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Agenda

• Small vs large systems – QGP or not?

• A-B collisions: Glauber geometry vs alternative 

• Standard TCM isolates jet and nonjet production

• Is TCM jet (hard) component factorizable?

• Importance of exclusivity and time dilation

• Resolution of p-Pb and Pb-Pb differences
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TCM – two-component model: soft + hard

QCD = relativistic quantum field theory



Conventional Presentation Format
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PID Two-Component Model – TCM
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PID spectra: soft + hard

hadron species i

ˆ ˆ
0i t s si 0i t hi 0i t sρ (p ,n ) = ρ S (p ) + ρ H (p ,n )

2112.09790, 2112.12330

1801.05862

1812.01151

si si s part sNNρ = z (n )(N / 2)ρ
hi hi s bin hNNρ = z (n )N ρ

nch=1

200 GeV p-p hard components FFsjet spectra

=
2003

factorized?

t sH(p ,n )

t sH(p ,n )

0 s hρ ρ + ρ describes all nonPID p-Pb charge densities

N-N:    central importance 2

hNN sNNρ α ρ  s sρ = n / Δη

jets: collinear factorizationhadron massi hi siz = z / z

p-p

hi si i sρ / ρ z (n ) xν

0901.3387, 1403.3685, 1603.01337, 1701.07866



Classical Glauber Pb-Pb Geometry
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power-law relations reflect 
interpenetrating spheres

part 0 sNN(2 / N )ρ = ρ (1+ xν)
1012.1657

assume for p-p sNNρ = 4.55

1301.4361

power laws imply dotted curve: 
0.4

0(2 / ) 3.5partN  

Glauber analysis not consistent

sNNρ xno connection 

What are Npart and Nbin?

 bin partν 2N / N

ALICE

ALICE

empirical

0ρ =

p-p

h sx = ρ / ρ

why 1.3?

?

no jets
?



s 0ρ = ρ / (1+ xν)

TCM-related Pb-Pb Geometry
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infer product x from mean-pt data

exclusivity

 bin partν 2N / N hNN sNN sNNx ρ / ρ αρ

0.01α

ALICE data

3

1ν

s

3

t ts th
t

ch

P p + xν p
p = =

n 1+ xν

 

0ρ =
0ρ =

32
ν

p-p

N-N

1708.09412, 1801.05862, 1812.01151



Standard TCM for 2.76 TeV Pb-Pb
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ALICE data as published

0 tρ (p )

i t 0i t siX (y ) = ρ (y ) / ρ

tX(y )

ˆ
AAi i t 0i tr = Y (y ) / H (y )

tY(y )

ˆ
i t i t 0i t iY (y ) = [X (y ) - S (y )] / z xν

AA tr (y )

tπ t tπ πy ln[(p + m ) / m ]

factorization?

jetsvs RAA

soft rescale hard rescale

si 0i iρ = ρ / (1+ z xν)

low pt

20192024

hadron massi hi siz = z / z

z
p-Pb

density on pt

density on yt

1 GeV/c

!
!

!

RAA
RAA

?

?



Questioning Factorization
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tX(y )

tY(y )

A:  why does this happen?

Pb-Pb = p-p?

B:  why no suppression?

tX(y )
tX(y )

0 tρ (p )

z

!

instead, use Y(yt) to study evolution

of full hard component with centrality

ˆ ˆ i t i t 0i t i 0i tY (y ) X (y ) - S (y ) = z xν H (y ) no hard rescale

factorization assumes nucleons are monolithic

?

200 GeV

also!

2008

?

uncorrected

!

! !



Exclusivity and Time Dilation
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two results imply exclusivity:  (a)

exclusivity: a projectile nucleon can only interact with 
one target nucleon at a time, where the interaction 
“dead time” is at least a nucleon diameter

full N-N overlap, no b

Glauber MC with and 
without exclusivity

p-Pb
b=0

 m

hNN sNNρ ρGlauber: 

exclusivity at the parton level

low x

high x
nucleon

> Pb nucleus diameter

time dilation

dead times

pz

 2

hNN sNNρ α ρ

(b) ensemble-mean pt data:  over a substantial low-nch

interval p-p = p-Pb = Pb-Pb – single N-N collisions

fast clock

pt

from p-Pb:

Pb

p-p p-Pb

slow clock

N-N

m [1.33,1.45]

1708.09412, 1801.05862, 1801.06579



Extended PID Spectrum TCM – Pb-Pb
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Y tr (y )

ˆ

ˆ





XY t i XY 0XY t

Y t

NN t i NN 0pp t

Y (y ) z x νH (y )
r (y ) =

Y (y ) z x H (y )

 tν ν(y )

because of exclusivity and time

dilation  refers to partons rather

than nucleons, and parton x

translates to fragment pt

ˆ
0XY tνH (y ) cannot be factorized

 decreases to 1 above yt = 3.5

because of time dilation 

hard component = partons      FFs 

1ν

vs RAA

hard-component ratios

no hard rescale

PbPb

pp

x ν

x

missing

data

N-N model

what happens to p-Pb?

NN sNNx αρ

1ν

density on yt



Wit Busza and Nuclear Transparency
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p-A collisions at

Fermilab 1974

 binν N

0 zρ (y )

 zη y

p-N

only

of partons within a projectile nucleon, low-x partons

may interact multiple times in A whereas high-x partons

interact only once due to exclusivity and time dilation

subtract p-p

p-A

nucleon participant scaling

soft components,

nucleon fragments

ν = 1

ν 1

PDFshadrons

2024 Bonner prize

NNs 19 GeV

ν -1 = 0

fixed target



Extended PID Spectrum TCM – p-Pb
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p-N only,

p-Pb,

low pt

high pt

parton yz trends, including 

time dilation, are mapped

to hadron yt trends by 

parton large-angle scattering

p-Pb QGP?

parton binary-collision scaling

hard components – parton fragments

Pb-Pb is dominated by 

p-Pb is dominated by x

for product x

x varies

 varies

1ν

1ν

p-Pb missing central: < 45 vs 115

Pb-Pb missing peripheral: > 55 1ν

kaons

extremely differential format

multiplicity ranges problematic

N-N



K/ Ratios and Transparency
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yt=4 yt=6

ˆ

ˆ
 

0i j0i t i 0i t

0j t 0j ij 0j t

z (1+ z xν)ρ (y ) z H (y )
0.5

ρ (y ) z (1+ z xν)z H (y )

from p-Pb analysis:

Fig. 25 of 1506.07287
x  0.16

1

j = pions

i = kaons

 1TCM

 bin partν 2N / N

K/ ratios consistent with single N-N collisions in Pb-Pb

1ν 1ν

p-p

p-p

jets!

0.5

4 GeV/c

4 GeV/c

jets hidden

two-fold

jets!

jet maximum

1 GeV/c

1

RAA



RAA Ratios and Transparency
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0PbPbi t
AAi

bin 0ppi t

ρ (p )1
R =

N ρ (p )

RAA ratios consistent with single N-N collisions in Pb-Pb

4 GeV/c 8 GeV/c

1

Fig. 23 of 1506.07287

1ν1ν

A B

B

A

, k, p

same

For Pb-Pb in ratio to p-p

spectra, , K and p have 

same amplitudes beyond

some pt value

mesons vs protons

artifact?

FFs

p-p dip

p-p data

biased?



Summary
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 bin partν 2N / N

• data plot formats are critical for interpretation

• TCM parameters  same for p-p, p-Pb and Pb-Pb

• central Pb-Pb:  Npart  1/3 of Glauber value

• hard component (jet fragments) does not factorize

• exclusivity and time dilation control jet production

• applies to partons, not hadrons

• high-x partons interact only once in Pb – time dilation

• A-B collisions  low-density, no jet modification

Irony: nominal strongest evidence for a dense medium

emerges as strongest evidence for nuclear transparency


