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Wounded nucleons



The wounded nucleon model (1)
Inspired by the phenomenology of particle production  

• No intra nuclear cascade  
• The observed multiplicity is not  
proportional to the number of  
binary collisions

• Particles are not produced 
instantaneously 

• The multiplicity does not depend on 
how many times a nucleon is hit

Wounded nucleons (participants)
[Bialas, Bleszynski, Czyz (1976)]

NpA =
1
2 (νA + 1) Npp

NpA =
1
2

wANpp



The wounded nucleon model (2)

b⃗
zNpA =

1
2

wANpp

Extension to AB collisions NAB =
1
2

wAB Npp

b

B

A

s_A

s_B

Np(b) = ∫ d2s np(s, b)

np(s, b) = TA(s)[1 − exp(−σNTB(s − b))] + TB(s − b)[1 − exp(−σNTA(s))]

TA(s) = ∫
∞

−∞
dz ρA(b, z)

Dependence on impact parameter

Density of participants

Thickness function 



Nuclear geometry

�  depends on the positions of 
nucleons (projected in  

the transverse plane) at the 
"instant" of the collision

TA(s)
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Figure 8
An illustrated example of
the correlation of the
final-state-observable total
inclusive charged-particle
multiplicity Nch with
Glauber-calculated
quantities (b, Npart). The
plotted distribution and
various values are
illustrative and not actual
measurements (T. Ullrich,
private communication).

rapidity. For large b events (“peripheral”) we expect low multiplicity at midrapidity
and a large number of spectator nucleons at beam rapidity, whereas for small b events
(“central”) we expect large multiplicity at midrapidity and a small number of spectator
nucleons at beam rapidity (Figure 8). In the simplest case, one measures the per-event
charged-particle multiplicity (dNevt/dNch) for an ensemble of events. Once the total
integral of the distribution is known, centrality classes are defined by binning the
distribution on the basis of the fraction of the total integral. The dashed vertical lines
in Figure 8 represent a typical binning. The same procedure is then applied to a
calculated distribution, often derived from a large number of Monte Carlo trials. For
each centrality class, the mean value of Glauber quantities (e.g., ⟨Npart⟩) for the Monte
Carlo events within the bin (e.g., 5%–10%) is calculated. Potential complications to
this straightforward procedure arise from various sources: event selection, uncertainty
in the total measured cross section, fluctuations in both the measured and calculated
distributions, and finite kinematic acceptance.

3.1.1. Event selection. All four RHIC experiments share a common detector to
select MB heavy ion events. The ZDCs are small acceptance hadronic calorimeters
with an angular coverage of θ ≤ 2 mrad with respect to the beam axis (9). Situated
behind the charged-particle steering DX magnets of RHIC, the ZDCs are primarily
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(Miller et al., Annu. Rev. Nucl. Part. Sci. 2007. 57:205–43)

The overlap region 
 depends on Impact parameter

n̄(b) ≈ ∫Seff

d2s [TA(s) + TB(s − b)]

Transverse plane

Seff

number of nucleons in the 
overlap region at a given 

impact parameter



The wounded constituent picture suggests that most 
of the entropy is produced already at the very early 

stage of the process.  
[A Bialas, J. Phys. G 35, 044053]

• The wounded nucleon model does not resolve the 
dynamics in the longitudinal direction ("formation 
time", "formation zone", "soft physics"…)

• It suggests that the entropy is deposited locally in the 
transverse plane, at the location where nucleons are wounded.

• It is convenient to view �  as a 2D random field, with 
specific correlations.

s(r)

• Modelling is needed to determine the local entropy � , but 
long range correlations appear to be robust.

s(r)



Collective flows 
and fluctuations



Collective flows

(Ollitrault 92)
<latexit sha1_base64="hlgYq6QRfB7quAjGQZDb1FWpc1U="></latexit>

hcos 2'i = hcos2 ' � sin2 'i > 0

The shape of the collision zone determines the pressure 
gradients which accelerate particles 

<latexit sha1_base64="wuxu9CxtTFttPzAmjMTfrTJipJI="></latexit>ux = u cos'
<latexit sha1_base64="CxPghUK/eEaMbh6RWDQmfAWkinY="></latexit>

uy = u sin'
(u = flow velocity)

<latexit sha1_base64="QdLD4NfVN44bgQ0/nDCJE+Dyzak="></latexit>

rxP � ryP �! |ux| �
���uy
���

Hence a non vanishing value of the "elliptic flow" v2 
<latexit sha1_base64="Q/nWEg9yCU3Rh0QiKL1dSziBMrM="></latexit>

1
N

dN
d'
=

1
2⇡
⇥
1 + 2�2 cos[2(' �  2)]

⇤
<latexit sha1_base64="SCvSQnFRvRNMmm0SyBl3U3IiKWk="></latexit>

�2 = hcos 2'i =
Z

d'
2⇡

1
N

dN
d'

cos(2')



Non trivial azimutal distribution 

The magnitudes of the 
coefficients v_n are 

correlated with the impact 
parameter of the collision

<latexit sha1_base64="nCnnS0AWLz4nTobwBKWwynoHCWY="></latexit>

1 + 0.2 cos[2']

<latexit sha1_base64="1qZHaoZ/GgQvh3b6Q5LFn32gaCQ="></latexit>

1
N

dN
d'
=

1
2⇡

2
6666641 + 2

1X

n=1

�n cos[n(' �  n)]
3
777775



• Entropy deposition is a random process, 
with local fluctuations in entropy density

• Average over events reveal correlations in 
these fluctuations. 

• The pattern of fluctuations is strongly 
correlated with that of the initial positions of 
the wounded nucleons

• Short wavelength fluctuations average out. What remains after some evolution 
are the long wavelength fluctuations (low multipoles, "collective variables") that 
characterize the "shape" of the collision zone.  

• Hydrodynamical evolution preserves that information, which is carried 
to the momentum distribution (by pressure gradients). 

<latexit sha1_base64="CPTkoI07duufjTR4Aizn4icKbXw="></latexit>�2 / "2
<latexit sha1_base64="6Vr8QDdpX+bfinJQHHb7AJSdAq4="></latexit>�3 / "3 (higher multipoles are  

non linearly coupled)

Fluctuations



Monte Carlo sampling

Sensitivity of the flows to the precise location 
of the nucleons at the instant of the collision

These locations are determined by the many-
body wave functions of A and B

Ψ0(s1, ⋯, sA)
2

= ∫ dz1⋯dzA Ψ0(r1, ⋯, rA)
2

Most common approximation

Ψ0(r1, ⋯, rA)
2

↦ ρ(r1)⋯ρ(rA)

Includes fluctuations of nucleon positions, but ignores all 
correlations. Still, it works amazingly well….

r = (b, z)

But one can do better, and learn about specific correlations.



Connection to             
nuclear structure
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Fig. I. Transverse energy differential cross section do/dE-v in 
- 0.1 < ~l < 2.9 for 200 GeV per nucleon ~-'S-AI Ag, Pt W, Pb, and 
U collisions; Er is defined as EE, sin 0 where El= (p2+m'-)~/2, 
except for baryons where Ei = (p-" + m -" ) ~/~- - m, The geometrical 
parametrization of the Er differential cross section for the 32S-U 
collisions is shown as an example. A fit of  the same quality is also 
obtained for the other targets. 

Table 1 
The transverse energy differential cross section da/dET in 
- 0.1 < rha b < 2.9 for 200 GeV per nucleon 328-A1 collisions. 

E~ Bin do/dEv Error 
[GeV] half-width [mb /GeV]  [mb/GeV]  

[GeV] 

11.5 2.3 3.14×  10 +l 4.22X 10 +° 
16.1 2.3 3.90×  10 +l 4 .47×  10 +° 
20.6 2.3 2.65×  10 +j 4 .64×  10 +° 
25.2 2.3 2.85×  10 +~ 4.32×  10 +° 
29.8 2.3 2.58×  10 +~ 4 .14×  10 +° 
34.4 2.3 2.56X 10 +~ 3.53×  10 +° 
39.0 2.3 2.32×  10 + ~ 3.09×  10 +° 
43.6 2.3 1.43X 10 +' 2 .53×  10+° 
48.2 2.3 1.45×  10 +~ 2.14×  10 +° 
52.8 2.3 1.13×  10 +n 2.12×  10 +° 
57.4 2.3 9.06×  10 +° 1.76×  10 +o 
61.9 2.3 7.77×  10 +° 1.41×  10 +° 
66.5 2.3 7.94×  10 +° 1.66X 10 +° 
71.7 2.3 3.81×  10 +° 1.06X 10 +° 
75.7 2.3 1.89×  10 +° 6.78×  10- 
80.3 2.3 6.26X 10 -1 2 .27×10  ~ 
84.9 2.3 2.34X 10- '  2 .00×  10 -~ 
89.5 2.3 4 .77×  10--" 2 .77×  10 -z 
94.1 2.3 2.74×  10 -2 2.19×  10 -2 

n i z e d  i n d e p e n d e n t l y  b y  t h e  r e l a t i o n  b e t w e e n  t h e i r  Ev 
a n d  t h e i r  m u l t i p l i c i t y .  I n  t h i s  r e g i o n  t h e  n o n - t a r g e t  
b a c k g r o u n d  is  e l i m i n a t e d  w i t h  a n  e f f i c i e n c y  c l o s e  to  
100%.  B e t w e e n  6 a n d  15 G e V  (Ex) t h e s e  c u t s  b r i n g  
t h e  n o n - t a r g e t  c o n t r i b u t i o n  f r o m  ( t y p i c a l l y )  9 0 %  t o  
2 0 % ,  w h i l s t  t h e  e f f i c i e n c y  fo r  t h e  g o o d  e v e n t s  is  
> / 9 5 % .  T h e  r e m a i n i n g  c o n t a m i n a t i o n  o f  n o n - t a r g e t  
i n t e r a c t i o n s  is  r e m o v e d  b y  s u b t r a c t i n g  t h e  s p e c t r a  
o b t a i n e d  w i t h  n o  t a r g e t ,  u n d e r  t h e  s a m e  e x p e r i m e n -  
t a l  c o n d i t i o n s .  

T h e  t h i c k n e s s e s  ( i n  m i l l i m e t r e s )  o f  t h e  d i s k  t a r g e t s  
u s e d  we re :  1.0 ( A I ) ;  0 .3  ( A g ) ;  0 . 2  ( W ) ;  0 . 2 5  ( P t ) ;  
0 . 2  ( P b ) ;  0 . 3 2  ( U ) .  A s  i n  ref .  [ 2 ] ,  s y s t e m a t i c  s t u d i e s  
w e r e  m a d e  w i t h  r e s p e c t  t o  p o s s i b l e  s e c o n d a r y  i n t e r -  
a c t i o n s  s h o w i n g  t h a t  t h e  a b o v e  d i s k  t a r g e t s  w e r e  t h i n  
e n o u g h  f o r  t h e  c o n t a m i n a t i o n  f r o m  m u l t i p l e  i n t e r -  
a c t i o n s  to  b e  l e s s  t h a n  t h e  s t a t i s t i c a l  e r r o r s .  

T h e  ET  d i f f e r e n t i a l  c r o s s  s e c t i o n s  i n  t h e  p s e u d o r -  
a p i d i t y  r a n g e  - 0.1 < q <  2 .9  a r e  p r e s e n t e d  in  fig. 1 a n d  
i n  t a b l e s  1 - 6  as  a f u n c t i o n  of El- f o r  t h e  v a r i o u s  t a r g e t  

Table 2 
The transverse energy differential cross section d<y/dET in 
- 0. t < q~,,b < 2.9 for 200 GeV per nucleon 32S-Ag collisions. 

E~ Bin da/dET Error 
[GeV ] half-width [mb /GeV ] [ mb /GeV ] 

[GeV] 

91.8 4.6 7.86X 10 +° 5.39X 10 -~ 
100.9 4.6 7.29X 10 +° 2.59X 10- '  
110.1 4.6 6.40X 10 +° 3.72X lO-t  
119.3 4.6 5.56X 10 +° 2.44X 10 
128.5 4.6 5.54X 10 +° 2.28X 10 n 
137.6 4.6 4.52 X 10 +~ 2.07 X 1 O- ' 
146.8 4.6 3.66X 10 +° 1.83X10 ~ 
156.0 4.6 3.12X 10 +° 1.59X 10 I 
165.2 4.6 2.01X 10 +° 9.22X 10 : 
174.3 4.6 1.07X 10 +~ 3.69X 10 2 
183.5 4.6 5.48X10 ~ 2.54X10 2 
192.7 4.6 2.44×  10-~ 1.19X 10 -2 
201.9 4,6 7.41X 10 -~- 7.07X 10 3 
211.0 4.6 2 .72×10  --~ 4 .28×  10 3 
220.2 4.6 3.34×  10 -3 1.67×  10 3 
227.1 2.3 2 .29×10  3 2.29)<10 3 

2 9 7  

Shape matters 

S-nucleus collisions 
200 GeV per nucleon 

HELIOS collaboration,  
(CERN SPS) 

Phys. Lett. B 214 (1988) 295

The tail of the transverse 
energy distribution depends 

on the orientation of the 
Uranium nucleus 

2

n Emergent phenomena of many-body quantum system 
n clustering, halo, skin, bubble…
n quadrupole/octupole/hexdecopole deformations
n Nontrivial evaluation with N and Z.

Collective shape of atomic nuclei

Shape coexistence

β2-landscape

β4-landscape

PRC 89, 054320 (2014)

PRC 89, 054320 (2014)



Heavy ion collisions and 
nuclear structure

Low-energy structure of nuclei affects outcome of high-
energy collisions between nuclei

Observations made at colliders impact our knowledge of 
nuclear structure

Numerous evidences for the influence of 
"intrinsic" nuclear shapes, e.g Ru/Zr ratios 

Precise determination of  e.g. 
• deformation parameters : � ,  � , �   [2108.09578] 

• neutron skin, �  fm   [2305.00015] 

129Xe β = 0.2 γ = 0.27o

Δrnp = 0.217 ± 0.058

4440

[For a representative publication with many references see  arXiv 2402.05995] 

Imaging nuclei at the yoctosecond  time scale

ys = 10�24s ' 0.3fm/c
<latexit sha1_base64="NaEWvquYMIlIUFBzoh2jdzMai3o="></latexit>



Why are nuclei "deformed"

(100),(010),(001)

(002)

(000)
<latexit sha1_base64="PoiuhlY9lR+DTnu9hCAQhY+riS0="></latexit>

1
2
~!0

<latexit sha1_base64="x5Q4rkpKjYxPaIVTbC0OefAFOPo="></latexit>

3
2
~!0

<latexit sha1_base64="NPurG3uyjFEkfbjSHcgowBs42yw="></latexit>

5
2
~!0

• Independent nucleons in a harmonic potential well
<latexit sha1_base64="sIQrSiEOLDr4hFn32qpn0BpD6Cc="></latexit>

H0 =
p

2

2m
+

1
2

⇣
!xx

2 + !yy
2 + !zz

2
⌘

• The frequencies of the oscillator adjust so 
as to make the velocity distribution 
isotropic

• Isotropic filling yields a spherical potential 
<latexit sha1_base64="XYgfiS108WfJQ6a0QidZrvpJJRE="></latexit>

16
O : !x = !y = !z = !0

• Anisotropic filling yields a deformed potential 
<latexit sha1_base64="Ashht7zhbj599aAKlo4SRg4qsNc="></latexit>

20Ne : !x = !y, !z =
7

11
!x

(the qualification "deformed" refers to deviation from spherical shape)
• If nuclei were "liquid drops", their equilibrium shapes would be spherical 

2

n Emergent phenomena of many-body quantum system 
n clustering, halo, skin, bubble…
n quadrupole/octupole/hexdecopole deformations
n Nontrivial evaluation with N and Z.

Collective shape of atomic nuclei

Shape coexistence

β2-landscape

β4-landscape

PRC 89, 054320 (2014)

PRC 89, 054320 (2014)

• Deformation is intimately connected with single particle motion 
in a self-consistent mean field

The deformed shape is 
energetically favoured

"nxnynz = (nx + 1/2)~!x + (ny + 1/2)~!y + (nz + 1/2)~!z
<latexit sha1_base64="/UIDsLqIoaZ+TA/AZPP6f2izlYo="></latexit>

Akin to spontaneous symmetry breaking



• It is NOT the ground state of the nuclear Hamiltonian since the ground 
state carries zero angular momentum. The ground state is of the form  

• The mean field wave function  �  carries the deformation ΦΩ(q1, ⋯, qA)

[Note analogy with a diatomic molecule] 

ΨJ=0 ∝ ∫
dΩ
4π

ΦΩ(q)

• One could describe nuclear properties without any reference to an 
intrinsic state (e.g. shell model wave functions). 

(see e.g. A. Poves et al.  "Limits on assigning a shape to  a nucleus", arXiv: 1906.07542)

• Deformation can be inferred from invariant moments (Kumar 1972)

hQi = 0
<latexit sha1_base64="+BD49dUKftgENYtPoUkE+9E1QJk="></latexit>

hQ2i , 0
<latexit sha1_base64="GuLBcFYqA4CvYZcclTDJe8F6GwU="></latexit>

<latexit sha1_base64="Jqi5OCdJkyDDolDvkA/Kqsz9c9Y="></latexit>⇣
hQ4i � hQ2i2, hQ6i � hQ3i2

⌘
�! (��,��)

… or more generally from correlation functions

Is deformation directly observable ?



Angular correlations 

• In the intrinsic state the nucleons are uncorrelated (mean field picture), but 
the average potential has some "orientation" 

• Averaging over the collective wave function generates correlations (of all orders). 

Note the analogy with the determination of V2

• In particular density-density correlation functions

JPB and G.Giacalone, 
2504.15521

<latexit sha1_base64="ClelECm4pqGrGrrJMR4eU4d2FTs="></latexit>

P⌦(s1, s2, · · · , sA) =
����int
⌦ (s1, s2, · · · , sA)

���2 ⇡ ⇢⌦(s1) · · · ⇢⌦(sA)

ρ(r) =
ρ0

1 + e(r−R(θ))/a
R(θ) = R0(1 + β2Y20(θ))

ρ(1)(r) = ∫
dΩ
4π

ρΩ(r) ρ(2)(r1, r2) = ∫
dΩ
4π

ρ(1)
Ω (r1)ρ(1)

Ω (r2)

ρ(2)(r1, r2) − ρ(1)(r1)ρ(1)(r2) ∝ δ2 r2
1r2

2 cos(2(φ1 − φ2))



JPB, G.Giacalone, A Lovato, 2512.18926



Conclusions
The wounded nucleon model suggests that entropy 
production occurs locally in the transverse plane at very 
early time. 

Heavy ion collisions offer the possibility to capture the 
shapes of deformed nuclei in a direct way. Not only does 
one "see" the shapes, but the values of deformation 
parameters can be determined with surprisingly high 
precision. 

More information on nuclear structure (neutron skin, zero 
point fluctuations of sizes, etc) can be obtained. 

It is remarkable that the long range correlations present in 
the initial states survive the complexity of the matter 
evolution…


