higher. We have
also studied the relative increase of pseudorapidity densi-
ties of charged particles (Table 1) between the measurement
at 0.9 TeV and the measurements at 2.36 and 7 TeV. We
observe an increase of 57.6% ± 0.4%(stat.)+3.6

−1.8%(syst.) be-
tween the 0.9 TeV and 7 TeV data, compared with an in-
crease of 47.6% obtained from the closest model, PYTHIA
tune ATLAS-CSC (Fig. 1). The 7 TeV data confirm the
observation made in [4, 16] that the measured multiplicity
density increases with increasing energy significantly faster
than in any of the models considered.

In Fig. 2, we compare the centre-of-mass energy de-
pendence of the pseudorapidity density of charged parti-
cles for the INEL > 0|η|<1 class to the evolution for other
event classes (inelastic and non-single-diffractive events),
which have been measured at lower energies. Note that
INEL > 0|η|<1 values are higher than inelastic and non-
single-diffractive values, as expected, because events with
no charged particles in |η| < 1 are removed.

The increase in multiplicity from 0.9 TeV to 2.36 TeV
and 7 TeV was studied by measuring the multiplicity dis-
tributions for the event class, INEL > 0|η|<1 (Fig. 3 left).
Small wavy fluctuations are seen at multiplicities above 25.
While visually they may appear to be significant, one should

Fig. 1 Relative increase of the charged-particle pseudorapidity den-
sity, for inelastic collisions having at least one charged particle in
|η| < 1, between

√
s = 0.9 TeV and 2.36 TeV (open squares) and be-

tween
√

s = 0.9 TeV and 7 TeV (full squares), for various models.
Corresponding ALICE measurements are shown with vertical dashed
and solid lines; the width of shaded bands correspond to the statistical
and systematic uncertainties added in quadrature

note that the errors in the deconvoluted distribution are cor-
related over a range comparable to the multiplicity reso-
lution and the uncertainty bands should be seen as one-
standard-deviation envelopes of the deconvoluted distribu-
tions (see also [4]). The unfolded distributions at 0.9 TeV
and 2.36 TeV are described well by the Negative Binomial
Distribution (NBD). At 7 TeV, the NBD fit slightly underes-
timates the data at low multiplicities (Nch < 5) and slightly
overestimates the data at high multiplicities (Nch > 55).

A comparison of the 7 TeV data with models (Fig. 3
right) shows that only the PYTHIA tune ATLAS-CSC is
close to the data at high multiplicities (Nch > 25). However,
it does not reproduce the data in the intermediate multiplic-
ity region (8 < Nch < 25). At low multiplicities, (Nch < 5),
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there is a large spread of values between different models:
PHOJET is the lowest and PYTHIA tune Perugia-0 the high-
est.

Fig. 2 Charged-particle pseudorapidity density in the central pseudo-
rapidity region |η| < 0.5 for inelastic and non-single-diffractive colli-
sions [4, 16–25], and in |η| < 1 for inelastic collisions with at least
one charged particle in that region (INEL > 0|η|<1), as a function of
the centre-of-mass energy. The lines indicate the fit using a power-law
dependence on energy. Note that data points at the same energy have
been slightly shifted horizontally for visibility

6 Conclusion

We have presented measurements of the pseudorapidity den-
sity and multiplicity distributions of primary charged par-
ticles produced in proton–proton collisions at the LHC, at
a centre-of-mass energy

√
s = 7 TeV. The measured value

of the pseudorapidity density at this energy is significantly
higher than that obtained from current models, except for
PYTHIA tune ATLAS-CSC. The increase of the pseudora-
pidity density with increasing centre-of-mass energies is sig-
nificantly higher than that obtained with any of the models
and tunes used in this study.

The shape of our measured multiplicity distribution is not
reproduced by any of the event generators considered. The
discrepancy does not appear to be concentrated in a single
region of the distribution, and varies with the model.
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line). In the lower part, the ratios between the measured values and
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> 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least 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charged parIcle in |η| < 1 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An Intriguing Similarity: MulIpliciIes in p+p and e++e‐

■ Ansatz: In p+p only a certain frac;on K of √s is available for par;cle produc;on:
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Nch
p+ p ( s ) = Nch

e+ +e− (K ⋅ s )+ n0

■ Seems to work surprisingly well

■ Inelas;city K at √s > 100 GeV somewhere between 0.3 ‐ 0.5 

J. Phys. G: Nucl. Part. Phys. 37 (2010) 083001 Topical Review

 in GeVs
10 210 310 410

>
ch

<N

0

10

20

30

40

50

60

70

80

90
Bubble chamber INEL
ISR INEL
ISR NSD
UA5 NSD
E735 NSD

 data-e+e
 fit-e+NLO QCD e

 fit-e+3NLO QCD e

0
)+ns(Kee) = fs(ppp+p fit: f

LHC

 in GeVs
10 210 310 410

 E
ff

ec
tiv

e 
en

er
gy

 fr
ac

tio
n 

K

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
pp>

ch
) = <Npps

1
(Kee: f1K

0 - npp>
ch

) = <Npps
2

(Kee: f2K

0 - npp>
ch

 m) = <N∆ - pps
3

(Kee:  f3K

Inelasticity used in PRD 48, 2027

Figure 10. Left panel: comparison of charged-particle multiplicities in p + p(p̄) and e+e−

collisions (e+e− data taken from the compilation in [61]). Note that NLO QCD fit (solid gray
line) and 3NLO QCD fit (dashed line) of the e+e− data are almost identical and lie on top of each
other. Right panel: the inelasticity in p + p(p̄) calculated for three different assumptions. The

√
s

dependence of the inelasticity assumed in the theoretical study [104] is shown for comparison.

αs(M
2
Z) = 0.118 leaving A0 and ALPHD as fit parameters. The second form is from a 3NLO

calculation [4, 62] where the normalization and the " parameter in the expression for αs were
taken as fit parameters. Both forms yield excellent fits of the e+e− data and essentially provide
the same extrapolation for

√
s > 206 GeV where no data are available.

A fit with equation (38) describes the p + p(p̄) well and yields K = 0.35 ± 0.01 and
n0 = 2.2 ± 0.19. The fraction of the effective energy, the inelasticity, is studied in more detail
in the right panel of figure 10. The inelasticity K is determined for each p + p(p̄) point by
solving

fee(K
√

spp − #m) = 〈Nch〉pp − n0 . (39)

In the simple quark-scattering picture the offset #m takes the contribution of the masses of
the two participating constituent quarks to the centre-of-mass energy into account. Depending
on the values for #m and the leading particle multiplicity n0 different inelasticities can be
defined. In figure 10 the three cases K1 (n0 = 0, #m = 0), K2 (n0 = 2.2, #m = 0) and
K3 (n0 = 2.2, #m = 2/3 mproton) are shown. The inelasticity K1 decreases from ∼ 0.55–0.6
at ISR energies to 0.4 at

√
s = 1.8 TeV. The inelasticities K2 and K3 appear to be energy

independent at ∼ 0.35, in remarkable agreement with the expectation of 1/3 in the simple
quark-scattering picture.

The similarity between 〈Nch〉 in e+e− and p + p(p̄) collisions when the effective energy
is taken into account raises the question as to whether these similarities still persist in more
differential observables like rapidity distributions. Note that a remarkable similarity was
observed between dNch/dη per participating nucleon pair in central Au+Au collisions at√

sNN = 200 GeV and in e+e− collisions at
√

s = 200 GeV [95]. This suggests that the
effective energy in central Au+Au collisions is close to 100% of the beam energy, most
likely due to the multiple interactions of the nucleons. In the left panel of figure 11,
dNch/dη distributions from p + p(p̄) collisions are compared with rapidity distributions
dNch/dyT with respect to the thrust axis from e+e− collisions. Datasets are compared for
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rough esImate based on scaling the measured dNch/dη
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Similarity of dNch/dy in e+e‐, p+p, and A+A

Rapidity w.r.t. thrust axis              :

PHOBOS, Nucl. Phys. A757, 28 (2005)

Remarkable similarity between 
par;cle produc;on in 
e++e‐, p+p, and A+A

Effec;ce energy frac;on K ≈ 100% 
in Au+Au

Hint at universal produc;on
mechanism?
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4. Charged‐Par;cle Mul;plicity Distribu;ons
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MulIplicity DistribuIons: Basics

■ Mul;plicity distribu;on (MD):
Probability distribu;on for the 
produc;on of n (charged) par;cles

 Analysis of MD’s via moments 

 Contains informa;on on par;cle 
produc;on mechanism and par;cle 
correla;ons 

 In the absence of correla;ons 
(independent par;cle produc;on) 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Reygers

MulIplicity DistribuIons (MDs) in e+e‐ at √s = 29 GeV

■ Mul;plicity distribu;ons in e+e‐ at √s = 29 GeV follow a Poisson distribu;on

■ However, it turned out that this is true only for this par;cular energy

■ MDs in p+p are generally broader than in e+e‐: Impact parameter fluctua;ons?
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Klaus Reygers

Brief History of MulIplicity Measurements (I):
KNO Scaling

■ Interest in mul;plicity distribu;ons was 
s;mulated by a paper of Koba, Nielsen and 
Olesen in 1972

■ Based on Feynman scaling they derived 
theore;cally that mul;plicity distribu;ons at 
asympto;cally high energies should follow a 
universal func;on 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(KNO scaling)

■ Approximately sa;sfied in p+p collisions with 
√s < 63 GeV

Koba, Nielsen, Olesen, Nucl. Phys. B 40, 317 (1972)
P. Slawery, Phys. Rev. Lew. 29, 1624 (1972)
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Brief History of MulIplicity Measurements (II):
KNO Scaling in e+e‐

■ KNO scaling also observed in e+e‐ 
for 29 < √s < 91 GeV

■ KNO scaling implies 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(confirmed by data)

■ Connec;on to QCD

‣ KNO scaling in jet fragmenta;on can 
be derived from QCD

‣ Next‐to‐leading order pQCD

Aleph, Physics Reports 294, 1, (1998)
Malaza, Webber, Nucl. Phys. B 267, 702 (1986)
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Klaus Reygers

Brief History of MulIplicity Measurements (III):
ViolaIon of KNO Scaling Discovered by UA5 

Devia;on from KNO form 
observed at √s = 540 GeV
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UA5, Physics Letters 138B (1984)

z = n / <n>

<n
> 
P n
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Klaus Reygers

Brief History of MulIplicity Measurements (IV):
Confirmed by E735 at the Tevatron

E735, Phys. Lew. B435, 453 (1998)

Devia;on from KNO form visible for √s >  ~200 GeV
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Klaus Reygers

A New Empirical DescripIon:
The NegaIve Binomial DistribuIon

UA5 discovered that the nega;ve binomial distribu;on (NBD) provides an excellent 
representa;on of mul;plicity distribu;ons in p+p (p+pbar)

First two moments:

NBD is broader than the Poisson distribu;on. In the limit k → ∞ it turns into a Poisson 
distribu;on.

UA5, Phys. Rep. 154, 247 (1987)

Hence the name NBD
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1 / k→ 0 : Poisson distribution
k =1 : Bose-Einstein distribution
integer k, k < 0 : Binomial distribution (N = -k, p = - n / k)
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MathemaIcal Digression: NBD (I)

Note that for any real number 
x > 0 we have x! := Γ(x+1), thus:

Examples of the NBD‘s for different parameters:
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Figure 1. Examples of NBDs.

by writing the binomial in terms of the ! function and using the equation !(x + 1) = x!(x):
(

n + k − 1
n

)
= (n + k − 1)!

n!(k − 1)!
= !(n + k)

!(n + 1)!(k)

= (n + k − 1) · (n + k − 2) · . . . · k

!(n + 1)
. (17)

The mean of the distribution 〈n〉 is related to p by p−1 = 1 + 〈n〉/k. This leads to the form of
the NBD that is commonly used to describe multiplicity distributions [35, 36]:

P NBD
〈n〉,k (n) =

(
n + k − 1

n

) ( 〈n〉/k

1 + 〈n〉/k

)n 1
(1 + 〈n〉/k)k

. (18)

The dispersion D and the second-order normalized factorial moment F2 of the NBD are given
by

D =

√

〈n〉
(

1 +
〈n〉
k

)
, F2 = 1 +

1
k
. (19)

Moreover, k is related to the integral of the two-particle pseudorapidity correlation function
C2(η1, η2) as shown in [37, 38].

Figure 1 shows normalized NBDs for different sets of parameters. NBDs for values of k
that lead to characteristic shapes are also shown: the case of a large k where the distribution
approaches a Poisson distribution is shown, the case with a negative integer k where the
function becomes binomial, and the case of k being positive and smaller than unity. P NBD

〈n〉,k (n)

follows KNO scaling if k is constant (energy-independent). This can be seen from the KNO
form

#NBD(z) = kk

!(k)
zk−1e−kz, (20)

which holds in the limit 〈n〉/k $ 1 [3]. Therefore, studying k as a function of
√

s for
multiplicity distributions described by NBDs indicates whether KNO scaling is fulfilled.
NBDs have been shown to provide a useful parameterization of multiplicity distributions
in p + p(p̄) collisions as well as in various other systems including e+e− [9, 39], µ + p
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The mean of the distribution 〈n〉 is related to p by p−1 = 1 + 〈n〉/k. This leads to the form of
the NBD that is commonly used to describe multiplicity distributions [35, 36]:
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by

D =
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Moreover, k is related to the integral of the two-particle pseudorapidity correlation function
C2(η1, η2) as shown in [37, 38].

Figure 1 shows normalized NBDs for different sets of parameters. NBDs for values of k
that lead to characteristic shapes are also shown: the case of a large k where the distribution
approaches a Poisson distribution is shown, the case with a negative integer k where the
function becomes binomial, and the case of k being positive and smaller than unity. P NBD

〈n〉,k (n)

follows KNO scaling if k is constant (energy-independent). This can be seen from the KNO
form

#NBD(z) = kk

!(k)
zk−1e−kz, (20)

which holds in the limit 〈n〉/k $ 1 [3]. Therefore, studying k as a function of
√

s for
multiplicity distributions described by NBDs indicates whether KNO scaling is fulfilled.
NBDs have been shown to provide a useful parameterization of multiplicity distributions
in p + p(p̄) collisions as well as in various other systems including e+e− [9, 39], µ + p
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MathemaIcal Digression: NBD (II)

■ Urn model with success probability p (balls placed back to the urn): 
Probability for n failures prior to the k‐th success
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which is an extension of the expression used in the derivation of Feynman scaling (see equation
(A.4)) that uses a function f (q) that describes q-particle correlations (q particles with energy
Eq, longitudinal momentum pz,q , transverse momentum pT,q and Feynman-x xq). Integration
by parts is performed for all xi and it is proven that the resulting function is uniquely defined
by moments. This yields a polynomial in ln s. With a substitution of the form 〈n〉 ∝ ln s the
multiplicity distribution P(n) is found to scale as

P(n) = 1
〈n〉

!

(
n

〈n〉

)
+ O

(
1

〈n〉2

)
, (13)

where the first term results from the leading term in ln s, that is, (ln s)q . The second term
contains all other terms in ln s, i.e. (ln s)q

′
for q ′ < q. !(z := n/〈n〉) is a universal, i.e.,

energy-independent function. This means that multiplicity distributions at all energies fall on
one curve when plotted as a function of z. However, !(z) can be different depending on the
type of reaction and the type of measured particles.

The C-moments,

Cq =
∫ ∞

0
zq!(z) dz, (14)

define !(z) uniquely [30]. Substituting z = n/〈n〉 results in equation (6).
When the scaling hypothesis holds the moments are independent of energy.

Experimentally one can determine D2 = 〈n2〉 − 〈n〉2; the relation D/〈n〉 = const follows
from equation (13) (if !(z) is not a δ function, see [30]).

It has been pointed out [31] that the conclusion that the multiplicity distribution follows
a universal function is only an approximation (neglecting the second term in equation (13)).
Therefore, the exact result is that the factorial moments (see equation (7)) are required to
be constant, not the reduced moments (which follow from equation (14)). This is addressed
further in section 3.6.

The description of discrete data points with a continuous function in equation (13) is an
approximation valid for 〈n〉 ' 1. A generalized KNO scaling which avoids this problem
is described in [32, 33]. Moreover, different scaling laws for multiplicity distributions were
proposed (see e.g. [4, 6]), among those the so-called log-KNO scaling [34] which predicts a
scaling of the form

P(n) = 1
λ(s)

ϕ

(
ln n + c(s)

λ(s)

)
, (15)

where ϕ is a universal, energy-independent function. The energy-dependent functions λ(s)

and c(s) correspond to 〈n〉 and the multiplicity related to the leading particles, respectively.

2.4. Negative binomial distributions

The NBD is defined as

P NBD
p,k (n) =

(
n + k − 1

n

)
(1 − p)n pk. (16)

It gives the probability for n failures and k − 1 successes in any order before the kth success
in a Bernoulli experiment with a success probability p. The NBD is a Poisson distribution for
k−1 → 0 and a geometrical distribution for k = 1. For the negative integer k and 〈n〉 ! −k

the distribution is a binomial distribution where −k is the number of trials and −〈n〉/k the
success probability (see appendix C). The continuation to the negative integer k is performed

7

■ Thus, in contrast to the binomial distribu;on the number of draws is not fixed

■ The mean <n> of the distribu;on is related to p by: 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by writing the binomial in terms of the ! function and using the equation !(x + 1) = x!(x):
(

n + k − 1
n

)
= (n + k − 1)!

n!(k − 1)!
= !(n + k)

!(n + 1)!(k)

= (n + k − 1) · (n + k − 2) · . . . · k

!(n + 1)
. (17)

The mean of the distribution 〈n〉 is related to p by p−1 = 1 + 〈n〉/k. This leads to the form of
the NBD that is commonly used to describe multiplicity distributions [35, 36]:

P NBD
〈n〉,k (n) =

(
n + k − 1

n

) ( 〈n〉/k

1 + 〈n〉/k

)n 1
(1 + 〈n〉/k)k

. (18)

The dispersion D and the second-order normalized factorial moment F2 of the NBD are given
by

D =

√

〈n〉
(

1 +
〈n〉
k

)
, F2 = 1 +

1
k
. (19)

Moreover, k is related to the integral of the two-particle pseudorapidity correlation function
C2(η1, η2) as shown in [37, 38].

Figure 1 shows normalized NBDs for different sets of parameters. NBDs for values of k
that lead to characteristic shapes are also shown: the case of a large k where the distribution
approaches a Poisson distribution is shown, the case with a negative integer k where the
function becomes binomial, and the case of k being positive and smaller than unity. P NBD

〈n〉,k (n)

follows KNO scaling if k is constant (energy-independent). This can be seen from the KNO
form

#NBD(z) = kk

!(k)
zk−1e−kz, (20)

which holds in the limit 〈n〉/k $ 1 [3]. Therefore, studying k as a function of
√

s for
multiplicity distributions described by NBDs indicates whether KNO scaling is fulfilled.
NBDs have been shown to provide a useful parameterization of multiplicity distributions
in p + p(p̄) collisions as well as in various other systems including e+e− [9, 39], µ + p

8

■ This leads to the form of the NBD that is used to describe mul;plicity 
distribu;ons and was presented before

■ NBD has many prac;cal applica;ons

‣ accident sta;s;cs

‣ many biological applica;ons, e.g., number ;cks per sheep (R.A. Fisher)

‣ number of kids with n = 0, 1, 2, ... cavi;es in their teeth
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The NBD Describes MulIplicity DistribuIons 
in Many Systems

NBD describes mul;plicity distribu;ons in  

■ e+e‐

■ Hadron‐hadron

■ Lepton‐hadron

■ Hadron‐nucleus

 Underlying explana;on remains a mystery so far

 Possible explana;ons
‣ Cascading or clan models

‣ S;mulated Emission

‣ No physical explana;on?
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Clan (or Cluster) Model

■ N ancestor par;cles are produced independently (Poisson distribu;on)

■ An ancestor par;cles decays into nC charged par;cles (the “clan”)

■ The produc;on of an addi;onal par;cle in a clan is propor;onal to the 
number of already exis;ng par;cles

■ <N>, <nC> from NBD parameters μ, k:

 k is a measure of the aggrega;on of par;cles in clans. 
In par;cular, for the case of par;cle mul;plicity n = 2:

A. Giovannini, L. Van Hove, CERN‐Th.4894/87
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The multiplicity distribution that takes into account the distribution of clans and the distribution
of particles among the different clans is

P(n) =
n∑

N=1

P(N, 〈N〉)
∑∗

Fc(n1)Fc(n2) . . . Fc(nN), (26)

where
∑∗ runs over all combinations ni for which n =

∑N
i=1 ni is valid. It can be shown that

equation (26) is a NBD where 〈n〉 = 〈N〉Fc(1)/(1 − p̃) and k = 〈N〉Fc(1)/p̃ [37].
The average number of clans 〈N〉 and the average multiplicity 〈nc〉 within a clan, in turn,

are related to the NBD parameters 〈n〉 and k via [37]

〈N〉 = 〈n〉
〈nc〉

= k ln
(

1 +
〈n〉
k

)
. (27)

For the case of n = 2, it can be shown using equations (24) and (26) that k is the relative
probability of obtaining one clan with two particles with respect to obtaining two clans with
one particle each.

2.5. Two-component approaches

2.5.1. Combination of two NBDs. Multiplicity distributions measured by UA5 have been
successfully fitted with a combination of two NBD-shaped components [44]. A systematic
investigation has been performed by Giovannini and Ugoccioni who interpret the two
components as a soft and a semi-hard one [45]. These can be understood as events with and
without minijets, respectively (the authors of [45] use a definition from the UA1 collaboration:
a minijet is a group of particles having a total transverse energy larger than 5 GeV): the fraction
of semi-hard events found corresponds to the fraction of events with minijets seen by UA1.
It is important to note that this approach combines two classes of events, not two different
particle-production mechanisms in the same event. Therefore, no interference terms have to
be considered and the final distribution is the sum of the two independent distributions.

In this approach, the multiplicity distribution depends on five parameters that may all be√
s dependent:

P(n) = αsoft × P NBD
〈n〉soft,ksoft

(n) + (1 − αsoft) × P NBD
〈n〉semi-hard,ksemi-hard

(n). (28)

The parameters and their dependence on
√

s are found by fitting experimental data. Note
that 〈n〉 is about two times larger in the semi-hard component than in the soft component.
Furthermore, the fits show that the soft component follows KNO scaling, whereas the semi-
hard component violates KNO scaling. This is discussed in more detail in section 3.8.

A modified formulation of this approach includes a third component representing events
initiated by hard parton scattering. This class is also of NBD form with the parameter k
being smaller than 1 resulting in a substantially different shape (see figure 1). Furthermore,
the parameter 〈n〉 is much larger than that for the other two components. For more details
see [46].

2.5.2. Interpretation in the framework of multiple-parton interactions. Above ISR energies
parton–parton interactions with high momentum transfer (i.e. hard scatterings) are expected
to contribute significantly to the total charged-particle multiplicity in p + p(p̄) collisions
[47–49]. Hard parton–parton scatterings resulting in QCD jets above a transverse momentum
threshold can be described by perturbative QCD. Softer interactions either require a recipe
for the regularization of the diverging QCD jet cross section for pT → 0 [48] or models for
soft-particle production, see e.g. [49]. The transverse momentum scale pT,0 which controls the

10
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DeviaIons from NBD Discovered by UA5

■ UA5 found that mul;plicity distribu;ons in the full η‐interval up to √s = 540 GeV can be well 
described by a NBD

■ Devia;ons from the NBD were discovered by UA5 at √s = 900 GeV and later confirmed at the 
Tevatron at √s = 1800 GeV (shoulder structure at n ≈ 2 <n>)

■ This lead to two‐NBD models (interpreted as soJ and hard component)

■ In limited η‐intervals (|η| < 0.5) NBD describes the distribu;ons up to 1.8 TeV 
61
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tion in |η| < 1.0 (red squares) and

|η| < 1.5 (black circles) [Rim93]. The
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two NBDs, the contributing NBDs are
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Figure 2.7: Multiplicity distributions by

E735 at
√

s = 1.8 TeV.

The figure shows multiplicity distribu-

tion of NSD events in full phase space

[Ale98]. The data is fitted with the com-

bination of two NBDs, the contributing

NBDs are also shown (dashed lines).

The E735 experiment [Lin92] at the Tevatron collider measured the multiplicity

distribution at energies up to
√

s = 1.8 TeV. The experiment combined a multiplicity

hodoscope covering |η| < 3.25, two trigger hodoscopes in the pseudorapidity interval

3.9 < |η| < 4.5, as well as a TOF system and a magnetic spectrometer covering a

smaller region of phase space.

Figure 2.7 shows the multiplicity distribution of NSD events in full phase space at
√

s = 1.8 TeV [Ale98]. Like before, the distribution is fitted with the combination of

two NBDs. The extrapolation to full phase space has been done by the authors based

on Pythia simulations. They provide no further information about the statistics used,

the corrections, and in particular the question whether an unfolding was used. This

has to be taken into account when the result is interpreted.
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Figure 6. Normalized multiplicity distributions of NSD events at
√

s = 900 GeV in various
rapidity intervals are shown fitted with single NBDs (top-left panel) or a combination of two
NBDs (bottom-left panel). The two contributing NBDs (dashed lines) are shown exemplarily for
|η| < 3.0 and 5.0. The right panels show the normalized residuals with respect to the corresponding
fits defined by (1/e)(P (Nch) − fit) with e being the error on P (Nch). These are smoothed over
four data points to reduce fluctuations. The data were measured by UA5 [15].

The right panel of figure 9 shows the average multiplicity 〈Nch〉 as a function of
√

s. Data
are shown for full phase space and for a limited rapidity range of |η| < 1.5. In publications
two different approaches are found to obtain average values in a limited η-range. The first
uses a normalization to all events having at least one track in the considered phase space. The
second approach uses a normalization to the total considered cross section (inelastic or NSD)
including events without any particle in the considered range (data shown here). While the
latter is the more evident physical observable, the former does not depend on the efficiency to
measure the total cross section which renders it less dependent on model assumptions used in
the evaluation of the trigger efficiency. Data from bubble chambers at low

√
s are included

in figure 9: from the Mirabelle chamber at Serpukhov, Russia [12], and from several bubble
chambers at FNAL [90].
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MulIplicity DistribuIons from Alice (√s = 0.9, 2.36, 7 TeV)

■ MD up to 7 TeV for |η| < 1 fairly well described by a single NBD

■ Neither Phojet nor various Pythia tunes provide a good descrip;on of the data
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Fig. 3. Measured multiplicity distributions in |η| < 1 for the INEL>0|η|<1 event class. The error bars for data points represent
statistical uncertainties, the shaded areas represent systematic uncertainties. Left: The data at the three energies are shown
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INEL>0|η|<1 values are higher than inelastic and non-
single-diffractive values, as expected, because events with
no charged particles in |η| < 1 are removed.

The increase in multiplicity from 0.9 TeV to 2.36 TeV
and 7 TeV was studied by measuring the multiplicity dis-
tributions for the event class, INEL>0|η|<1 (Fig. 3 left).
Small wavy fluctuations are seen at multiplicities above
25. While visually they may appear to be significant, one
should note that the errors in the deconvoluted distribu-
tion are correlated over a range comparable to the multi-
plicity resolution and the uncertainty bands should be seen
as one-standard-deviation envelopes of the deconvoluted
distributions (see also [4]). The unfolded distributions at
0.9 TeV and 2.36 TeV are described well by the Nega-
tive Binomial Distribution (NBD). At 7 TeV, the NBD
fit slightly underestimates the data at low multiplicities
(Nch < 5) and slightly overestimates the data at high
multiplicities (Nch > 55).

A comparison of the 7 TeV data with models (Fig. 3
right) shows that only the PYTHIA tune ATLAS-CSC is
close to the data at high multiplicities (Nch > 25). How-
ever, it does not reproduce the data in the intermediate
multiplicity region (8 < Nch < 25). At low multiplicities,
(Nch < 5), there is a large spread of values between dif-
ferent models: PHOJET is the lowest and PYTHIA tune
Perugia-0 the highest.

Conclusion

We have presented measurements of the pseudorapidity
density and multiplicity distributions of primary charged
particles produced in proton–proton collisions at the LHC,
at a centre-of-mass energy

√
s = 7 TeV. The measured

value of the pseudorapidity density at this energy is sig-
nificantly higher than that obtained from current models,
except for PYTHIA tune ATLAS-CSC. The increase of
the pseudorapidity density with increasing centre-of-mass
energies is significantly higher than that obtained with
any of the used models and tunes.

The shape of our measured multiplicity distribution is
not reproduced by any of the event generators considered.
The discrepancy does not appear to be concentrated in
a single region of the distribution, and varies with the
model.
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MulIplicity DistribuIons from Alice:
Comparison to Data at √s = 0.9 and 2.36 TeV

■ Same trend as observed at 7 TeV
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high multiplicities and for the 0.9 TeV sample, the PHO-
JET model agrees well with the data. The PYTHIA tunes
D6T and Perugia-0 underestimate the data at high mul-
tiplicities and the ATLAS-CSC tune is above the data in
this region. At 2.36 TeV, ATLAS-CSC tune of PYTHIA
and, to some extent, PHOJET are close to the data. The
ratios of data over Monte Carlo calculations are very sim-
ilar in all three pseudorapidity ranges and suggests that

the stronger rise with energy seen in the charged-particle
density is, at least partly, due to a larger fraction of high-
multiplicity events.

From these multiplicity distributions we have calcu-
lated the mean multiplicity and first reduced moments

Cq ≡ 〈N q

ch〉/〈Nch〉q, (5)
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5. Transverse momentum spectra
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ParIcle ProducIon: Hard vs. Soq Processes (I)

pT spectra of charged parIcles for various √s

pT < 2 GeV/c:
E·d3σ/dp3 ~ exp(- 6 pT)
(independent of √s)

Fairly independent
of √s (up to √s = 100 GeV)

Low pT (< 2 GeV/c): 

High pT:

Average transverse momentum:

High pT part of the spectrum
flaPens with increasing √s
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ParIcle ProducIon: Hard vs. Soq Processes (II)
〈pT〉 vs.√s in p+p(bar)

CFD, PRL 61, 1819 (1988) 

Increase of 〈pT〉 (most likely) reflects increase in hard scaPering 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ParIcle ProducIon: Hard vs. Soq Processes (III)

π0 from 
p-p at √s = 200 GeV

soft
hard

QCD calculation

Hard vs. soJ par;cle produc;on
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ParIcle ProducIon: Hard vs. Soq Processes (IV):
String Models

String fragmenta;on models explain:

■ √s independence of the pT of produced par;cles 
(pT ~ 350 MeV/c)   („string breaking is a local 
process“)

■ Shape of the rapidity distribu;on of produced 
par;cles, in par;cular the plateau at mid‐rapidity

A model for soJ par;cle produc;on: the string model

“fragmentaIon
of the beam jet”
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Strings:

■ Due to self‐interac;on of the gluons 
the field between two color charges 
forms a color flux tube (string) 

■ Transverse size: ~ 1 fm

■ Energy density of a string: ~ 1GeV/fm
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ParIcle ProducIon: Hard vs. Soq Processes (V):
Hard Scawering

Hard scaPering: Par;cle produc;on at high pT

■ ScaPering of pointlike partons described by QCD perturba;on theory (pQCD)

■ SoJ processes described by universal, phenomenological func;ons

‣ Parton distribu;on func;on from deep inelas;c scaPering

‣ Fragmenta;on func;ons from e+e‐ collisions

factorization:

   

z = phadron / pparton

≈ 0.25

Leading hadron:
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MulIple Parton InteracIons (I):
What are MulIple Partonic InteracIons?

Mul;ple parton interac;on:

■ Two or more pairs of partons interac;ng 
in the same inelas;c p+p collision

■ Momentum transfer larger than some 
lower cut‐off pTmin which establishes the 
hard scale

■ pTmin should correspond to a transverse 
size much smaller than the overlap area

■ Thus, the two interac;on region are well 
separated in space and should add 
incoherently to the cross sec;on
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MulIple Parton InteracIons (II):
MoIvaIon for Studying MulIple Parton InteracIons

■ Important for understanding of minimum bias p+p collisions at the 
Tevatronand the LHC

‣ Tevatron:   ~ 2 – 6 hard interac;ons per collision 

‣ LHC:  ~ 4 – 10  hard interac;ons per collision

■ Understanding of the “underlying event” important in specialized analyses, 
e.g., Higgs searches
‣ Pedestal effect: 
Events with high‐pT jets have more underlying ac;vity than minimum‐bias events

■ Study distribu;on of the partons in the plane transverse to the beam axis
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FELIX coll., J. Phys. G: Nucl. Part. Phys. 28 (2002) R117–R215

Where are the gluons and the sea quarks? 
Inside the cons;tuent quarks? Or outside? 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MulIple Parton InteracIons (III):
An Example from Pythia: Effect of the Proton Density Profile

T(
b)

Mul;ple Parton Interac;on can be switched on in Pythia:

Overlap func;on for different
parton profiles of the proton: 

Corresponding mul;plicity 
distribu;ons in p+pbar at 1800 GeV: 

Measured mul;plicity distribu;ons constrain 
the parton profile of the proton 

T. Sjöstrand, P. Skands, JHEP03 (2004) 053 (arXiv:hep‐ph/0402082)
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〈pT〉 vs. Nch: 

CorrelaIons observed in p+pbar at √s = 630 GeV

UA1, PLB 355, 434 (1996) Increase of <pT> with charged
par;cle mul;plicity observed
at the CERN SPS
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The increase of <pT> with nch is most 
likely related to mul;ple parton 
interac;ons
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〈pT〉 vs. Nch:
CorrelaIons also Observed at the Tevatron 

■ Rise of 〈pT〉 with Nch also observed at 
Tevatron energies

■ QCD event generators like Pythia and Herwig 
couldn‘t describe this effect for quite some 
;me

■ Qualita;vely the rise of <pT> with Nch can be 
understood with mul;ple hard parton 
interac;ons within a p+p collision

‣ Large mul;plicity implies many interac‐ 
;ons and therefore more perturba;vely 
generated pT to be shared between the 
hadrons

‣ For it to work, however, each new 
interac;on should add propor;onately 
less to the total nch than to the total pT

CDF, PRD 65, 072005 (2002)
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〈pT〉 vs. Nch:
Similar CorrelaIons even in e+e‐

■ Increase of 〈pT〉 with respect to the jet 
axis also observed in e+e‐ collisions at 
√s = 91 GeV

■ Can be explained by minijet branching
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〈pT〉 vs. Nch:

CorrelaIons absent at √s = 31 GeV 

Breakstone at al., PLB 132, 463 (1983) 

ISR data: Increase of 〈pT〉 of with Nch largely absent for √s < 63 GeV

76



First p+p results from ALICE                                                                                                                                                        Klaus Reygers

Charged Hadron pT Spectrum at √s = 0.9 GeV

■ Tracks reconstructed from TPC and ITS 
informa;on

■ None of the MC models gives a good 
descrip;on of the spectrum

■ Spectral shape predicted by PHOJET and 
ATLAS‐CSC differs significantly from data

■ Note that these MC‘s (PHOJET and 
ATLAS‐CSC) agree best with the charged 
par;cle mul;plicity distribu;ons at 
√s = 0.9, 2.36, and 7 TeV
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observation of a harder spectrum is related to the differ-

ent pseudorapidity windows (see below).

In the right panel of Fig. 3, the normalized invari-

ant yield in NSD events is compared to measurements

of the UA1 collaboration in pp̄ at the same energy [21],

scaled by their measured NSD cross section of 43.5 mb.

As in the previous comparison to ATLAS and CMS, the

higher yield at large pT may be related to the different

pseudorapidity acceptances. The excess of the UA1 data

of about 20% at low pT is possibly due to the UA1 trig-

ger condition, which suppresses events with very low

multiplicity, as pointed out in [19].

The results for 〈pT 〉 in INEL and NSD events are

compared to other experiments [20, 21, 22, 23, 24, 25]

in Fig. 4. Our results are somewhat higher than pre-

vious measurements in pp and pp̄ at the same energy,

but in larger pseudorapidity windows. This is consistent

with the comparison of the spectra in Fig. 3. A similar

trend exhibiting a larger 〈pT 〉 in a smaller pseudorapid-
ity interval around mid-rapidity is apparent in Fig. 4 at

Tevatron energies.
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Figure 4: Energy dependence of the average transverse momentum of

primary charged particles in pp and pp̄ collisions. Data from other

experiments are taken from [20, 21, 22, 23, 24, 25].

Indeed, a decrease of 〈pT 〉 by about 2% is found

between |η| < 0.2 and 0.6 < |η| < 0.8 in a pseudora-
pidity dependent analysis of the present data. A consis-

tent decrease of 〈pT 〉 is also observed in the CMS data,
when pseudorapidity is increased [20, 26]. Likewise, a

decrease of 〈pT 〉 by about 5% between |η| < 0.8 and
|η| < 2.5 is found at

√
s = 900 GeV in PYTHIA.

Charged particle transverse momentum distribu-

tions can be used to tune Monte Carlo event gener-

ators of hadron-hadron interactions, such as PYTHIA

and PHOJET. Recently, PYTHIA was tuned to describe

the energy dependence of existing measurements, e.g.

with respect to the treatment of multiple parton inter-

actions and divergencies of the 2→2 parton scattering
cross-section at small momentum transfers.
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Figure 5: Top: Comparison of the primary charged particle differen-

tial yield in INEL pp collisions at
√
s = 900 GeV (|η| < 0.8) to results

from PHOJET and PYTHIA tunes 109 [12], 306 [28] and 320 [27].

Bottom: Ratio between the Monte Carlo simulation and the data. The

shaded area indicates the statistical and systematic errors of the AL-

ICE data added in quadrature.

In Fig. 5, the results for INEL events are com-

pared to PHOJET and different tunes of PYTHIA, D6T

(tune 109) [12], Perugia0 (tune 320) [27] and ATLAS-

CSC (tune 306) [28]. The best agreement is found

with the Perugia0 tune, which gives a fair description

of the spectral shape, but is approximately 20% below

the data. The D6T tune is similar to Perugia0 below

2 GeV/c but underestimates the data more significantly

at high pT . PHOJET and the PYTHIA ATLAS-CSC

tune fail to reproduce the spectral shape of the data.
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〈pT〉 vs. Nch

■ Neither Phojet nor various Pythia 
tunes describe the data well
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Figure 7: The average transverse momentum of charged particles in INEL pp events at
√
s = 900 GeV for three different pT ranges as a function

of nacc (left panel) and as a function of nch (right panel). The error bars and shaded areas indicate the statistical and systematic errors, respectively.
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■ Summary on data vs. models 

‣ None of the even generators 
simultaneously describes all observables 
presented so far

‣ BePer tuned versions will surely be 
available soon

‣ The ques;on is whether it will be 
sufficient to modify some parameters or 
whether qualita;vely new physics is s;ll 
missing in the models



First p+p results from ALICE                                                                                                                                                        Klaus Reygers

〈pT〉 vs. Nch:
What Else Could be Studied?

E735, PRD 48, 985 (1993) 

■ Increase is stronger for heavier par;cles

■ In A+A collisions this is usually aPributed to collec;ve radial flow of the 
quark‐gluon plasma
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Possible InterpretaIons

■ QGP forma;on in p+p?

‣ Increase of 〈pT〉 of with Nch largely indica;ve of collec;ve flow

‣ “A collec;ve flow which is established in a QGP phase would naturally account for this 
phenomenon”
Levai, Müller, PRL 67, 1590 (1991)

■ More mundane explana;on:
‣ “Mul;ple minijet produc;on”

‣ p+p collisions with high mul;plicity:

✦ Several partons with pT > 2 GeV (“minijets”) are produced

✦ 〈pT〉 increases with #minijets

✦ Gyulassy, Wang, PLB 282, 466 (1992)

‣ This also explains the viola;on of the KNO scaling
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Increase of 〈pT〉 and ViolaIon of 
KNO Scaling due to Minijet ProducIon 

Gyulassy, Wang, PLB 282, 466 (1992) 

Mul;ple minijet produc;on explains:

Increase of 〈pT〉 of with Nch Viola;on of KNO scaling

Wang, PRD 43, 104 (1991)  Number of 
minijets

81



First p+p results from ALICE                                                                                                                                                        Klaus Reygers82

6. QGP in p+p?
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QGP in p+p?
Arguments Put Forward by E735

■ “Cluster” size from forward‐backward 
correla;ons: 
Increase of cluster size suggests QGP 
threshold near dNch/dη = 7

■ Freeze‐out density of pions:
nπ = 1.57 ± 0.25 / fm3 
independent of mul;plicity for 
dNch/dη > 7

■ Freeze‐out volume dNch/dη :
V = 4.4 – 13 fm3 for 
 dNch/dη = 6.75 – 20.2

■ Freeze‐out energy density:
εf = 1.1 GeV/ fm3 
close to cri;cal density predicted by 
la�ce QCD

 Ini;al energy density:
well above cri;cal energy density

 Number of degrees of freedom:
g = 24.8 ± 6.2
nearly 8 ;mes higher than g = 3 for a pion 
gas  

E735, PLB 528, 43 (2002) 

Expecta;on for p+p at 14 TeV

 dNch/dη in some events up to 50 ‐ 100 

 εi up to 10 GeV/fm3
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Light Ion Physics with p+p at the LHC?

60,000 MB events
dNch/dη ~ 50 !

Phobos Cu‐Cu

dNch/dη in high mul;plicity p+p events at the LHC similar to 
semi‐central Cu+Cu collisions at RHIC

J. Schukraq, QuarkMawer 2008 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Two‐ParIcle Angular CorrelaIons FuncIon

85 CERN Seminar September 21 2010 

Angular Correlation Functions 

4 

CMS 7TeV pp min bias 
What is shown is the
ra;o signal/background
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Two‐ParIcle Angular CorrelaIons FuncIon

86
CERN Seminar September 21 2010 

Angular Correlation Functions 

8 

Short-range correlations (!" < 2): 
Resonances,  string fragmentation, 
“clusters” 

Bose-Einstein correlations: 
 (!# ,!") ~ (0,0) 

CMS 7TeV pp min bias 

“Near-side” (!# ~ 0) jet peak: 
Correlation of particles  

within a single jet 

“Away-side” (!# ~ $) jet correlations: 
Correlation of particles between back-

to-back jets 

Momentum conservation: 
~ -cos(!#) 
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The CMS Result that Got Some Media AwenIon
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Pronounced structure at large !" around !# ~ 0 ! 

Intermediate pT: 1-3 GeV/c 

MinBias high multiplicity (N>110) 

Figure 7 

Talk G.Roland

Already discovered at ISR by BFS collabora;on, M. Albrow et al, Nuclear Physics B145 (1978) 305‐348 (?), 
see hPp://arxiv.org/abs/1010.0964

http://cms.web.cern.ch/cms/News/2010/QCD-10-002/CERN_seminar_QCD-10-002.pdf
http://cms.web.cern.ch/cms/News/2010/QCD-10-002/CERN_seminar_QCD-10-002.pdf
http://arxiv.org/abs/1010.0964
http://arxiv.org/abs/1010.0964
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Why is this PotenIally InteresIng?

■ As similar long‐range correla;on in Δη at 
Δϕ ≈ 0 was observed in Au+Au collisions 
at RHIC (and termed „the ridge“)

■ Might be related to the presence of a 
quark‐gluon plasma

■ However, this phenomenon is 
theore;cally not understood
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∆φ = π that is similarly narrow in ∆φ but extended in
∆η, since the hard scattering can involve partons with
very different fractions of the proton momentum.

!"-4

-2

0

2

#" 0

2

4

0

0.5

1

(a) p+p PYTHIA (version 6.325)

!"-4

-2

0

2

#" 0

2

4

0

0.5

1

(b) Au+Au 0-30% (PHOBOS)

!"
-4 -2 0 2

!
"

/d
c

h
  
d

N
tr

ig
1
/N

0

0.5

1

| < 1.0#"Near-side, |

Au+Au 0-30% (PHOBOS)

p+p (PYTHIA v6.325)

 uncertainty2v

ZYAM uncertainty

(c) Near-side ∆η projection (|∆φ| < 1)

FIG. 2: (color online) Per-trigger correlated yield with
ptrig

T > 2.5 GeV/c as a function of ∆η and ∆φ for
√

s and√
sNN =200 GeV (a) PYTHIA p+p and (b) PHOBOS 0-30%

central Au+Au collisions. (c) Near-side yield integrated
over |∆φ| < 1 for 0-30% Au+Au compared to PYTHIA p+p
(dashed line) as a function of ∆η. Bands around the data
points represent the uncertainty from flow subtraction. The
error on the ZYAM procedure is shown as a gray band at zero.
All systematic uncertainties are 90% confidence level.

In central Au+Au collisions, particle production cor-
related with a high pT trigger particle is strongly mod-

ified as shown in Fig. 2(b). Not only is the enhanced
away-side yield much broader in ∆φ, the near-side peak
at ∆φ ≈ 0 now sits atop a pronounced ridge of corre-
lated partners extending continuously and undiminished
all the way to |∆η| = 4. To examine the near-side struc-
ture more closely, the correlated yield is integrated over
the region |∆φ| < 1 and plotted as a function of ∆η in
Fig. 2(c). For the most central 30% of Au+Au collisions,
there is a significant and relatively flat correlated yield
of about 0.25 particles per unit pseudorapidity far from
the trigger particle.

A more detailed examination of the correlation struc-
ture is possible by projecting the correlation onto the ∆φ
axis as in Fig. 3. In the top row of that figure, the cor-
related yield in Au+Au is compared for five centrality
bins (40-50%, 30-40%, 20-30%, 10-20% and 0-10%) to
PYTHIA-simulated p+p events at short-range (i.e. inte-
grated over the region |∆η| < 1). In the bottom row, the
same comparison is shown at long-range (i.e. integrated
over the region −4 < ∆η < −2).

Focusing first on the away-side correlation, a number of
features become apparent. First, the shape of the corre-
lation is considerably broader in ∆φ for Au+Au collisions
compared to p+p in all measured centrality bins. Addi-
tionally, the magnitude of the away-side yield is enhanced
relative to p+p, increasingly so for more central Au+Au
collisions. Finally, the away-side correlation seems to
have a very similar shape and centrality dependence at
both short- and long-range. This last observation is ex-
plored more quantitatively in Fig. 4, where integrated
away-side yields (∆φ > 1) are presented as a function of
participating nucleons at short- and long-range.

The near-side region also shows a strong modification
spanning the full measured pseudorapidity range. At
short-range (top row of Fig. 3), a narrow peak at ∆φ ≈ 0
is observed. In central collisions, this peak has a large
contribution in excess of the p+p jet yield. The near-
side, short-range correlation decreases in magnitude with
decreasing centrality, reaching the same height as p+p in
the 40-50% bin.

At long-range (bottom row of Fig. 3), the persistence
of the ridge correlation to very large ∆η is evident in the
peak at ∆φ ≈ 0 for central Au+Au collisions. This effect
is completely absent in more elementary systems. The
ridge yield also decreases in magnitude for more periph-
eral collisions until it disappears in the 40-50% bin.

The similar centrality dependence of the short- and
long-range yields in excess of the p+p jet correlation sug-
gests a decomposition of the near-side correlation into
distinct jet and ridge components. Such a separation is
supported by previous STAR measurements of the asso-
ciated particle pT spectra, the centrality independence of
the jet-like yield, and the ridge-subtracted fragmentation
function [8].

In Fig. 4, the integrated ridge yield at long-range (filled
circles) is compared to the short-range yield (open circles)

Phobos, PhysRevLeP.104.062301

Comments on the CMS discovery of the “Ridge”
in High Multiplicity pp collisions at LHC

Edward Shuryak

Department of Physics and Astronomy, State University of New York, Stony Brook, NY 11794
(Dated: September 24, 2010)

A very recent paper by the CMS collaboration [1] has created large discussion in the media, which
call it important but did not explain why, in some places even calling it “unundestandable”. While
it is of course too soon to know what causes the correlations in question, a very similar observation
in heavy ion collisions at RHIC has rather simple explanation related to explosion of high energy
density matter. Perhaps this observation is the first hint for an explosive behavior in pp, which was
anticipated and looked for for decades, yet never been seen.

PACS numbers:

I. THE RIDGE

Very recent paper by the CMS collaboration [1] has
created large discussion in the field, in LHC community
and even in the media. The experimentalists themselves,
who have found this effect, certainly can tell a lot about
the ideas which drived them, test/comparisons with var-
ious Monte-Carlo generators etc. However, for obvious
reasons, in the paper itself and in CMS CERN presen-
tation they prefered not to discuss the basic physics but
simply keep to the pure stated facts. Thus discussion in
the media, blogs etc were commenting on its potential
importance without any explanations of what those may
possibly be. Since it has created active discussion in our
group as well, I wrote up those comments, for wider pub-
lic use. No part of their content is new: most of it is well
known in the heavy ion community. Only some historic
remarks are original.

Techically, the experiment study the correlations of
two charge particles in specially selected high multiplic-
ity events of pp collisions at LHC. The finding is that
in such case, unlike in the usual (or “minimally biased”
as they as called) collisions, one finds correlation between
particles which is very wide in rapidity difference ∆η and
yet concentrated at small azimuthal angle δφ < 1.

While such correlations have never been seen in pp col-
lisions, a similar phenomenon has been known in AuAu
collisions at RHIC. While strickly speaking even in the
latter case we do not yet have a completely established
explanation, we are quite sure that it has to do with ex-
plosion of new form of matter, the Quark-Gluon Plasma
(QGP) which is by now very well documented and stud-
ied. Whether the newly found ridge in pp has a similar
origin or not we do not yet know: by the end of these
comments we will discuss further possible tests which are
to be performed to answer this question.

FIG. 1: (left) Two strings, stretched in the beam direction
(vertical line with an arrow) which also move away from each
other. (right) a string placed near the stick of explosive

II. WHAT DOES THE RIDGE MEAN?

A very general view of pp collisions is that during very
short time in which two protons pass each other, they
still can exchange some color charges, as a result of which
the departing systems remain connected to each other by
“color strings” containing flux of color-electric fields. As
they are longitudinally stretched, they break into pieces
(called clusters) which then decay into finally observed
particles which are sufficiently stable to fly into detec-
tors. These clusters mover relativistically relative to each
other, and cannot possibly exchange any information, ex-
cept at the very moment when the strings are produced.
Since breaking happens as a sequence of independent

quantum unrelated fluctuations, it is natural that clus-
ters get kicked into random directions, and also decay
isotropically (in their frame) independently of each other.
So any information (e.g. about a direction of any one of
the final particles) are quite soon forgotten, if one goes
along the string (which is called rapidity direction). And
indeed, the usual (normal multiplicity) pp events show
only short-range correlations in rapidity (related with the
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7. pbar/p ra;o: baryon transport
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Baryon Number Stopping

Basic ques;on: Which partons in the proton carry the baryon number (BN)? 

Naïve expecta;on: Baryon number is associated with valence quarks

Dependence of BN on Bjorken‐x would then be:

Remember:

However, consider the reac;on:

→   Baryon number conserved, but none of the ini;al valence 
  quarks of the proton appear as valence quarks in the Ω.

Indica;on that BN is not carried by valence quarks, but probably by gluons

Garvey, Kopeliovich, Povh, hep‐ph/0006325 

90

dx
0

1

∫
i=u,d , s
∑ qi (x) − qi (x)⎡⎣ ⎤⎦ = dx

0

1

∫
i
∑ qi

valence (x) = 3

q(x) − q(x)
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Valence Quark and 
Baryon Number Stopping in A+A

 Valence quarks of the 
incoming nucleus are hardly 
stopped 
(ΔE ~ 10 GeV)

 However, BN is transferred to 
mid‐rapidity

 BN stopping ≠ energy stopping

Baryon number stopping in a
heavy‐ion collision suggests that
BN is to large extent not carried by 
valence quarks
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Baryon Number Asymmetry 

Observable: 
Asymmetry of produced baryons and an;‐baryons

Asymmetry A measures ra;o of stopped baryons to 
baryons created from the vacuum
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Scenario 1: BN Associated with Valence Quarks 

BN/3BN/3

BN/3

A

y=0 yb-yb

■ Rapidity distribu;on of stopped baryon reflects fluctua;ons of 
the primary momentum of the valence quarks

   
A  exp

y − ybeam

2
⎛

⎝⎜
⎞

⎠⎟
+ exp

−( y + ybeam )
2

⎛

⎝⎜
⎞

⎠⎟

 Thus, the asymmetry should vanish at mid‐rapidity, esp. for 
large rapidity gaps Δy between the incoming protons in p+p 
(or nucleons in A+A) collisions.

 Remember: ybeam = 8.92 for √s = 7 TeV

93

A standard picture would be the following:
p+p collisions leads to two strings in a 
diquark‐quark configura;on. The diquark 
hadronizes into a new par;cle which 
carries the baryon number of the incoming 
proton
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Scenario 2: BN Associated with Gluonic String JuncIon 

■ Proton = 3 valence quarks + 3 strings connected by a gluonic 
string junc;on

■ New approach: 
baryon number stopping = stopping of the string junc;on

■ If the baryon number BN is associated with the gluons, the 
probability to stop it is independent of the rapidity gap Δy

■ The asymmetry is constant vs. rapidity, esp. it is non‐zero at 
mid‐rapidity!

■ However, the predicted 
asymmetry is only on the 
order of a few %. Thus, it 
will be challenging to 
discriminate between the 
models.

BN

A

y=0 yb-yb

Gluonic
string
junction

A

y=0 0.9-0.9
94

Comparison of the two scenarios:
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Baryon Number Stopping: Earlier Results

■ HIJING/B: Implementa;on of string junc;on stopping
■ HIJING/B describes data bePer than Pythia
■ Evidence for BN stopping via string junc;ons 

BRAHMS: Phys. Lew. B607 (2005) 42
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AnIproton/Proton Measurement:
Very Good Knowledge of the Material Budget Necessary

■ e+e‐ from photon conversions allow to take an „X‐ray“ picture of the detector

■ Alice: Very good agreement (on the 7% level) between data and detector 
simula;on (Geant)
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AnIproton/Proton RaIo From Alice (I)

An;proton/Proton ra;o around mid‐rapidity very close to unity at √s = 7 TeV
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FIG. 4. (Color online) Central rapidity p/p ratio as a function
of the rapidity interval ∆y (lower axis) and center-of-mass
energy (upper axis). Error bars correspond to the quadratic
sum of statistical and systematic uncertainties for the RHIC
and LHC measurements and to statistical errors otherwise.

a decrease with increasing transverse momentum for the269

lower energy.270

The data are compared with various model predic-271

tions for pp collisions [6, 7, 19] in Table II (integrated272

values) and Fig. 3. The analytical QGSM model does273

not predict the pt dependence and is therefore not in-274

cluded in Fig. 3. For both energies, two of the PYTHIA275

tunes [19] (ATLAS-CSC and Perugia-0) as well as the276

version of Quark–Gluon String Model (QGSM) with the277

value of the string junction intercept αJ = 0.5 [6] de-278

scribe the experimental values well, whereas QGSM with-279

out string junctions (ε = 0, ε is a parameter propor-280

tional to the probability of the string-junction exchange)281

is slightly above the data. HIJING/B [7], unlike the282

above models, includes a particular implementation of283

gluonic string junctions to enhance baryon-number trans-284

fer. This model underestimates the experimental results,285

in particular at the lower LHC energy. Also, QGSM286

with a value of the junction intercept αJ = 0.9 [6] pre-287

dicts a smaller ratio, as does the Perugia-SOFT tune of288

PYTHIA, which also includes enhanced baryon transfer3.289

Figure 4 shows a compilation of central rapidity mea-290

surements of the ratio R in pp collisions as a function291

of center-of-mass energy (upper axis) and the rapidity292

interval ∆y (lower axis). The ALICE measurements cor-293

respond to∆y = 6.87 and∆y = 8.92 for the two energies,294

3 We have checked that baryon transfer is the main reason for the
different p/p ratios predicted by the models; the absolute yield
of (anti)protons in our acceptance, which is dominated by pair
production, is reproduced by the models to within ±20%.

whereas the lower energy data points are taken from [20–295

22]. The p/p ratio rises from 0.25 and 0.3 at the SPS and296

the lowest ISR energy, respectively, to a value of about297

0.8 at
√
s = 200 GeV, indicating that a substantial frac-298

tion of the baryon number associated with the beam par-299

ticles is transported over rapidity intervals of up to five300

units.301

Although our measured midrapidity ratio R at
√
s =302

0.9 TeV is close to unity, there is still a small but sig-303

nificant excess of protons over antiprotons correspond-304

ing to a p–p asymmetry of A = 0.022 ± 0.003(stat.) ±305

0.007(syst.). On the other hand, the ratio at
√
s = 7 TeV306

is consistent with unity (A = 0.005 ± 0.003(stat.) ±307

0.007(syst.)), which sets a stringent limit on the amount308

of baryon transport over 9 units in rapidity. The exis-309

tence of a large value for the asymmetry even at infinite310

energy, which has been predicted to be A = 0.035 using311

αJ = 1 [4], is therefore excluded.312

A rough approximation of the ∆y dependence of the313

ratio R can be derived in the Regge model, where314

baryon pair production at very high energy is governed315

by Pomeron exchange and baryon transport by string-316

junction exchange [5]. In this case the p/p̄ ratio takes317

the simple form 1/R = 1 + C exp[(αJ − αP)∆y]. We318

have fitted such a function to the data, using as value319

for the Pomeron intercept αP = 1.2 [23] and αJ = 0.5,320

whereas C, which determines the relative contributions of321

the two diagrams, is adjusted to the measurements from322

ISR, RHIC, and LHC. The fit, shown in Fig. 4, gives323

a reasonable description of the data with only one free324

parameter (C), except at lower energies, where contribu-325

tions of other diagrams cannot be neglected [5]. Adding a326

second string junction diagram with a larger intercept [4],327

i.e., 1/R = 1+C exp[(αJ−αP)∆y]+C′ exp[(αJ′−αP)∆y]328

with αJ′ = 1, does not improve the quality of the fit329

and its contribution is compatible with zero (C ≈ 10,330

C′ ≈ −0.1 ± 0.1). In a similar spirit, our data could331

also be used to constrain other Regge-model inspired de-332

scriptions of baryon asymmetry, for example when the333

string-junction exchange is replaced by the “odderon”,334

which is the analogue of the Pomeron with odd C-parity;335

see [6].336

In summary, we have measured the ratio of antipro-337

ton to proton production in the ALICE experiment at338

the CERN LHC collider at
√
s = 0.9 and

√
s = 7 TeV.339

Within our acceptance region (|y| < 0.5, 0.45 < pt <340

1.05 GeV/c), the ratio of antiproton-to-proton yields341

rises from R|y|<0.5 = 0.957 ± 0.006(stat.)± 0.014(syst.)342

at 0.9 to a value close to unity R|y|<0.5 = 0.991 ±343

0.005(stat.) ± 0.014(syst.) at 7 TeV. The p/p ratio is344

independent of both rapidity and transverse momen-345

tum. These results are consistent with standard models346

of baryon-number transport and set tight limits on any347

additional contributions to baryon-number transfer over348

very large rapidity intervals in pp collisions.349
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AnIproton/Proton RaIo From Alice (II)

■ R = an;protons / protons

‣ 0.9 TeV: R|y|<0.5 = 0.957 ± 0.006(stat.) ± 0.014(syst.)

‣ 7 TeV: R|y|<0.5 = 0.991 ± 0.005(stat.) ± 0.014(syst.)

■ The difference in the pbar/p ra;o, 0.034 ± 
0.008(stat.), is significant because the 
systema;c errors at both energies are fully 
correlated

■ Within sta;s;cal errors, the measured ra;o R 
shows no dependence on transverse 
momentum (or rapidity)

■ At 7 TeV R is consistent with unity

■ The results are consistent with the conven;onal 
model of baryon‐number transport and set 
stringent limits on any addi;onal contribu;ons 
to baryon‐number transfer over very large 
rapidity intervals in pp collisions
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TABLE I. Systematic uncertainties of the p/p ratio.

Systematic Uncertainty
Material budget 0.5%
Absorption cross section 0.8%
Elastic cross section 0.8%
Analysis cuts 0.4%
Corrections (secondaries/feed-down) 0.6%
Total 1.4%

The main sources of systematic uncertainties are the209

detector material budget, the (anti)proton reaction cross210

section, the subtraction of secondary protons and the ac-211

curacy of the detector response simulations (see Table I).212

The amount of material in the central part of ALICE213

is very low, corresponding to about 10% of a radiation214

length on average between the vertex and the active vol-215

ume of the TPC. It has been studied with collision data216

and adjusted in the simulation based on the analysis of217

photon conversions. The current simulation reproduces218

the amount and spatial distribution of reconstructed con-219

version points in great detail, with a relative accuracy of220

a few percent. Based on these studies, we assign a sys-221

tematic uncertainty of 7% to the material budget. By222

changing the material in the simulation by this amount,223

we find a variation of the final ratio R of less than 0.5%.224

The experimentally measured p–A reaction cross sec-225

tions are determined with a typical accuracy better than226

5% [17]. We assign a 10% uncertainty to the absorption227

correction as calculated with FLUKA, which leads to a228

0.8% uncertainty in the ratio R. By comparing GEANT3229

with FLUKA and with the experimentally measured elas-230

tic cross-sections, the corresponding uncertainty was es-231

timated to be 0.8%, which corresponds to the difference232

between the correction factors calculated with the two233

models.234

By changing the event selection, analysis cuts and235

track quality requirements within reasonable ranges, we236

find a maximum deviation of the results of 0.4%, which237

we assign as systematic uncertainty to the accuracy of238

the detector simulation and analysis corrections.239

The uncertainty resulting from the subtraction of sec-240

ondary protons and from the feed-down corrections was241

estimated to be 0.6% by using different functional forms242

for the background subtraction and for the contribution243

of the hyperon decay products.244

The contribution of diffractive reactions to our final245

event sample was studied with different event generators246

and was found to be less than 3%, resulting into a negligi-247

ble contribution (< 0.1%) to the systematic uncertainty.248

Finally, the complete analysis was repeated using only249

TPC information (i.e., without using any of the ITS de-250

tectors). The resulting difference was negligible at both251

energies (< 0.1%).252

Table I summarizes the contribution to the system-253

atic uncertainty from all the different sources. The total254
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FIG. 3. (Color online) The pt dependence of the p/p ratio in-
tegrated over |y| < 0.5 for pp collisions at

√
s = 0.9 TeV (top)

and
√
s = 7 TeV (bottom). Only statistical errors are shown

for the data; the width of the Monte Carlo bands indicates
the statistical uncertainty of the simulation results.

systematic uncertainty is identical for both energies and255

amounts to 1.4%.256

The final, feed-down corrected p/p ratio R inte-257

grated within our rapidity and pt acceptance rises from258

R|y|<0.5 = 0.957 ± 0.006(stat.) ± 0.014(syst.) at
√
s =259

0.9 TeV to R|y|<0.5 = 0.991± 0.005(stat.) ± 0.014(syst.)260

at
√
s = 7 TeV. The difference in the p/p ratio, 0.034±261

0.008(stat.), is significant because the systematic errors262

at both energies are fully correlated.263

Within statistical errors, the measured ratio R shows264

no dependence on transverse momentum (Fig. 3) or ra-265

pidity (data not shown). The ratio is also independent of266

momentum and rapidity for all generators in our accep-267

tance, with the exception of HIJING/B, which predicts268
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8. Strange Par;cle Produc;on
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Mini‐IntroducIon: Strangeness (I)

Par;cles with strange quarks:
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K + = us ,   K 0 = ds ,   K 0 = ds,   K − = us,   φ = ss

Λ = uds,   Σ = qqs, Ξ = qss, Ω− = sss

Hidden strangeness

Example for the produc;on of strangeness in low‐energy hadronic collisions:

p + p→ p + K + +Λ „associate produc;on
of strangeness“
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Produc;on for strange quark pairs in the QGP:
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Mini‐IntroducIon: Strangeness (II)

Example: p+p at √s = 13.8 GeV (fixed‐target experiment with pbeam = 100 GeV/c)
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Coun;ng quark numbers yields:
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(Ns + Ns ) / (Nu ,d + Nu ,d ) = 0,033Frac;on of strange quarks:
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Expecta;on for the strangeness content of a QGP with T ≈ ms:

A significant enhancement 
of strangeness is 
considered to be a 
signature for the QGP!

(Ns + Ns ) / (Nu ,d + Nu ,d ) ≈ 0,5
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StaIsIcal ParIcle ProducIon in Heavy‐Ion Collisions

■ Hadron yields in Au+Au at RHIC well 
described by sta;s;cal models

‣ Assume hadronic resonance gas

‣ Yields of all par;cle species 
quan;ta;vely described by only 
3 parameters (T, μB, V)

■ Data can be used to determine the 
chemical freeze‐out temperature

■ As a func;on of √s, T reaches a 
limi;ng value of T ≈ 160 MeV

■ Indirect evidence for the 
QGP ➞ hadron gas phase transi;on
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ParIcle IdenIficaIon With TPC and TOF
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Gaussian unfolding for the determina;on of the raw yields

TPC TOF
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ReconstrucIon of Ks0‘s and Λ‘s 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■ Select secondary tracks from DCA to 
primary vertex

■ Select secondary vertex by DCA of 
secondary tracks to possible vertex

Particle Decay Branching 
ratio

cτ
(cm)

Λ p π- 63.9% 7.89

Λ p π+ 63.9% 7.89

K0
s π+π- 69.2% 2.68

dca = distance of closest approach

Invariant mass distribuIons:
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IdenIfied ParIcle Spectra from Alice

■ Very good agreement between different par;cle iden;fica;on methods
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K/π RaIo Measured by Alice

■ K/π ra;o seems to be rising slowly with √s

■ Significant discrepancy between Phojet and Pythia predic;ons and measured K/π
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ALICE point was obtained using the yields 
extracted from the Lévy‐fits shown on the 
previous slide (fit range: 0.2 < pt < 2.4 GeV/c 
for K and π)
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A Quick Look at Charm ProducIon at 7 TeV
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J/Ψ → µ+µ

 D0→ Κ π

 D*→ D0 π 

 D+→ Κ π π

J/Ψ → e+e-  |y| < 1 J/Ψ → µ+µ−, y = 2.5 - 4 1
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9. Outlook: The upcoming heavy‐ion run
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■ Hadrons are suppressed,
direct photons are not

■ No suppression in d+Au 
(not shown here)

■ Evidence for parton energy loss

Discoveries Made at RHIC (I): Jet Quenching
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energy loss
for q and g

No energy
loss for γ‘s

    

RAB =
dN / dpT A+B

TAB ×dσinv / dpT p+p

,

where TAB = Ncoll / σinel
NN

PHENIX: Phys.Rev.Lew.88:022301, 2002
PHENIX: Phys.Rev.Lew.91:072301, 2003
PHENIX: Phys.Rev.Lew.94:232301, 2005

STAR: Phys.Rev.Lew.89:202301,2002
STAR: Phys.Rev.Lew.90:082302,2003
STAR: Phys.Rev.Lew.91:172302,2003
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Discoveries Made at RHIC (II):
Evidence for CollecIve Behavior: EllipIc Flow

■ Impact parameter vector and beam axis define the reac9on plane

■ Orienta;on of the reac;on plane can be measured event‐by‐event

■ Par;cle yields as a func;on of the angle φ w.r.t. the reac;on plane:
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E
dN
d 3p pz =0

= N0 (pT ) ⋅ 1+ 2v2 (pT )cos(2φ) + 2v4 cos(4φ) +…[ ]

■ For a typical mid‐central collision at RHIC (b ≈ 6 fm): v2 ≈ 6%

■ Interpreta;on: Hydrodynamic evolu;on converts ini;al pressure gradients 
to velocity gradients in the final state

φ

almond shape: pressure gradients ... ... translate into velocity anisotropy
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The Upcoming Heavy‐ion Run

■ 1 month/year heavy‐ion program, ini;ally 208Pb + 208Pb

‣ later: p+Pb, light A+A, ...

■ Ini;al √s = 2.76 TeV (factor 13.8 increase compared to RHIC)

‣ Later up to factor 28 beyond RHIC

■ Higher √s provides 
‣ higher ini;al QGP temperature, longer QGP life;me and thus clearer signals 
from the QGP phase of the reac;on

‣ an abundant produc;on of hard probes (jets, heavy quarks, ...)  for QGP diagnos;cs

■ First Pb+Pb run will start on November 6

■ Ini;al luminosity: 1025 cm‐2 s‐1 (factor 100 below nominal)

■ expected data sample?
‣ e.g.: 20 days at 50 Hz min bias at 20% overall duty factor: 1.5 ⋅107 min bias events

■ First physics
‣ Charged par;cle mul;plicity

‣ Flow (v2)

‣ Charged hadron pT spectra: RAA jet quenching
111


