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OUTLINE

1. Monte Carlo Glauber (MCG) approach for pA and AA

1.a Nuclear configurations for MCG. Including:

1.b nucleon-nucleon (NN) correlations

1.c neutron skin

1.d nuclear deformations

2. Beyond the Glauber approach

2.a Fluctuations of NN interaction strenght

2.b Processes with hard trigger: pA

2.c Processes with hard trigger: dA

2.d Processes with double hard trigger: DPS
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1.a - Glauber multiple scattering pA and AA scattering

Glauber approach: quantum mechanics of high-energy many-body scat-
tering =⇒ frozen approximation; straight line trajectories

z

Incoming Hadron

Target A

s

Inputs:
⋆ (charge) densities of nuclei
⋆ energy-dependent Nucleon-
-Nucleon (NN) cross sections

Side view Beam-line view

Projectile B Target A

s–b

s–b

s sb

b

z

B

A

for given energy and
AA impact parameter b:

−→ interacting
−→ spectators

−→ elastically scattered
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1.a - Glauber: semi-analytic description

• Continuous density distributions of nuclei, ρ(r); r = (b, z)

• Probability of n binary collisions in AA using binomial distribution and
thickness functions TA(b) =

∫
dzρ(b, z), TAA(b) =

∫
dsTA(s)TA(b− s):

Pn(b) =

(
A2

n

)[
TAA(b)σ

in
NN

]n [
1− TAA(b)σ

in
NN

]A2−n

• E.g., total AA inelastic cross section requires multidimensional integrations:

σinAA =
∫
db

∫ ∏A⊗A
i dsiTA(si)

{
1−

∏A
j
∏A
k σ(b− sj + sk)

}
• Optical limit: assuming uncorrelated scattering centers, A⊗A integrations
over transverse coordinates are reduced to one integration:

σ
in,opt
AA =

∫
db

{
1−

[
1− σinNNTAA(b)

]A2
}

• Details of density are lost.
• Difficult to estimate event-by-event fluctuations
M. Alvioli 4 TNPI2019, Cortona
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1.a - Monte Carlo Glauber (MCG) description

• Event-by-event simulation. Details of density
distributions by randomly generated nucleons
positions : in average give the nuclear density.

• Also used in experimental analyses and event
generators

•MCG introduces Npart and Ncoll, not directly
measurable, but contain a lot of information
about the fluctuating collision geometry .

• Charged particle multiplicity scales with Npart, Ncoll ⇔ centrality

•MCG is a starting point for models that require production points for
individual subprocesses (HIJING, SMASH, GLISSANDO, Angantyr .. )

M. Alvioli 5 TNPI2019, Cortona
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1.b - A Monte Carlo generator for nucleon configurations

• Nuclear configurations generated us-
ing |Ψ|2 as a probability density:

Ψ(r1, ..., rA) =

A∏
i<j

f̂ (rij) Φ(r1, ..., rA)

• Spin-isospin correlation operators
from variational calculations:

f̂ (rij) =
∑

n=(1,σ,S)⊗τ
f̂ (n)(rij)

• Reproduces any nuclear profile
(one-body density)

• Two-body density also reproduced
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1.b - Correlations and fluctuations in pA collisions

• average number of single and double collisions:

⟨N⟩ =
∑
N N PN (b)

⟨N(N − 1)⟩ =
∑
N

(
N2 − N

)
PN (b)

• dispersion: D(b) =
⟨N2⟩− [⟨N⟩]2

⟨N⟩ −→
0.8
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• Poissonian result is obtained using

PN (b) =
(A
N

) (
σinNNT (b)

)N[
1− σinNNT (b)

]A−N
(M. Alvioli, H.-J. Drescher, M. Strikman Phys. Lett. B680 (2009))
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1.b - Correlations and fluctuations of participant matter in AA

• Spectator nucleons ••relevant for zero de-
gree calorimeter measurement (beam rem-
nant): Alvioli, Strikman, PRC83 (2011)

• Participant matter distribution relevant
for hydrodynamic evolution:

ϵn = − ⟨w(r) cosn(ϕ− ψn)⟩
⟨w(r)⟩

∆ϵn =

√∑
(ϵin − ⟨ϵi⟩)2

N
Alvioli, Holopainen, Eskola, Strikman

Phys. Rev. C85 (2012)

x

y

−→ participant nucleons • in transverse plane

M. Alvioli 8 TNPI2019, Cortona
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1.c - Configurations with neutron skin

•Neutron skin – p/n profiles for 208Pb:

ρ(r) = ρ
(p,n)
0 /

(
1 + e(r−R

p,n
0 )/ap,n

)
(ρp0, R

p
0, a

p
0) = (”82”, 6.680fm, 0.447fm)

(ρn0 , R
n
0 , a

n
0) = (”126”, 6.700fm, 0.550fm)

(C.M. Tarbert et al., Phys. Rev. Lett. 112 (2014))
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• Smearing of impact parameter =⇒ increase p/n effective ratio
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1.d - Configurations of deformed nuclei

•Nucleus deformation – modified nuclear profile:

ρ(r) =
ρ0

1 + e(r−R0)/a
−→ ρ(r, θ) =

ρ0

1 + e(r−R0−R0β2Y20(θ)−R0β4Y40(θ))/a

(P. Filip, R. Lednicky, H. Masui, N. Xu Phys. Lett. C80 (2009))

Y20(θ) =
1

4 r2

√
5
π (2z

2−x2− y2)

Y40(θ) =
1

16 r4

√
9
π (35z

4− 30z2r2+3r4)

• Studies of isobars/neutorn skin effect at RHIC (J. Hammelmann, A. Soto-
Ontoso, M. Alvioli, H. Elfner, M. Strikman arXiv:1908.10231 [nucl-th])

• Effects on dispersion of moments in U-U (unplublished):
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2 - Beyond Glauber approach

−→ Glauber model: in rescatter-
ing diagrams the proton cannot
propagate in intermediate states

−→ Gribov-Glauber model: the
proton can access a set of inter-
mediate state as in pN diffraction;
relevant at high energies (Einc >>
10 GeV)

X is a set of intermediate states that stay frozen during pA interaction

M. Alvioli 11 TNPI2019, Cortona
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2.a - NN interaction with frozen configurations

• at sufficiently high energy, i.e. when the relation

2R < 2 plab/(M
2 − m2)

holds, intermediate states are frozen during the pA interaction

M. Alvioli 12 TNPI2019, Cortona
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2.a - Fluctuations of NN interaction

• structure of the proton −→ fluctuations into intermediate states

• different internal configurations −→ different cross sections

• relation with color transparency/opacity phenomena

M. Alvioli 13 TNPI2019, Cortona
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2.a - Color Fluctuations in Monte Carlo Glauber

• Gribov-Glauber dynamics: effective cross-section sampled event-by-event
from a distribution P (σ) ∫

dσ P (σ) = 1

P (σ) = γ
σ

σ + σ0
e
−σ/(σ0−1)2

Ω2 ,

∫
dσ σ P (σ) = σtot

1

σ2tot

∫
dσ (σ − σtot)

2P (σ) = ωσ

proposed by V. Guzey, M. Strikman, Phys. Lett. B633 (2006)

used in MCG: M. Alvioli, M. Strikman, Phys. Lett. B722 (2013);

M. Alvioli, V. Guzey, L. Frankfurt, M. Strikman, PRC90 (2014);

M.Alvioli, B.Cole, L.Frankfurt, D.Perepelitsa, M.Strikman, PRC93 (2016);

M. Alvioli, L. Frankfurt, D. Perepelitsa, M. Strikman, PRD98 (2018);

M. Alvioli, M. Azarkin, B.B lok, M. Strikman, EPJC79 (2019);

M. Alvioli, M. Strikman, PRC100 (2019)
M. Alvioli 14 TNPI2019, Cortona
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2.a - Color Fluctuations: probability of N interactions at b

• fluctuations of the number of wounded nucleons Ncoll for given impact
parameter b =⇒ smearing of centrality
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2.a - Color Fluctuations: probability of N interactions

PN =
∫
dbPN (b); N = Ncoll

• Enhancement of the probability of events with large N = Ncoll
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2.b - Geometry & hard trigger in pA processes

• A model to characterize the probability of events with one hard scattering
and the (Ncoll-1) soft scatterings, as a function of Ncoll

• Hard event triggered in a probabilistic way, using the gluon distributions
in the transverse plane Fg(ρ) = exp(−ρ2/B2)/πB2

•We have coupled the MCG average (< ... >) for theNcoll-1 soft interactions
with 2-d integral over the (random) position of hard scattering

ρ
i

b

θ x

ρ

b i

iθ

M. Alvioli, L. Frankfurt, V. Guzey, M. Strikman, Phys. Rev. C90 (2014)

ρi = b + ρ − bi

M. Alvioli 17 TNPI2019, Cortona
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2.b - X-dependent Color Fluctuations in pA
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• The proton has a smaller-than-average cross section: λ = ⟨σ(x)⟩/σpN
Alvioli, Cole, Frankfurt, Perepelitsa, Strikman, Phys. Rev. C93 (2016)

Alvioli, Frankfurt, Perepelitsa, Strikman, Phys. Rev. D98 (2018)

Data: Aad et al. - ATLAS collaboration - Phys. Lett. B748 (2015)
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2.c - Geometry & hard trigger in dA processes

• A model to characterize the probability of events with one hard scattering
and the (Ncoll-1) soft scatterings, as a function of Ncoll

• The hard event triggered in a probabilistic way

•We have coupled the MCG average (< ... >) for theNcoll-1 soft interactions
with 2-d integral over the (random) position of the hard scattering of one
of the nucleons - in the figure, the proton

NP
b

θ x

b

θ ρ

ρ

i

1

i

i

Hulten WF

Alvioli, Frankfurt, Perepelitsa, Strikman, Phys. Rev. D98 (2018)

ρi = b + ρ − bi
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2.c - X-dependent Color Fluctuations in dA
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• The proton has a smaller-than-average cross section: λ = ⟨σ(x)⟩/σpN
Alvioli, Frankfurt, Perepelitsa, Strikman, Phys. Rev. D98 (2018)

Data: Adare et al. - PHENIX collaboration - Phys. Rev. Lett. 116 (2016)
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2.d - Modeling Double Partonic Interactions

• Extension of the hard-trigger formalism to
double-hard trigger + (N -2) soft interactions

+ b − b
i

b
i

ρ
1

ρ
2

ρ
2
+ b − b

i

b − b
i

Nucleus

Center

Ntarg
iPproj

hard
(2)

g

hard
(1)

g

ρ

b

1• Integration of two hard-
scattering point on the
transverse plane, event-
by-event

• Full impact parameter de-
pendence of single and
double dijet events

M. Strikman, D. Treleani, Phys. Rev. Lett. 88 (2002)

M. Alvioli, M. Azarkin, B. Blok, M. Stirkman Eur. Phys. J. C79 (2019)
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2.d - Centrality dependence of double parton scattering

• In pA, the DPS contribution grows with cen-
trality much faster than the competing LT

•MCG distinguishes DPS from the same nu-
cleon or two different nucleons

M. Alvioli et al.,
Eur. Phys. J. C79 (2019)

N =
MultDPS
MultLT

, Ri =
Ni − N2

N3 − N2
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Summary

•We generate nuclear configurations including spin-isospin-dependent
Nucleon-Nucleon correlations

→ Already used by many authors and for several different purposes

→We can produce configurations for any A=Z+N

→ Deformed nuclei are implemented as well as (neutron skin)

• Color fluctuations implemented in MCG by fluctuating σNN , by means
of a probability distirbution P (σNN )

→Modified Ncoll-impact parameter relationship

• Selection of events with a hard-trigger allows the determination of x-
dependence of color fluctuations: both in pA and dA

• Extension of the hard-trigger algorithm to double partonic interactions
and introduction of centrality dependence

Configurations available at: http://sites.psu.edu/color

M. Alvioli 23 TNPI2019, Cortona
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Additional Slides
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1.a - Monte Carlo Glauber (MCG) description: fluctuations
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Miller, Reygers, Sanders, Steinberg,
Ann. Rev. Nucl. Part. Sci. 57 (2007)

effects of different sources
of fluctuations and

parameter dependencies
within MGC

and detector simulation

We focus on
fluctuations due to:

• inclusion of NN correlations in
preparing nuclear configurations

• initial nucleon positions −→ initial
geometry

• no black-disk approximation for NN
−→ P (|b− bj|)

• fluctuation of the NN cross section
(color fluctuations)−→ average
number of participants−→ different
impact parameter dependence
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1.c - Sources of event-by-event fluctuations
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• non-uniform initial densities; modified
by inclusion of NN correlations

• spectators # and # (ZDCs, centrality)

• reaction (RP), event (EP) plane

• moments of participant matter distri-
bution  and  

ϵn = − ⟨w(r) cosn(ϕ− ψn)⟩
⟨w(r)⟩

• dispersion of the moments: ∆ϵn =

√∑
(ϵin−⟨ϵi⟩)2
N

• NN int. probability: P (bij) = 1−
∣∣1− Γ(bij)

∣∣2; Γ(bij) =
σtotNN
4πB e

−b2ij/2B

• fluctuations of NN cross sections (second part)
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1.b - Correlations signatures in two-body densities

•Ab-initio two-body densities: ρ(r) =
∫
dR ρ(2)

(
r = r1 − r2,R = (r1 + r2)/2

)
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•MC algorithm
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2.a - Glauber-Gribov: probability of N interactions
in the Gribov-Glauber model we have, for the diffraction cross section:

σhAin =

∫
db

[
1 − (1 − x)A

]
=

A∑
Ncoll=1

(−1)Ncoll+1A!

(A − Ncoll)!Ncoll!

∫
dbxNcoll ,

where x =
1

A
σhNin T (b) ,

∫
dbT (b)

and we can rewrite

σhAin =

A∑
Ncoll=1

σNcoll ,
A!

(A − Ncoll)!Ncoll!

∫
dbxNcoll (1 − x)A−Ncoll

hence the probability of collisions with Ncoll nucleons and < Ncoll > are:

PNcoll =
σNcoll
σhAin

, < Ncoll >=

A∑
Ncoll

Ncoll
σNcoll
σhAin

= A
σin

σhAin

L. Bertocchi, D. Treleani, J. Phys. G 3 (1977)
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2.a - Color fluctuations: probability of N interactions

we use the distribution P (σ) to implement Gribov-Glauber in Monte Carlo:

σhAin =

∫
dσinP (σin)

∫
db

[
1 − (1 − x)A

]
where

x =
1

A
σhNin T (b) ,

∫
dbT (b)

and

σNcoll =

∫
dσinP (σin)

A!

(A − Ncoll)!Ncoll!

∫
dbxNcoll (1 − x)A−Ncoll

and we have for the probability of collisions with Ncoll nucleons:

PNcoll =
σNcoll
σhAin

G. Baym, B. Blattel, L. Frankfurt, M. Strikman, Phys.Rev. D47 (1993)

Heiselberg, Baym, Blattel, Frankfurt, Strikman, Phys.rev.Lett. 70 (1993)
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2.a - Color Fluctuations: Ncoll and b dependence

•We use ATLAS (ATLAS-CONF-2013-096 ) model for ∆ET in pp colli-
sions with a convolution to obtain the pA model

=⇒
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Alvioli, Cole, Frankfurt, Perepelitsa, Strikman, PRC93 (2016)

• ATLAS and CMS found deviations from the Glauber model (Ncoll tail)

• we derive a non-trivial relation between bins in ∆ET and Ncoll and thus
determine P (Ncoll) dependence on centrality (ν = Ncoll)
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Wounded quarks in A+A, p+A, and p+p collisions

Piotr Bożek,1, ∗ Wojciech Broniowski,2, 3, † and Maciej Rybczyński3, ‡

1AGH University of Science and Technology, Faculty of Physics and

Applied Computer Science, al. Mickiewicza 30, 30-059 Cracow, Poland
2The H. Niewodniczański Institute of Nuclear Physics,

Polish Academy of Sciences, 31-342 Cracow, Poland
3Institute of Physics, Jan Kochanowski University, 25-406 Kielce, Poland

(Dated: ver. 2, 3 May 2016)

We explore predictions of the wounded quark model for particle production and properties of the
initial state formed in ultrarelativistic heavy-ion collisions. The approach is applied uniformly to
A+A collisions in a wide collision energy range, as well as for p+A and p+p collisions at the CERN
Large Hadron Collider (LHC). We find that generically the predictions from wounded quarks for
such features as eccentricities or initial sizes are close (within 15%) to predictions of the wounded
nucleon model with an amended binary component. A larger difference is found for the size in p+Pb
system, where the wounded quark model yields a smaller (more compact) initial fireball than the
standard wounded nucleon model. The inclusion of subnucleonic degrees of freedom allows us to
analyze p+p collisions in an analogous way, with predictions that can be used in further collective
evolution. The approximate linear dependence of particle production in A+A collisions on the num-
ber of wounded quarks, as found in previous studies, makes the approach based on wounded quarks
natural. Importantly, at the LHC energies we find approximate uniformity in particle production
from wounded quarks, where at a given collision energy per nucleon pair similar production of ini-
tial entropy per source is needed to explain the particle production from p+p collisions up to A+A
collisions. We also discuss the sensitivity of the wounded quark model predictions to distribution
of quarks in nucleons, distribution of nucleons in nuclei, and to the quark-quark inelasticity profile
in the impact parameter. In our procedure, the quark-quark inelasticity profile is chosen in such a
way that the experiment-based parametrization of the proton-proton inelasticity profile is properly
reproduced. The parameters of the overlaid multiplicity distribution is fixed from p+p and p+Pb
data.
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