
QGP, Heavy Ions and Detectors

Bad Honnef - 10 February 2025

Luciano Musa 
CERN

Never at Rest: A Life Enquiring the QGP



Luciano Musa (CERN) 2QGP, Heavy Ions and Detectors

1954 - Yang-Mills theory: the foundation of QCD  

EXCITATION FUNCTION OF C''(P, Pn) O'' REACTION

must then consider either the absolute value of the
C"(p,pl) cross section or that of the AP7(p, 3prs) cross
section (or both) to be in error. We have rather arbi-
trarily chosen to base our data on the 10.8-mb value
for the AP'(p, 3prs) cross section at 420 Mev.
Figure 1 shows that the cross section of the

C"(p,pcs) C" reaction is a fairly insensitive function of
the energy of the incident proton in the energy range
studied here. Since similar results were found for the
production of Na", Na", and F" from aluminum and
for Be~ formation from carbon, 6 it appears to be gen-
erally true that the probability of ejecting a small
number of nucleons from a small nucleus remains sub-
stantially constant over a range of bombarding energies
from a few hundred Mev to at least 3 Bev. This implies
that the probability that the incident particle leaves
behind a relatively small amount of energy (&100Mev)
in the ieitia/ interaction with the nucleus is relatively
constant over the wide energy range studied. However
within this energy range meson production increases
very markedly with energy and becomes a probable
process. If the nucleus is large these mesons would have
a good chance of being reabsorbed in the nucleus in
which they were produced. This would result in a shift
of the maximum in the total energy deposition spectrum
to higher values, and reactions in which only a small
'Hudis, Wolfgang, and Friedlander (unpublished).
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Fro. 1. Excitation function of the C"(p,pn)C" reaction.

number of particles are ejected would become less
likely. Such an eGect has been observed in our studies
on heavier nuclei. ' However, in a small nucleus reab-
sorption of mesons would be a much less important
mode of depositing excitation energy because of their
greater escape probability. Thus it becomes plausible
that while the increasing dominance of meson processes
decreases the cross sections for relatively simple reac-
tions in heavy target nuclei, the cross sections for similar
reactions of light nuclei remain almost unchanged.
The help of the Cosmot. ron operating staff is grate-

fully acknowledged.
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Conservation of Isotopic Spin and Isotopic Gauge Invariance~
C. N. YANG l' AND R. L. Mrr. r.s

Brookhaven SaHonal Laboratory, Upton, %em York
(Received June 28, 1954)

It is pointed out that the usual principle of invariance under isotopic spin rotation is not consistant with
the concept of localized fields. The possibility is explored of having invariance under local isotopic spin
rotations. This leads to formulating a principle of isotopic gauge invariance and the existence of a b Geld
which has the same relation to the isotopic spin that the electromagnetic Geld has to the electric charge. The
b Geld satisGes nonlinear differential equations. The quanta of the b field are particles with spin unity,
isotopic spin unity, and electric charge +e or zero.

INTRODUCTION

I
'HE conservation of isotopic spin is a much dis-
cussed concept in recent years. Historically an

isotopic spin parameter was first. introduced by Heisen-
berg' in 1932 to describe the two charge states (namely
neutron and. proton) of a nucleon. The idea that the
neutron and proton correspond to two states of the
same particle was suggested at that time by the fact
that their masses are nearly equal, and that the light
*Work performed under the auspices of the U. S. Atomic

Energy Commission.
t On leave of absence from the Institute for Advanced Study,

Princeton, New Jersey.' W. Heisenberg, Z. Physik 77, 1 (1932).

stable even nuclei contain equal numbers of them. Then
in 1937 Breit, Condon, and Present pointed out the
approximate equality of p—p and e—p interactions in
the 'S state. ' It seemed natural to assume that this
equality holds also in the other states available to both
the N—p and p—p systems. Under such an assumption
one arrives at the concept of a total isotopic spin' which
is conserved in nucleon-nucleon interactions. Experi-

'Breit, Condon, and Present, Phys. Rev. 50, 825 (1936). J.
Schwinger pointed out that the small diAerence may be attributed
to magnetic interactions /Phys. Rev. 78, 135 (1950)).

~ The total isotopic spin T was Grst introduced by E. Wigner,
Phys. Rev. 51, 106 (1937); B. Cassen and E. U. Condon, Phys.
Rev. 50, 846 (1936).

Robert Laurence Mills
1927 - 1999

Chen Ning Yang
1 Oct 1922 -
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1954 – CERN is born

• The CERN Convention, established in July 1953, 
was ratified by 12 founding Member States: 
Belgium, Denmark, France, the Federal Republic 
of Germany, Greece, Italy, the Netherlands, 
Norway, Sweden, Switzerland, the UK, and 
Yugoslavia. 

• On 29 September 1954, the European 
Organization for Nuclear Research officially 
came into being. 

• CERN was dissolved but the acronym remains.
The convention was signed at the Sixth session of the 
CERN Council in Paris on 29 June - 1 July.
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Proliferation of hadrons and emerging patterns

1950s: rapid increase in the number of known hadrons, primarily due to pion, kaon 
and proton beam experiments at BNL AGS, Berkeley Bevatron and CERN PS

Major discoveries 
• K (1947) – first evidence of "strange" particles 
• Δ(1232) (1952) – confirming nucleon excitation states
• Σ (1953) –  revealing excited states of strange baryons
• Ξ (1959) – extending the classification of strange baryons
• η (1961) → completed the pseudoscalar meson octet
• Ω⁻ (1964) – last missing piece of the baryon decuplet, predicted by SU(3)

Patterns in hadron properties (mass, charge, strangeness) emerged, 
suggesting an underlying symmetry structure
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1964 – The Quark Model

CERN-TH-401  
CERN-TH-412

The Ace Model (Zweig)  

M. Gell-Mann (1929 – 2007)

G. Zweig (1937 - )

Volume 8, number 3 P H Y S I C S  L E T T E R S  1 February  1964 

A S C H E M A T I C  M O D E L  O F  B A R Y O N S  A N D  M E S O N S  

M. G E L L -  MANN 
California Institute of Technology, Pasadena, California 

Received 4 January 1964 

If we a s s u m e  that  the s t r o n g  i n t e r a c t i o n s  of b a r y -  
ons  and m e s o n s  a r e  c o r r e c t l y  d e s c r i b e d  in t e r m s  of 
the  b r o k e n  "e igh t fo ld  way"  1 - 3 )  we a r e  t e m p t e d  to 
look fo r  s o m e  f u n d a m e n t a l  exp l ana t i on  of the s i t u a -  
t ion.  A h igh ly  p r o m i s e d  a p p r o a c h  i s  the  p u r e l y  dy-  
n a m i c a l  " b o o t s t r a p "  m o d e l  for  a l l  the s t r o n g l y  in-  
t e r a c t i n g  p a r t i c l e s  wi th in  which  one m a y  t r y  to de -  
r i v e  i so top i c  sp in  and s t r a n g e n e s s  c o n s e r v a t i o n  and 
b r o k e n  e igh t fo ld  s y m m e t r y  f r o m  s e l f - c o n s i s t e n c y  
a lone  4). Of c o u r s e ,  with only s t r o n g  i n t e r a c t i o n s ,  
the  o r i e n t a t i o n  of the a s y m m e t r y  in the u n i t a r y  
s p a c e  cannot  be s p e c i f i e d ;  one hopes  tha t  in s o m e  
way  the s e l e c t i o n  of s p e c i f i c  c o m p o n e n t s  of the  F -  
sp in  by  e l e c t r o m a g n e t i s m  and the weak  i n t e r a c t i o n s  
d e t e r m i n e s  the cho i ce  of i s o t o p i c  sp in  and h y p e r -  
c h a r g e  d i r e c t i o n s .  

Even  if  we c o n s i d e r  the  s c a t t e r i n g  a m p l i t u d e s  of 
s t r o n g l y  i n t e r a c t i n g  p a r t i c l e s  on the m a s s  s h e l l  only  
and t r e a t  the  m a t r i x  e l e m e n t s  of the weak ,  e l e c t r o -  
m a g n e t i c ,  and g r a v i t a t i o n a l  i n t e r a c t i o n s  by m e a n s  
of d i s p e r s i o n  t h e o r y ,  t h e r e  a r e  s t i l l  mean ing fu l  and 
i m p o r t a n t  q u e s t i o n s  r e g a r d i n g  the a l g e b r a i c  p r o p e r -  
t i e s  of t h e s e  i n t e r a c t i o n s  tha t  have  so  fa r  been  d i s -  
c u s s e d  only  by  a b s t r a c t i n g  the  p r o p e r t i e s  f r o m  a 
f o r m a l  f i e ld  t h e o r y  m o d e l  b a s e d  on f u n d a m e n t a l  
e n t i t i e s  3) f r o m  which  the b a r y o n s  and m e s o n s  a r e  
bu i l t  up. 

If t h e s e  e n t i t i e s  w e r e  o c t e t s ,  we m i g h t  e x p e c t  the 
u n d e r l y i n g  s y m m e t r y  g r o u p  to be  SU(8) i n s t e a d  of 
SU(3); i t  i s  t h e r e f o r e  t e m p t i n g  to t r y  to u se  u n i t a r y  
t r i p l e t s  a s  f u n d a m e n t a l  o b j e c t s .  A u n i t a r y  t r i p l e t  t 
c o n s i s t s  of an i so top i c  s i n g l e t  s of e l e c t r i c  c h a r g e  z 
(in uni t s  of e) and an i so top i c  double t  (u, d) with 
c h a r g e s  z+l  and z r e s p e c t i v e l y .  The  a n t i - t r i p l e t  
has ,  of c o u r s e ,  the  o p p o s i t e  s i g n s  of the  c h a r g e s .  
C o m p l e t e  s y m m e t r y  among the m e m b e r s  of the  
t r i p l e t  g i v e s  the e x a c t  e igh t fo ld  way,  whi le  a m a s s  
d i f f e r e n c e ,  fo r  e x a m p l e ,  be tween  the i s o t o p i c  dou-  
b l e t  and  s i n g l e t  g i v e s  the  f i r s t - o r d e r  v io l a t i on .  

F o r  any va lue  of z and of t r i p l e t  sp in ,  we can  
c o n s t r u c t  b a r y o n  o c t e t s  f r o m  a b a s i c  n e u t r a l  b a r y o n  
s i n g l e t  b by  tak ing  c o m b i n a t i o n s  ( b t t ) ,  C o t t t t ) ,  
e tc .  **. F r o m  ( b t t ) ,  we ge t  the  r e p r e s e n t a t i o n s  1 
and 8, whi le  f r o m  ( b t t t t )  we ge t  1, 8 ,  10, 10, and 
27. In a s i m i l a r  way,  m e s o n  s i n g l e t s  and o c t e t s  can  
be  m a d e  out of ( t t ) ,  ( t t t t ) ,  e tc .  The  quan tum n u m -  
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b e r n  t - n~ would be  z e r o  f o r  a l l  known b a r y o n s  and  
m e s o n s .  The  m o s t  i n t e r e s t i n g  e x a m p l e  of such  a 

1 m o d e l  i s  one in which  the t r i p l e t  has  sp in  ~ and 
z = -1 ,  so  tha t  the  four  p a r t i c l e s  d - ,  s - ,  u ° and b ° 
exh ib i t  a p a r a l l e l  wi th  the  l ep tons .  

A s i m p l e r  and m o r e  e l e g a n t  s c h e m e  can  be  
c o n s t r u c t e d  if we a l low n o n - i n t e g r a l  v a l u e s  for  the 
c h a r g e s .  We can  d i s p e n s e  e n t i r e l y  wi th  the  b a s i c  
b a r y o n  b if  we a s s i g n  to the  t r i p l e t  t the  fo l lowing  
p r o p e r t i e s :  sp in  ½, z = -~ ,  and  b a r y o n  n u m b e r  -~. 

2 t 1 
We then r e f e r  to the  m e m b e r s  u3, d -~ ,  and s-3- of 
the  t r i p l e t  a s  " q u a r k s "  6) q and the m e m b e r s  of the 
a n t i - t r i p l e t  a s  a n t i - q u a r k s  ~1. B a r y o n s  can  now be  
c o n s t r u c t e d  f r o m  q u a r k s  by us ing  the c o m b i n a t i o n s  
(qqq ) ,  ( q q q q q ) ,  e t c . ,  whi le  m e s o n s  a r e  m a d e  out  
of (qcl), (qq~tcl), e tc .  I t  i s  a s s u m i n g  tha t  the  l o w e s t  
b a r y o n  con f igu ra t i on  (qqq)  g i v e s  j u s t  the r e p r e s e n -  
t a t i o n s  1, 8, and 18 that  have  been  o b s e r v e d ,  whi le  
the l o w e s t  m e s o n  con f igu ra t i on  (q q) s i m i l a r l y  g i v e s  
j u s t  1 and 8. 

A f o r m a l  m a t h e m a t i c a l  m o d e l  b a s e d  on f i e ld  
t h e o r y  can  be bu i l t  up fo r  the  q u a r k s  e x a c t l y  a s  for  
p, n, A in the  o ld  S a k a t a  m o d e l ,  fo r  e x a m p l e  3) 
wi th  a l l  s t r o n g  i n t e r a c t i o n s  a s c r i b e d  to a n e u t r a l  
v e c t o r  m e s o n  f i e ld  i n t e r a c t i n g  s y m m e t r i c a l l y  wi th  
the t h r e e  p a r t i c l e s .  With in  such  a f r a m e w o r k ,  the 
e l e c t r o m a g n e t i c  c u r r e n t  (in un i t s  of e) i s  j u s t  

u - d - s} 

o r  ~-3~ + ~8~/J3  in the  no t a t i on  of r e f .  3). F o r  the  
weak  c u r r e n t ,  we can  t ake  o v e r  f r o m  the Saka t a  
m o d e l  the  f o r m  s u g g e s t e d  by G e l l - M a n n  and L4vyT) ,  
n a m e l y  i p 7 ~ ( l + Y 5 ) ( n  cos  0 + h s in  8), which  g i v e s  
in the  q u a r k  s c h e m e  the e x p r e s s i o n  *** 

i u ya (1  + y5)(d cos  0 + s s in  0) 

* Work supported in par t  by the U. S. Atomic Energy 
Commission. 

** This is s imi la r  to the t reatment  in ref. 1). See also 
ref.  5). 

*** The para l le l  with i ~e Ya( 1 + ¥5) e and i ~ ¥~(1 + ¥5)~ 
is obvious. Likewise, in the model with d- ,  s - ,  u °, 
and b ° discussed above, we would take the weak cu r -  
rent to be i(b ° cos e + ~o sin e) ¥~(1 + ¥5) s -  
+ i(u ° cos e - ~o sin e) ya(1 + ¥5) d- .  The par t  with 
n(nt-n~) = 0 is just i T o ¥c~(1 + 75)(d- cos e + s -  sin O). 

AN STJ MODEL FOR STRONG INTERACTION SYMMETRY AND ITS BREAKING 

I I ) 

G. Zweig ' 

CERN—Geneva 

ABSTRACT 

Both mesons and baryons are constructed from a set of 

three fundamental particles called aces. The aces break up 

into an isospin doublet and singlet. Each ace carries baryon 

number 1/3 and is fractionally charged. SU_ (but not the 

Eightfold Way) is adopted as a higher symmetry for the strong 

interactions. The breaking of this symmetry is assumed to be 

universal? being due to mass differences among the aces. 

Extensive space-time and group theoretic structure is then 

predicted for both mesons and baryonsj in agreement with exis-

ting experimental information. Quantitative speculations are 

presented concerning resonances that have not as yet been 

definitively classified into representations of SU,, A weak 

interaction theory based on right and left handed aces is used 

to predict rates for |^s| = 1 baryon leptonic decays. An 

experimental search for the aces is suggested. 

; Version I is CERN preprint 8182/TH.401? Jan. 17, 1964. 
* • • * ) 

7 WQIB work was supported by the U.S. Air Force Office 
of Scientific Research and the National Academy 
of Sciences - National Research Council. 
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Proton microscope – SLAC, 1968 

Electron beam Target

Bending magnets

Electron
spectrometer

Jerome I. Friedman Henry W. Kendall Richard E. Taylor

Probing proton’s internal structure
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• David Gross and Frank Wilczek and, independently, H. David Politzer: 
       asymptotic freedom in non-Abelian gauge theories.

• The discovery solved the paradox of why quarks behave as nearly free particles at high energy but 
are confined at low energy

1973 – Asymptotic freedom 

PDG, rev. Aug 2019D. Gross and F. Wilczek, “Ultraviolet Behavior of Non-Abelian Gauge 
Theories”, Physical Review Letters 30, 1343 (1973)

Politzer, H. D.,  “Reliable Perturbative Results for Strong 
Interactions.”, Physical Review Letters, 30(26), 1346–1349 (1973)
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1974 – The November Revolution

Simultaneous discovery of the J/ψ meson in November 1974 by two experiments:
• SLAC-SPEAR (led by Burton Richter) - ψ 
• BNL-AGS (team led by Samuel Ting) – J
• Narrow decay width (~100 keV), indicating 
       long-lived bound state

Predicted by the GIM mechanism (1970) 

Triggered the “November Revolution” in particle physics 
a rapid shift in theoretical understanding of hadrons structure 
a evidence for the quark model and QCD

Led to an explosion of new discoveries in charmonium physics 

Gross, Wilczek, and Politzer's work on asymptotic freedom in QCD gained immediate attention.
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1974 - Lattice QCD (a Phase Transition Predictions)

• Kenneth G. Wilson (1974) introduced the lattice gauge theory formulation of QCD.

• Michael Creutz (1980) performed the first Monte Carlo Lattice QCD 
simulations to study the phase transition.

• Creutz’s simulations predicted phase transition at TC ~ 150-200 MeV
a first numerical evidence supporting QGP phase transition

• Established lattice QCD as a powerful tool for studying the strong 
interaction 

• Inspired experimental searches for QGP at high-energy colliders

• Led to modern precision calculations using lQCD  techniques

Creutz, M. (1980). “Monte Carlo Study of Quantized SU(2) 
Gauge Theory”. Physical Review D, 21(8), 2308–2315.

2314 MICHAEL CREUTZ

IO behavior of Eq. (3.22) occurs rather sharply over
a range of about 10% in P about P =2. This appear-
ance of the confinement mechanism occurs at

= 0.16.
4p

(5.1)

a K

l.o

O. I

The rapid evolution out of the perturbative regime
may be responsible for the remarkable phenome-
nological successes of the bag model. " High-
temperature-series results, "as well as semi-
classical treatments, ' have also suggested an
abrupt onset of confinement.
Our analysis allows a determination of the re-

normalization scale of the coupling in terms of the
string tension. Using the observed asymptotic
normalization

0.0 I

0 |.O
4
2eo

2.0

we can solve for e,' to give
(5.2)

FIG. 6. The cutoff squared times the string tension
as a function of P. The solid lines are the strong- and
weak-coupling limits.

eo 37T

4w ~-0 11 ln(1/aA)' (5.3)

low P =2.1 only loops of side 1 and 2 are signifi-
cantly different from zero so we must include the
loop of side 0 in the fit. Below P =1.6 only the
loop of side 1 is significant and we assume the
area term C dominates. From Eq. (3.21) we iden-
tify

(4.4)
In Fig. 6 we summarize these results by plot-

ting a'K versus p. Here we also plot the strong-
coupling result of Eq. (3.24) and the weak-coupling
conclusion of Eq. (3.22) with an arbitrarily chosen
normalization. From P =1.6 to 1.8 we plot both
the least-square fit and the result of assuming
pure area-law behavior. For P =2.2 and 2.25 we
plot fits including and not including the loop of
side zero. Above P =2.5 the area law is too sub-
dominant relative to the perimeter law for accur-
ate determination. As each temperature is treated
independently of the others, the fluctuations appar-
ent in this figure represent the statistical error
of this analysis.

V. DISCUSSION

Note that the changeover from the strong-coup-
ling behavior of Eq. (3.24) to the weak-coupling

where the renormalization scale is
6m' 1A=@Kexp — = v K.11 200 (5.4)

Thus we see the appearance of a rather large di-
mensionless number. The uncertainty in this co-
efficient is roughly a factor of two because of the
large coefficient in the exponential. The renor-
malization mass should be strongly dependent on
both the gauge group and addition of quarks.
We have shown the onset of asymptotic freedom

for the bare coupling constant in a renormaliza-
tion scheme based on confinement. This is
strongly suggestive that SU(2) non-Abelian gauge
theory simultaneously exhibits confinement and
asymptotic freedom. Furthermore, by reproduc-
ing the asymptotic-freedom prediction, we
strengthen ties between the lattice formulation and
the more conventional perturbative approaches
to gauge theory.
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D. Gross and F. Wilczek, Phys. Rev. Lett. 30, 1346
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“The purest realization of the dream of an electronic bubble chamber …” (“Image and Logic”, P. Galison) 

1982/1984        1982/1983        1987            1989          1990        1992              1995         1999        2000  2001         2008      2009/2010            

PEP4 TRIUMF TOPAZ ALEPH/DELPHI

NA35 EOS/HISS NA49 (4) CERES STAR

HARP

ALICE

T2K

Large TPCs operated in HEP experiments

(heavy ions)

(particle-physics)

Invented by David Nygren (LBL) 

First informal report on the proposed detector: 22 February 1974

“Consider … the experimental difficulties confronting the physicist who wishes to detect 
in entirety an event occurring in PEP (Positron-Electron Project). It must operate in high 
backgrounds, have very good spatial resolution in order to measure momenta[,] … be able 
to reconstruct many tracks occurring over 4p [i.e. to detect in all directions] 
unambiguously, identify particle types, …”

1974 - The advent of the Time Projection Chamber



Luciano Musa (CERN) 11QGP, Heavy Ions and Detectors

1975 - The Birth of QGP

J.C. Collins and M.J. Perry 
“Superdense Matter: Neutrons or Asymptotically Free Quarks?”
Phys. Rev. Lett. 34, 1353 – May, 1975 (received 6 January 1975) 

• Proposed that nuclear matter at extreme densities transitions into a deconfined quark state

• First connection between asymptotic freedom and a new state of matter (later called QGP)

• Inspired future theoretical and experimental studies on quark deconfinement

J.C. Collins M.J. Perry

The Role of Asymptotic Freedom
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The QCD Phase Transition: Early Foundations

Proposed that QCD undergoes a phase transition

Used analogies with statistical physics to describe the behavior of 
QCD at high temperatures.

One of the first theoretical descriptions of the phase transition to 
partonic matter

N. Cabibbo, G. Parisi 
“Exponential hadronic spectrum of quark liberation”
Phys. Lett. B, Vol. 59, Issue 1, 67-69 (1975)

N. Cabibbo G. Parisi 
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1978 - The Birth of HI Physics and the path to QGP

QCD matter at high temperatures

• First systematic studies of QCD at high temperatures

• Introduced the concpet of the Quark-Gluon Plasma (QGP) in a 
thermal QCD framework

• Proposed that heavy-ion collisions could produce and study QGP

T.D. Lee (1974): suggested using heavy-ion collisions to study QCD and quark 
deconfinement   

Volume 78B, number 1 PHYSICS LETTERS 11 Spetember 1797 

QUARK-GLUON PLASMA AND HADRONIC PRODUCTION 
OF LEPTONS, PHOTONS AND PSIONS 

E.V. SHURYAK 
Institute of Nuclear Physics, Novosibirsk, USSR 

Received 16 March 1978 

QCD calculations of the production rate ha a quark-gluon plasma and account of the space-time picture of hadronic 
collisions lead to estimates of the dilepton mass spectrum, p± distributions of e -+, ~+-, % n -+, production cross sections of 
charm and psions. 

Hadronic reactions, taking place at small and large 
distances, are treated on quite different theoretical 
grounds. While the former are well described by the 
parton model based on asymptot ic  freedom of  QCD, 
the latter are still discussed in more phenomenological 
way. I should like to argue in this paper, that a very 
important  intermediate region exists, namely reactions 
taking place far from the collision point and not 
obeying the parton model, but  at the same time treat- 
able by  perturbative QCD methods. This region corre- 
sponds to production of  particles with mass M or trans- 
verse momentump± such that 1 GeV ~ M , p ±  ~x /~  
( ~  4 - 5  GeV at ISR energies). 

The best known example is dilepton production 
~ + / a - ,  e+e - ) ,  in which deviations from the Dre l l -Yan  
model [1] for dilepton m a s s M ~  5 GeV reach a factor 
101-102 .  Bjorken and Weisberg [2] proposed a qua- 
litative explanation for it: such pairs are produced at 
later stages of  the collision, when antiquarks are more 
numerous and can interact repeatedly. Much earlier, 
Feinberg [3] ascribed them to the charge-current 
fluctuations in the hydrodynamical  model  [4] and 
also stressed the importance of  the space- t ime  aspect 
of  the problem. 

We assume that in hadronic collisions after some 
time a local [7] thermal equilibrium is established in 
the sense that all properties are determined by a single 
parameter, the temperature T, depending on time and 
coordinates. The schematic space - t ime  picture of  the 
collisions is shown in fig. 1. We are interested in the 

final state interaction region, limited by  two lines: 
T(x, t) = T i, the initial temperature at which the thermo- 
dynamical description becomes reasonable, and T(x, t) 
= Tf ~ m~, where the system breaks into secondaries 
[4,7]. The medium is assumed to be the quark -g luon  

t 

\ / 

4 g 

~ T = T  i 

J \ 

Fig. 1. The space-time picture of hadronic collisions, proceed- 
hag through the following stages: (1) structure function for- 
mation; (2) hard collisions; (3) final state interaction; (4) free 
secondaries. 
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1982 – Bjorken’s Hydrodynamic Model

• Proposed hydrodynamic model to describe the longitudinal expansion 
of the QGP in high-energy HI collisions 

• Introduced the Bjorken energy density formula, allowing estimates of 
QGP formation from experimental data 

• theoretical framework for QGP observables

27 HIGHLY RELATIVISTIC NUCLEUS-NUCLEUS COLLISIONS:. . . 143

We shall be interested in a time scale of -5—10
fm/c for the evolution of the produced system.
Thus an assumption of local thermal equilibrium,
i.e., applicability of hydrodynamics, seems reason-
able. Once thermal equilibrium is established and
hydrodynamic expansion of the fluid commences,
the t ' time dependence of the energy density e will
not be valid (although we shall calculate a similar
behavior e-t " with 1&n & —,). Thus the time t
appearing in the expression (8) for energy density
should be interpreted as an initial time for imposi-
tion of boundary conditions for hydrodynamic flow.
While that initial time ( —1 fm/c) is somewhat un-
certain, the major uncertainty in imposition of ini-
tial conditions comes from lack of knowledge of the
basic transverse scale factor do.
Let us now make a modest Lorentz boost (say

y-3) and view the collision in another frame.
Again we see a collision of two highly contracted in-
cident nuclei followed by receding pancakes carrying
the baryon number. If, as before, we look at the
nucleon-nucleus collision under these same cir-
cumstances, we will see the same large-angle particle
production as before. This follows from the as-
sumption of a central-plateau structure for the rapi-
dity distribution in nucleon-nucleus collisions. It is
therefore very reasonable that for nucleus-nucleus
collisions the initial conditions for the fluid of quanta
produced between the receding pancakes are the same
as existed in the other frame. This means in particu-
lar that the initial energy density is the same, and
that the initial velocity is zero.
This is the basic feature of this description of the

evolution of the system: throughout the "central-
plateau" region the initial conditions —imposed a
proper time -1 fm/c after the collision time—are
invariant with respect to Lorentz transformations
This will imply that the subsequent time evolution
of the system should also possess this symmetry.
We shall describe this evolution of the system by

assuming that the Landau hydrodynamical model
is applicable. This means that we may define a local
energy density e(x), pressure p(x), and temperature
T=P '(x) and four-velocity of the fluid u (x),

2 |M
P, 7

with u =u&u"=1. Then the energy-momentum
tensor

e =ep =constant - 1—10 GeV /fm

hence To——constant as weH.
Natural variables for describing the flow are

therefore the rapidity y, defined as

t+Zy= —, ln
t —z

and proper time ~,

( t2 2)1/2

(13)

(14)

provided the flow may be considered one dimension-
al, i.e., we have translational symmetry in transverse
coordinates. This should be a good approximation
for times small compared to the radius of the nu-
cleus:

t « 1.2/I '/ =7 fm/c for Pb or U . (15)

Thereafter we must expect three-dimensional expan-
sion and a relatively short time evolution into the fi-
nal system of produced hadrons. (We shall return to
the description of the transverse flow later. )
In the following we shall assume one-dimensional

flow. In general, this would imply that

e =e(7r,g) )

p =p(r 3')

T=T(~,y ),
u„(r,y)=(up(~, y), 0,0,u, (~,y)) .

However, the initial condition

may be displayed in a space-time diagram as shown
in Fig. 3. We see that on the "proper-time" hyper-
bola

~=(t —z )'/ =constant= 1 fm/c,
we have

Tpv=(e+p)upuv g/lvp

is conserved:

8Tpv -=0.
Bx~

(12)

ng
mber

(We shall—perhaps unjustifiably —neglect effects of
viscosity and thermal conductivity. )
The initial boundary conditions we have discussed

Z~ Central plateau

FIG. 3. Space-time diagram of longitudinal evolution
of the quark-gluon plasma.
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Highly relativistic nucleus-nucleus collisions: The central rapidity region

J. D. Bjorken
Fermi 1Vational Accelerator Laboratory, P.O. Box 500, Batavia, Illinois 60510

(Received 13 August 1982)

The space-time evolution of the hadronic matter produced in the central rapidity region
in extreme relativistic nucleus-nucleus collisions is described. We find, in agreement with
previous studies, that quark-gluon plasma is produced at a temperature &200—300 MeV,
and that it should survive over a time scale & 5 fm/c. Our description relies on the existence
of a flat central plateau and on the applicability of hydrodynamics.

I. INTRODUCTION

Collisions of highly relativistic nuclei offer the
possibility of producing quasimacroscopic systems
of dense nucleonic and/or quark-gluon matter at re-
latively high temperature. In principle this seems to
be an interesting way to explore the question of
phase transitions between ordinary (confined) matter
and (unconfined) quark-gluon plasma. It is also of
interest to historians of the early universe. At some
early epoch, of order 10 sec after the big bang, the
conditions in the universe were probably rather simi-
lar.
On the other hand, interpretation of these com-

plex collisions poses a major problem. What are the
clean experimental signatures and how can one
deduce what is going on? Is there information
which unambiguously teaches us about the state of
the matter formed during and immediately after the
collision?
All these problems are under active investigation

nowadays. ' There seems to be a consensus that
enough initial kinetic energy is converted into heat
so that quark-gluon plasma is created. Less under-
stood is the question of how the system evolves.
Furthermore, most (but not all) of the work has con-
centrated on the system of leading particles which
carries the baryon number of the incident nucleus.
This system is especially interesting since it is essen-
tially compressed nuclear matter and carries with it
not only a heritage of nuclear physics but also of nu-
clear astrophysics, e.g., the question of neutron-star
composition. However, the remaining phase space,
the so-called central rapidity region, is of interest in
its own right. It may well be that this region of
phase space is easier to study experimentally.
It is our purpose in this paper to sketch out a pic-

ture of the space-time evolution3 of the collision
process in this "central" region of phase space. We

shall treat the problem in the context of the Landau
hydrodynamic model, but with a different initial
boundary condition. We shall assume that at suffi-
ciently high energy there is a "central-plateau"
structure for the particle production as a function of
the rapidity variable, be it in nucleon-nucleon,
nucleon-nucleus, or nucleus-nucleus collisions. The
essence of this assumption is the assertion that the
space-time evolution of the system looks essentially
the same in all center-of-mass-like frames, i.e., in all
frames where the emergent excited nuclei are, short-
ly after the collision, highly Lorentz-contracted pan-
cakes receding in opposite direction from the col-
lision point at the speed of light.
This assertion implies a symmetry property of the

system. We will impose this symmetry as an initial
condition. However, the hydrodynamic equations
respect the symmetry as well. This leads to simple
solutions of the hydrodynamic equations. In par-
ticular, for central collisions of large nuclei, the
fluid expansion near the collision axis is longitudinal
and homogeneous. The fluid midway between the
receding pancakes remains at rest, while the fluid a
longitudinal distance z from that midpoint moves
with longitudinal velocity z/t, where t is the time
elapsed since the pancakes collided. This picture is
modified at large transverse distances, comparable
to the nuclear radii. In that region there will be a
rarefaction front moving inward at the velocity of
sound of the Auid. For transverse distances larger
than the rarefraction front, the fluid will expand ra-
dially outward, cooling more rapidly than the fluid
in the interior.
The initial energy density produced in the col-

lision is very roughly estimated to be -3 GeV/fm
with an uncertainty of at least a factor of 3 in either
direction. The estimate is based simply on the ener-
gy release per unit of rapidity in nucleon-nucleon
collisions. This energy density (and consequent en-

27 1983 The American Physical Society
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Experimental enquiry of QGP - BNL

E814/E877
• particle production mechanisms; 
• baryon stopping and energy deposition in the collision zone;
• flow phenomena (directed and elliptic flow);
• strangeness enhancement;
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Experimental enquiry of QGP - CERN

LHC & Hl-LHC

16O, 32S, 60 – 200 A GeV/c

NA35

WA80

WA85

HELIOS-2

NA36

NA38

WA93

HELIOS-3

NA45

NA44

WA98

NA49 NA61/SHINE

WA94 WA97 NA57

NA52

NA50 NA60

ALICE

CMS

ATLAS

LHCb

208Pb, 2-5 A TeV/c 

1986 1992 1994 2000 2004 2009 Now …
208Pb, 200 A GeV/c 208In

SPS – 1st generation SPS – 2nd generation SPS – 3rd generation
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The CERES Spectrometer

Extend program to hadronic observables

ChErenkov Ring Electron Spectrometer

e+e –  pairs in p–A and A–A

0.1	 ⁄𝐺𝑒𝑉 𝑐! <	𝑚"" < 1.2	 ⁄𝐺𝑒𝑉 𝑐!

1991 - 2000

Enhanced dilepton yield in S-Au, Pb-Au

Upgraded in 1998 with a (radial!) TPC 

Δ𝑚
𝑚

: 	7%	 → 	3.8%
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Building the CERES TPC: a pioneering upgrade
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Advancing TPC Readout Electronics

The end of analogue memories 
+ multiplexed digitization
fast digital sampling + sparse 
readout a FAST TPCs

Fi
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1998
CHANNELS / CHIP:   1
POWER / CH: 120mW
PRICE / CH:     50CHF

Integrated ADCs20
 m

m

4 PQFP 100
8 SSOP 28

24 mm

1999
CHANNELS / CHIP:  4
POWER / CH:   80mW
PRICE / CH:       8CHF

2001
CHANNELS / CHIP:  1
POWER / CH:  16mW
PRICE / CH:      5CHF
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In-medium broadening of the ρ 

Phys.Lett.B666:425-429,2008
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FIG. 2: a: Invariant e+e− mass spectrum compared to the expectation from hadronic decays. b:

The same data compared to calculations including a dropping ρ mass (dashed) and a broadened

ρ-spectral function (long-dashed). Systematic errors are indicated by horizontal ticks.

arises from the systematic uncertainty in the cocktail calculation. The enhancement is most

pronounced in the mass region 0.2 < mee < 0.6 GeV/c2, in agreement with earlier findings.

In contrast to previous CERES results, the improved mass resolution of the upgraded spec-

trometer provides access to the resonance structure in the ω/ω and φ region. A quantitative

study of φ meson production in the e+e− and K+K− channels can be found in [22].

In Fig. 2 (b) the data are compared with a model approach implying enhanced di-lepton

production via thermal pion annihilation and a realistic space-time evolution [24]. The calcu-

lated di-lepton yield was filtered by the CERES acceptance and folded with the experimental

resolution. Temperature and baryon-density dependent modifications of the ω-spectral func-

tion have been taken into account: the dropping mass scenario which assumes a shift of the

in-medium ω mass [7, 14], and the broadening scenario where the ω-spectral function is

smeared due to coupling to the hadronic medium [13, 16]. The calculations include as well

contributions from QGP, the Drell-Yan process, and 4-pion annihilation with chiral mixing.

The calculations for both spectral functions describe the enhancement reasonably well for

masses below 0.7 GeV/c2. In the resonance region, however, there is a notable difference

between the calculations. In particular in the mass region between the ω and the φ, the
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Universal Pion Freeze-out Conditions

pion freeze-out always occurs when the pion mean free path reaches about 1 fm, independent of:
• collision centrality 
• beam energy

a freeze-out determined by a universal density condition 4

1000

2000

0 100 200 300 400

158 AGeV

40 AGeV
80 AGeV

<Npart>

V f (
fm

3 )

0.15<kt<0.25 GeV/c (a)

10
-1

1

1 10 10
2

(b)

√s(GeV)

ρ f
 (f

m
-3

)

ρf,π

ρf,N

FIG. 3: (a): Freeze-out volume as function of 〈Npart〉 in
Pb+Au collisions (from [2]). (b): Pion and nucleon freeze-out
densities ρf,π and ρf,N as function of

√
s. At

√
s=130 GeV,

results from π+π+ and π−π− interferometry are shown.

cal mean free path λf≈1 fm, independent of beam energy.
We observe a transition from nucleon to pion dominated
freeze-out between AGS and SPS energies, characterized
by a minimum of the freeze-out volume Vf . The existence
of this minimum appears as a consequence of the relative
change of particle abundances with beam energy, under
consideration of their different cross sections with pions.
In this picture, the overall weak

√
s dependence of HBT

radii up to RHIC energies finds a simple interpretation.
The surprisingly small value of λf points to a consider-
able opaqueness of the source [5, 32]. This opaqueness
may be at the root of the small observed values for Rout

at RHIC [5, 32, 36].

This work was supported by the German BMBF, the
U.S. DoE, the Israeli Science Foundation, and the MIN-
ERVA Foundation.
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cal mean free path λf≈1 fm, independent of beam energy.
We observe a transition from nucleon to pion dominated
freeze-out between AGS and SPS energies, characterized
by a minimum of the freeze-out volume Vf . The existence
of this minimum appears as a consequence of the relative
change of particle abundances with beam energy, under
consideration of their different cross sections with pions.
In this picture, the overall weak

√
s dependence of HBT

radii up to RHIC energies finds a simple interpretation.
The surprisingly small value of λf points to a consider-
able opaqueness of the source [5, 32]. This opaqueness
may be at the root of the small observed values for Rout

at RHIC [5, 32, 36].
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30 years with ALICE

ALICE timeline
• 1992: Expression of interest 

• 1997: ALICE approval

• 2000 – 2007: construction

• 2002 – early 2008: Installation

• 2009 – 2018: physics data taking 

• 2019 - 2021: Phase I upgrades 

• 2022 – now: physics data taking

TPC

TRD
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Fig. 50: Invariant mass distribution of Kπ candidate pairs for reconstruction of the D0 →Kπ decay, with and
without particle identification, before (left panel) and after (right panel) background subtraction.

7.7.3 Light nuclei

In Pb–Pb collisions light nuclei were identified via the dE/dx signal in the TPC and time-of-flight mea-
surements with the TOF detector. Figure 51 illustrates the separation between 3He and 4He in TPC and
TOF. This identification technique was used to study the formation of antinuclei and hyperons in Pb–Pb
collisions.

Fig. 51: Measured dE/dx signal in the ALICE TPC versus magnetic rigidity, together with the expected curves
for negatively-charged particles. The inset panel shows the TOF mass measurement which provides additional
separation between 3He and 4He for tracks with p/Z > 2.3 GeV/c.
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so much for those who said it wouldn't work!
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tracted from the track covariance matrix, is shown in Fig. 23. The effect of constraining the tracks to
the primary vertex is shown as well. The inverse-pT resolution, plotted in this figure, is connected to the
relative transverse momentum resolution via

σpT
pT

= pT σ1/pT . (14)

The plot represents the most advanced reconstruction scheme that was applied to the data taken in the
recent p–Pb run. In central Pb–Pb collisions, the pT resolution is expected to deteriorate by →10–15%
at high pT due to the loss (or reduction) of clusters sitting on ion tails, cluster overlap, and fake clusters
attached to the tracks.
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Fig. 23: The pT resolution for standalone TPC and ITS–TPC matched tracks with and without constraint to the
vertex. The vertex constrain significantly improves the resolution of TPC standalone tracks. For ITS–TPC tracks,
it has no effect (green and blue squares overlap).

To demonstrate the mass resolution achievable with ITS–TPC global tracks we show in Fig. 24 the
invariant mass spectra of µ+µ− (left) and e+e− (right) pairs measured in ultraperipheral Pb–Pb collisions
at √sNN = 2.76 TeV. The mass resolution at the J/ψ peak is better than 1%.

Although it provides the best estimate of track parameters, the global ITS–TPC track reconstruction
suffers from gaps in the ITS acceptance. In particular, in the innermost two SPD layers, up to 20%
and 30% of the modules were inactive in the years 2010 and 2011, respectively. The inefficiency was
reduced to →5% in 2012 after solving problems with detector cooling. For those analyses that require
a uniform detector response, the parameters of the tracks fitted only in the TPC and constrained to the
primary vertex can be used. The transverse momentum resolution of these tracks is comparable to that
of the global tracks up to pT ≈ 10 GeV/c and significantly worse for higher momenta (red filled circles
in Fig. 23).

The ability to reconstruct pairs of close tracks is important for particle-correlation measurements. The
track-separation dependent efficiency has to be either corrected for or, when dealing with ratios, close
pairs7 have to be removed in the numerator and denominator of the correlation function. In the first

7Two tracks that are so close to each other that the presence of one track affects the reconstruction efficiency of the other.
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based on the cluster density, number of clusters, and momentum. Only those tracks that have at least 20
clusters (out of maximum 159 possible) and that miss no more than 50% of the clusters expected for a
given track position are accepted. These are then propagated inwards to the inner TPC radius. A pre-
liminary particle identification is done based on the specific energy loss in the TPC gas (see Section 7).
The most-probable-mass assignment is used in the ionization energy loss correction calculations in the
consecutive tracking steps. (Due to the ambiguity of electron identification, the minimum mass assigned
is that of a pion). Figure 19 shows the tracking efficiency, defined as the ratio between the reconstructed
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Fig. 19: TPC track finding efficiency for primary particles in pp and Pb–Pb collisions (simulation). The efficiency
does not depend on the detector occupancy.

tracks and generated primary particles in the simulation, as a function of transverse momentum. While
the drop below a transverse momentum of →0.5 GeV/c is caused by energy loss in the detector material,
the characteristic shape at larger pT is determined by the loss of clusters in the pT-dependent fraction of
the track trajectory projected on the dead zone between readout sectors. The efficiency is almost inde-
pendent of the occupancy in the detector. Even in the most central Pb–Pb collisions the contamination
by tracks with more than 10% wrongly associated clusters does not exceed 3%.

The reconstructed TPC tracks are then propagated to the outermost ITS layer and become the seeds
for track finding in the ITS. The seeds are propagated inward and are updated at each ITS layer by all
clusters within a proximity cut, which takes into account positions and errors. The result of each update
is saved as a new seed. In order to account for the detection inefficiency, seeds without an update at
a given layer are also used for further track finding. The χ2 of such seeds is increased by a penalty
factor for a missing cluster (unless the seed extrapolation happened to be in the dead zone of the layer,
in which case no cluster should be expected). Thus, each TPC track produces a tree of track hypotheses
in the ITS. As is the case in the TPC, this seeding procedure is performed in two passes, with and
without vertex constraint. Once the complete tree of prolongation candidates for the TPC track is built,
the candidates are sorted according to the reduced χ2. The candidates with the highest quality from
each tree are checked for cluster sharing among each other. If shared clusters are found, an attempt is
made to find alternative candidates in the involved trees. In the case of a failure to completely resolve
the conflict between two tracks, the worse of the two acquires a special flag for containing potentially
incorrectly matched (“fake”) clusters. Finally, the highest quality candidate from each hypothesis tree is
added to the reconstructed event. Figure 20 shows the TPC track prolongation efficiency to ITS in pp
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and Pb–Pb collisions as a function of track transverse momentum, with different requirements of ITS
layer contributions. The data and Monte Carlo (MC) efficiencies are shown by solid and open symbols,
respectively. The fraction of tracks with at least one fake cluster in the ITS in the most central Pb–Pb
collisions reaches →30% at pT < 0.2 GeV/c, decreases to → 7% at 1 GeV/c, and drops below 2% at
10 GeV/c.
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Fig. 20: ITS–TPC matching efficiency vs. pT for data and Monte Carlo for pp (left) and Pb–Pb (right) collisions.

As one can see in Fig. 19, the reconstruction efficiency in the TPC sharply drops at low transverse mo-
mentum. The cutoff is around 200 MeV/c for pions and 400 MeV/c for protons, and is caused by energy
loss and multiple scattering in the detector material. For this reason, a standalone ITS reconstruction
is performed with those clusters that were not used in the ITS–TPC tracks. The helical seeds are built
using two clusters from the three innermost ITS layers and the primary vertex point. Each such seed is
propagated to the other layers and updated with clusters within a proximity cut. Each matching cluster
increments the number of seed-completion hypotheses. For the final step of seed processing, all of the
hypotheses are refitted by a Kalman filter and the track with the best fit χ2 is accepted, with its clusters
being removed from further searches. In order to increase the efficiency of tracking, the whole procedure
is repeated a few times, gradually opening the seed completion road widths. This algorithm enables the
tracking of particles with transverse momenta down to about 80 MeV/c.

Once the reconstruction in the ITS is complete, all tracks are extrapolated to their point of closest ap-
proach to the preliminary interaction vertex, and the outward propagation starts. The tracks are refitted
by the Kalman filter in the outward direction using the clusters found at the previous stage. At each
outward step, the track length integral, as well as the time of flight expected for various particle species
(e, µ , π , K, p), are updated for subsequent particle identification with TOF (see Section 7). Once the
track reaches the TRD (R= 290 cm), an attempt is made to match it with a TRD tracklet (track segment
within a TRD layer) in each of the six TRD layers. Similarly, the tracks reaching the TOF detector are
matched to TOF clusters. The track length integration and time-of-flight calculation are stopped at this
stage. The tracks are then propagated further for matching with signals in EMCal, PHOS, and HMPID
(see Sections 7 and 8 for the performance of matching to external detectors). The detectors at a radius
larger than that of the TPC are currently not used to update the measured track kinematics, but their
information is stored in the track object for the purposes of particle identification.

At the final stage of the track reconstruction, all tracks are propagated inwards starting from the outer ra-
dius of the TPC. In each detector (TPC and ITS), the tracks are refitted with the previously found clusters.
The track’s position, direction, inverse curvature, and its associated covariance matrix are determined.

The majority of tracks reconstructed with the described procedure come from the primary interaction
vertex (Fig. 21). Secondary tracks, representing the products of decays and of secondary interactions
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The ALICE Time Projection Chamber

not dependent on occupancy!

ALICE Key tracking and PID instrument
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ALTRO Signal 
Processing
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50 ⌦ resistor, a positive polarity Charge Sensitive Amplifier (CSA) with a ca-
pacitive feedback Cf and a resistive feedback Rf(Mf) connected in parallel, a
Pole-Zero Cancellation (PZC) network, a self-adaptive bias network, a CR filter
and two (RC)2 bridged-T filters, a Common-Mode Feed-Back network (CMFB)
and two quasi-di↵erential gain-2 amplifiers. Not shown in the block diagram is
the internal bias-network.
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Figure 1: A simplified block diagram of the PreAmplifier-ShAper (PASA) signal processing

chain.

Since the charge Qin delivered by the TPC detector readout chambers is very
small (typically 7µA), and short (1ns), it is unsuitable for immediate signal pro-
cessing. Therefore, the input signal is first integrated and amplified by the CSA
producing at its output a voltage signal Vout, whose amplitude is proportional
to the total charge Qin and characterized by a long decay time constant, which
is defined by the feedback network parameters (⌧ =Rf(Mf)*Cf= 4.2 µs) of the
CSA:

V out =
Qin

Cf
· exp (�t/⌧) (1)

As seen in Fig. 1 and mathematically represented in Eq. 1 a NMOS transis-
tor Rf(Mf) operated in the subthreshold region is connected in parallel to the
feedback capacitor Cf. The purpose of this transistor is to avoid saturation of
the CSA, by continuously discharging the feedback capacitance Cf. As later
explained in section 3, this transistor will contribute to the parallel noise at the
CSA input. Therefore, in order to limit its noise contribution, it was chosen to
be a high value (10M⌦) as a compromise between noise and count rate. The rel-
atively big resistance value chosen here, was implemented as an active feedback
transistor instead of as a passive resistor, that otherwise would have increased
the area, parasitic capacitances, speed and noise.

3
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Figure 21: The distribution of the overall system noise in the final setup in the ALICE

experiment. The histogram for the three pad sizes and the overall noise histogram are shown

[8].

Figure 22: Noise versus the total capacitance CT . CT varies from 12 to 28 pF with a mean

value around 21 pF.
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A quiet TPC

Shaping the TPC signals 
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The Transition Radiation Detector 
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Inner Tracker(Tower  CMOS 180nm)

SPATIAL RESOLUTION: ≈ 5 µm

PARTICLE RATES: ≤ to 100 MHz / cm2

RADIATION LOAD: ≤ 1013 1MeV/neq / cm2
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State-of-the-art CMOS APS for High Energy Physics
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Medical technologies 
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• 10 m2 active silicon area 
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• 50 𝝁𝒎 thin sensor
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Innovations in CMOS Active Pixel Sensor technology 

ALICE ITS3
LHC LS3 upgrade (installation 2027/28)

‣ Replacing the barrels by real half-cylinders (of bent, thin silicon)


‣ Rely on wafer-scale sensors (1 sensor per half-layer) in 65 nm technology


‣ Minimised material budget and distance to interaction point  
→ large improvement of vertexing precision and physics yield (“ideal detector”)

7Magnus Mager (CERN) | ITS3 | LCWS | 18.05.2023 |

R = 18, 24, 30 mm

(beam pipe: 16 mm)

L ~ 28 cm

[ITS3 “engineering model 1” made of 3 layers of dummy silicon, 40-50 μm thick]

Only 1/7th of the material budget!

Being developed for ALICE ITS3)
Baseline option also for: 
• EPIC
• ALICE 3 (++ improvements)

from reticule-size to wafer-size

24

● ALPIDE: ALICE PIxel DEtector 
used in ITS2

● 40 μm thick sensors
● Bent to a radius of 18 mm

First bending with superALPIDEs

Magnus Mager (CERN) on behalf of the ALICE collaboration 
18.05.2023

ALICE ITS3 
A next generation vertex detector based on bent, 
wafer-scale CMOS sensors

3cm

1.5cm

524 288 pixels

thin (<50µm CMOS can be curled)

services outside

only 1/7th of the material

TPSCo ISC 65nm CMOS Imaging 
300mm wafers + stitching

Wafer-scale flexible 
CMOS APS
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Next Generation HI Experiment: ALICE 3

Novel and innovative detector concept 
• Compact and lightweight all-pixel tracker
• Retractable vertex detector
• Extensive PID in TOF, RICH, MID
• Large acceptance 𝜂 < 4
• Superconducting solenoid magnet B = 2T
• continuous readout and online processing

Epiphany Conference | Cracow, 17 January 2025 | Andrea Dainese 15

ALICE 3 concept
➠ Novel and innovative detector concept
• Compact and lightweight all-pixel tracker

• Retractable vertex detector

• Extensive particle identification TOF, RICH, MID

• Large acceptance |𝜂|<4

• Superconducting solenoid magnet B= 2 T

• Continuous read-out and online processing

⌀ 1 cm
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ALICE 3 significantly outperforms ALICE 2

ALICE 3 - Excellent performance over eight units of rapidity and pT from 0 to > 10 GeV/c: 
angular correlations, HBT correlations, net charm fluctuations 

ALICE 3 – charm hadrons 

ALICE 3 LOI (CERN CDS: LHCC-2022-009)

Letter of intent for ALICE 3 (CERN-LHCC-2022-009) 77
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Figure 28: Signal to background ratio for D0 (left) and L+
c (right) in intervals of rapidity as a

function of pT in different rapidity intervals in 0-10% central Pb–Pb collisions. Bottom panels: The
significance evaluated by integrating signal and background in a 3s window in invariant mass for 1
running year (Lint = 5.6nb−1).

like the elliptic flow presented in Section 3.3.1.4, as well as azimuthal correlation measurements
with DD (Section 3.3.1.6) or DD⇤ momentum correlations (Section 3.3.1.7).

Comparison to ALICE 2 performance in Run 3 and Run 4. In Fig. 29 (left), the expected
S/B ratios for ALICE 3, estimated in intervals of D0 pT and rapidity, are compared to those
expected for ALICE 2. The performance studies for Run 3 and Run 4 were performed only at
midrapidity (|y| <0.5) due to the limited pseudorapidity coverage of the detector. The tracking
resolution for ITS 2 [121] was used for the results presented here. All studies were performed
for central (0–10%) Pb–Pb collisions at

p
sNN =5.5 TeV. The results obtained in a recent ALICE

measurement with Run 2 data at 5.02 TeV [26] are also superimposed. ALICE 3 significantly
outperforms ALICE 2 over the entire pT interval. With ALICE 3, the S/B ratio increases by
O(102) at low pT and by O(10) at high pT. For pT < 3–4 GeV/c, this improvement is largely
due to the improved pointing resolution for single tracks, which allows for a more effective se-
lection on the pointing angle of the heavy-flavour candidates. At intermediate pT, the extended
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Figure 29: Left panel: signal to background ratio for D0 in intervals of rapidity as a function of
pT in 0-10% central Pb–Pb collisions. Results are compared to the measurements from ALICE1
and ALICE2 at midrapidity and shown by open marker. Right panel: D0 meson reconstruction
acceptance ⇥ efficiency at midrapidity for ALICE 1, ALICE 2 and ALICE 3.

Particle Mass (GeV/c ) ct (µm) Decay Channel Branching Ratio (%)

W+
cc 3.746 50 (assumed) W0

c +p+ 5.0 (assumed)

W0
c 2.695 80 W�+p+ 5.0 (assumed)

X++
cc 3.621 76 X+

c +p+ 5.0 (assumed)

X+
c 2.468 137 X�+2p+ (2.86±1.27)

X+
c 2.468 137 p+K�+p+ (6.2±3.0)10�3

Table 6: Particles and decay channels used in the reconstruction of the X++
cc and W+

cc analyses using
strangeness tracking. Values from [227]. Where no measurement is available, a branching ratio of
5% is assumed.
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Heavy-flavour correlations (e.g. Dh-Dj)
a properties of in-medium interactions 
a constraints on heavy-quark  “equilibration”

Multi heavy-quark physics: 𝐷! − 𝐷! correlations

D0

D0
D0

D0

→ Tracking and vertexing with μm-accuracy over |η|<4 
→ superconducting magnet with forward dipoles

→ Hadron PID from low (TOF) to high pT (Cherenkov)

→ partonic “structure” of the hot medium

 “collinear” g→cc̄ back-to-back
  pairscc̄

“Rutherford-like” experiment with  correlationsD0D0

11

Heavy-flavour correlations in HI collisions
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Heavy-flavour correlations in HI collisions

ALICE 3 LOI (CERN CDS: LHCC-2022-009)
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Multi heavy-quark physics: hadron formation
Letter of intent for ALICE 3 (CERN-LHCC-2022-009) 31
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pQCD SPS (Phys. Rev. D 57, 4385)

Figure 4: Ratio of multi-charm baryon to single-charm baryon (Lc) yield as a function of mass
number, using single parton scattering (SPS) calculations [54, 55] at

p
s = 14 TeV, shown at A = 1,

and a statistical hadronisation model calculation [56] for AA collisions at
p

sNN = 5.02 TeV with
A 6= 1. The Lc yield for the SPS calculation is obtained from a measurement performed by ALICE
in pp collisions at

p
s = 5.02 TeV [41], scaled by 1.7 to account for the increase in beam energy.
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Figure 33: X++
cc significance in 0-10% central Pb–Pb collisions at

p
sNN = 5.52 TeV as a function

of pT with a 2.0 T magnetic field using standard selections and using machine learning.
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Figure 34: Elliptic flow coefficient v2 of X++
cc in 30–50% Pb–Pb collisions at

p
sNN = 5.52 TeV as

a function of pT.

Xcc

Statistical hadronization model: very large enhancement in AA 

Multi-charm baryons: unique probe of hadron formation
• combination of charm quarks from independent 

parton scatterings
• negligible same-scattering production

Multicharm hadrons (e.g. Ξ++cc) in HI:
• Almost “pure-recombination” probes 

(negligible same-scattering production)
→ Stronger constraints than (e.g.) J/ψ 

Heavy-flavour correlations (e.g. Δη-Δ!)
→ Transverse properties of in-medium interactions 
→ Direct constraints on heavy-quark “equilibration”

 “Multi heavy-quark” physics in Run 5 and 6

g →  splittings: a study I proposed and developed with the CERN TH group (2 papers)
→ A traceable/tunable splitting in the QGP 

cc̄

A first study: g →   in the parton shower of high-pT gluon jets
→ “Delayed” splittings inside the medium

Our work predicted a net enhancement of g →  splittings:
→ Experimental signature with high-pT - tagged jets

cc̄

cc̄
D0D0

c

c

M. Attems, J. Brewer, GMI, A. Mazeliauskas, S. 
Park, W. v.d. Schee, U. A. Wiedemann
arXiv.2203.11241, submitted to JHEP
arXiv.2209.13600, submitted to PRL

→Key examples from a much broader program I designed and developed for ALICE 3

9

ALICE 3 Letter of Intent, 
CERN-LHCC-2022-009 
LoI submitted in October ’21
Review concluded in March ’22

c

c

“Extreme” detector requirements: high rate, large-η coverage with outstanding tracking and PID capabilities

QGP

 Pmedium(g → cc̄)
Pvacuum(g → cc̄)

PbPb collisions at √sNN = 5.5 TeV
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Multi heavy-quark hadrons ALICE: arXiv.2011.06078
Beccatini:  Phys. Rev. Lett. 95 (2005) 022301
SHMC: arXiv.2104.12754
G. Chen et al., Phys. Rev. D 89, 074020 (2014)

→ Extreme benchmarks for mechanisms of hadronization 
    beyond “leading color” in small and large systems

double-c
(~fb-1 region)

→ connection between “equilibrium” properties of charm quarks and hadronization modifications?

• Negligible same-scattering production
• In presence of hadron production from uncorrelated charm quarks
→ Large enhancement (up to x100) w.r.t. in-vacuum hadronization

x 102

x 103

(p) (Pb)

12
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Retractable vertex detector

first layer @5mm from IP Epiphany Conference | Cracow, 17 January 2025 | Andrea Dainese
22

• Retractable vertex detector inside beam pipe (Iris)
• Target specifications for pixel sensor: 10x10 𝜇m2 

pixels, <50 𝜇m thickness, NIEL: ~1016 1 MeV neq/cm2 

stable
beam
s injectio

n

Vertex Detector concept and R&D

(Run 3)
(Run 4)

(Run 5)

pointing resolution:~ few μm at 1 GeV/c,   30 μm at 100 MeV

AIP Conference Proceedings 132, 390 (1985)

https://aip.scitation.org/doi/abs/10.1063/1.35379
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IS THE CCC A NEW DEAL FOR BARYON SPECTROSCOPY? 

J. D. Bjorken 
Fermi National Accelerator Laboratory, Batavia, IL 60510 

ABSTRACT 

The possibility of+experimental observation of the triply 
charmed ccc baryon Q is explored. The conclusion is that it 
is very difficult, buE%ot unthinkable. 

INTRODUCTION 

In the decade since the discovery of the Ji. a great deal 
has been learned about mesons containing the heavy quarks c and 
b. The future promises to hold even nmre - both in e+e- 
collisions and in hadron collisions. 

The issue of heavy-quark hadron studies via incident hadron 
beams is one of special interest to me these days.‘*’ There are 
in principle great opportunities for high-statistics studies. 
Nevertheless, the fierce background problems pose a formidable 
barrier. It is therefore a serious question whether it is worth 
the heavy effort to try to outdo the capabilities of the e+e- 
experiments, which give exquisitely clean D and B samples at 
threshold and which provide good signal-to-noise at all 
energies. And SLC/LEP will improve the statistics of 
high-energy samples ten to hundred-fold when they turn on. 

One answer to this challenge is to emphasize 
complementarity. While the e+e- process is good for D, D*, 8, 
and B*, it as yet is much less powerful for F, B , and baryons. 
Baryons in particular seem to be copious!?y produced in 
hadron-induced fixed target experiments, as evidenced by 
observation3 of A+(cus) and T’(ssc). Therefore a reasonable 
strategy for fixed target experiments !MY be to continue the 
pursuit of states containing as large a number possible of s, C, 
and b quarks, and especially baryons. 

From the theoretical point of view there are reasons for 
doing this as well. Historically, baryon spectroscopy provided 
rich, clean evidence for the quark model when it was needed: I 
am thinking of the phase-shift analyses of the early 1970’s 
which by November 1974 could be succinctly summarized’ as “56, L 
even plus 70, L odd. V And the more recent PCD analyses have 
likewise been impressively successful. 

Looking toward the future, we may expect that interest in 
the question of how baryons are put together from quarks will 
not diminish. One need go no further than the large uncertainty 
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All-pixel tracker 

ALPIDE

800cm

160cm

• high-spatial resolution: spos ≈ 5-10 µm
• hit timestamping: ≈100 µm (tbv)
• very low material budget: X/X0 (total) ≲ 10%

60 m2 silicon pixel detector 
based on CMOS Active Pixel Sensor (APS) technology

a build on experience with ITS2 (ALPIDE) and ITS3 (MOSAIX) 

N
A ~ 10 18

N
A ~ 10 13

Artistic view of a  
SEM picture of 

ALPIDE cross section 

Cin ≈ 5 fF

2 x 2 pixel 
volume 

collection electrode
28 µm



Luciano Musa (CERN) 39QGP, Heavy Ions and Detectors

11 Feb - International Day of Women in Science

Successful women scientists 
inspire future generations, showing 

that merit and excellence prevail 
over gender stereotypes

Proportion of 
women scientists 
and engineersEU = 41%

significant progress, but:
<8% are full professors


