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1Monte Carlo Glauber approach for pA and AA

1.a Glauber vs. Monte Carlo Glauber

1.b Nuclear configurations including NN correlations

1.c Npart and Geometry fluctuations in pA and AA collisions
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2. Beyond the Glauber approach

2.a NN interaction strenght fluctuations

2.b Inclusion of hard processes
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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, transverse momen-
tum exchange negligible wrt longitudinal momentum.
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Inputs:
⋆ (charge) densities of nuclei
⋆ energy-dependent Nucleon-
-Nucleon (NN) cross sections
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for given energy and
AA impact parameter b:

−→ interacting
−→ spectators
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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 mutlidimensional 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
}

• Mostly accurate. Finite radius of NN interaction neglected. Details of
density are lost. Difficult to estimate event-by-event fluctuations

4 INT, July ’15
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1.a - Monte Carlo Glauber (MCG) description

• event-by-event simulation: details of density distributions by randomly gen-
erated nucleons positions : in average give the nucleus density.

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

In particular:

→ Npart experimentally related to energy in ZDCs ⇔ centrality

→ charged particle multiplicity scales with Npart, Ncoll ⇔ centrality

→ participant distribution shape determines elliptic flow of low pT parti-
cles

•MCG is a starting point for models that require production points for
individual subprocesses

• also used in experimental analyses

M. Alvioli 5
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1.a - Monte Carlo Glauber (MCG) description: fluctuations
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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

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

• initial nucleon positions −→ initial
geometry

• fluctuation of the NN cross sec-
tion−→ average number of partic-
ipants −→ different impact param-
eter dependence
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1.b - A Monte Carlo generator for nucleon configurations

• Configurations generated according
to the independent particle model
contain overlapping nucleons

• Ad-hoc hard-core rejection methods avoids overlapping nucleons but is not
linked to realistic correlations and do not reproduce two-body density

•We developed a Metropolis code
which includes realistic NN
correlations functions in
a way which is consistent with
the input one-body density

•We also have a two-body density
close to the one obtained in
microscopic calculations of w.f. 0 2 4 6 8 10 12
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•We used |Ψ|2 as a Metropolis weight function

Ψ(r1, ..., rA) =
A∏
i<j

f̂ (rij) Φ(r1, ..., rA)

where Φ is given by the independent particle model.
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•We use realistic correlation functions from variational calculation

M. Alvioli 8 INT, July ’15



'

&

$

%

1.b - Correlations signatures in coordinate space densities

• realistic relative two-body density ρ(r) =
∫
dR ρ(2)

(
r = r1 − r2,R = (r1 + r2)/2

)

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  1  2  3  4

C
N 0,

1 
ρre

l
0,

1 
(r

) 
[fm

-3
]

r [fm]

α
t

h

α*

0 1 2 3 4
r (rm)

0.00

0.02

0.04

0.06

0.08

ρ0 1,
0(

r)
/R

1,
0 

 (
fm

-3
)

1
S0 VBS

4
He

6
Li

16
O

2
H (unpolarized)

0 1 2 3 4 5 6 8
0.0

0.1

0.2

0.3

0.4

0.5

 

 

 12C
 16O
 40Ca

(2
) (r)

 [f
m

-3
]

r [fm]

Feldemeier et al, Forest et al, Alvioli et al, Phys. Rev. C72;
Phys. Rev. C84, 054003 (2011) Phys. Rev. C54 (1996) 646-667 Phys. Rev. Lett. 100 (2008)

•MC algorithm to include correlations in heavy nuclei
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M. Alvioli, H.-J. Drescher, M. Strikman, Phys. Lett. B680 (2009) 225
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1.b - Probabiltity distribution functions PN (b) in pA collisions

• probability of interaction with nucleon i: P (b, bi) = 1 − [1 − Γ(b− bi)]
2

• black disk approximation replaced by
the Glauber profile Γ(b):

Γ(b) =
σtotNN
4πB e

−b2/(2B) ,

the Fourier transform of the NN
elastic scattering amplitude A(t) for

dσ/dt ∝ exp(Bt)

• probability of interaction with N nucleons
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]
(M. Alvioli, H.-J. Drescher, M. Strikman Phys. Lett. B680 (2009))
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1.c - 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⟩ −→
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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.c - Fluctuations of the geometry of participant matter

• Fluctuations effects on geometry investi-
gated through participant matter distri-
bution moments and their dispersion

ϵn = − ⟨w(r) cosn(ϕ− ψn)⟩
⟨w(r)⟩

∆ϵn =

√∑
(ϵin − ⟨ϵi⟩)2

N

x

y

−→ participant nucleons • in transverse plane

M. Alvioli 12 INT, July ’15
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1.d - Latest updates of nuclear configurations - I

•Nucleus deformation – for 238U we use a modified WS profile:

ρ(r) =
ρ0

1 + e(r−R0)/a
−→ ρ(r, θ) =

ρ0

1 + e(r−R0−R0β2Y20(θ)−R0β4Y40(θ))/a

Y20(θ) =
1

4 r2

√
5

π

(
2z2 − x2 − y2

)
Y40(θ) =

1

16 r4

√
9

π

(
35z4 − 30z2r2 + 3r4

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

• deformation effect on dispersion of moments:
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1.d - Latest updates of nuclear configurations - II

•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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• additional tool for determination of centrality:
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• The smearing of impact parameter is expected to reduce the p/n difference
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2 - Beyond Glauber approach (also Mark’s talk)

−→ 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 20 INT, July ’15
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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

• the fluctuations into intermediate states, i.e. different internal configura-
tions, is a manifestation of the structure of the proton

• the transverse spatial extent of the color field and of the momentum distri-
bution in each particular configuration determines the hM −N interaction
strengh

• different configurations −→ different cross sections −→ relation with color
transparency/opacity phenomena

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

Heiselberg, Baym, Blattel, Frankfurt, Strikman, Phys.Rev.Lett. 70 (1993)
M. Alvioli 21 INT, July ’15



'

&

$

%

2.a - NN interaction Fluctuations in high-energy pA scattering

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 in high-energy pA scattering

• GMC: pA process calculated for different configurations with given σ, which
do not interfere with each other, then averaged over all possible configura-
tions with a weight given by the probability of the configuration, P (σ)

P (σ) = γ
σ

σ + σ0
e
−(σ/σ0−1)2

Ω2∫
dσ P (σ) = 1 ,

∫
dσ σ P (σ) = σtot

1

σ2tot

∫
dσ (σ − σtot)

2P (σ) = ωσ

proposed by

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

parametrized in V. Guzey, M. Strikman, Phys. Lett. B633 (2006)

first used in MCG: M. Alvioli, M. Strikman, Phys. Lett. B722 (2013)
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2.a - Color Fluctuations in high-energy pA scattering

• Effects of fluctuations mainly determined by the dispersion ωσ of P (σ)

P (σ) = γ
σ

σ + σ0
e
−(σ/σ0−1)2

Ω2∫
dσ P (σ) = 1∫
dσ σ P (σ) = σtot

1

σ2tot

∫
dσ (σ − σtot)

2P (σ) = ωσ
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ωσ=0.1
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• A simple two-states model illustrates fluctuations effects: for ωσ = 0.1

σ1,2 = σtot (1 ±
√
ωσ) −→

{
σ1 = σtot (1 +

√
0.1) −→ σ1/σtot = 0.77

σ2 = σtot (1 −
√
0.1) −→ σ2/σtot = 1.43

Mark will discuss the parametrization of P (σ)
M. Alvioli 24 INT, July ’15
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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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• we find enhancement of the probability of events with large N = Ncoll
M. Alvioli, M. Strikman, Phys. Lett. B722 (2013)
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2.a - Color Fluctuations: probability of N interactions

• fluctuations of the number of wounded nucleons Ncoll for given impact
parameter b =⇒ smearing of centrality

• PN =
∫
dbPN (b); N = Ncoll
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M. Alvioli, M. Strikman, Phys. Lett. B722 (2013)
M. Alvioli, V. Guzey, L. Frankfurt, M. Strikman, Phys. Rev. C90 (2014)

M. Alvioli 26 INT, July ’15



'

&

$

%

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, arXiv:1409.7381 [hep-ph]

• 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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2.b - Geometry & hard trigger in pA processes (Mark’s talk)

•We have developed a model to characterize events with one hard scattering
and the remaining soft scatterings, as a function of ν = Ncoll

• The hard event (HT) is 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 the N-1 soft interactions
with 2-d integral over the position of the 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
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2.b - Geometry & hard trigger in pA processes (Mark’s talk)

• The particular target nucleon j that undergoes hard scattering is selected
in each event according to the probability

pj =
Fg(b + ρ − bj)∑A
k=1Fg(b + ρ − bk)

, ρj = b + ρ − bj

Rate(Ncoll) =< σHT

∫
dbdρ

A∏
i=1

dρiFg(ρ)
A∑
i=1

Fg(ρi) phard(Ncoll) >

• where phard is the (MC-calculated) probability that the event contains

Ncoll = Ncoll(other) + 1 ,

with Ncoll(other) denoting all the inelastic interaction in the event, but
the one with target nucleon j, which we selected as a hard trigger

M. Alvioli, L. Frankfurt, V. Guzey, M. Strikman, Phys. Rev. C90 (2014)
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2.c - Perspectives: modeling Double Partonic Interactions

• we can extend the formalism developed for one hard +(A-1) soft interac-
tions to additional hard interactions

i

b

θ x

b

θ ρ
y

ρ

ρ
ρ

i

j

θj

1

2

i

• we can easily describe events where two hard interactions are from one
target nucleon or two different nucleons, useful to study MPI and partonic
correlations, i.e. as in

M. Strikman, D. Treleani, Phys. Rev. Lett. 88 (2002)
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2.c - Perspectives: calculation of AA processes

• the extension of the pA calculations to investigate color fluctuations effects
is straightforward and the expression of the dispersion of P (σ) in pA

ω = ω0 + ωdef + 1 − α +
(
NpA − α

)
ωσ

becomes for AB collisions:

ω = ω0 + ωdef + 2 − α − β +
(
NpA +NpB − α − β

)
ωσ

• ω0 ≃ 0.5 depends from the individual pp process, ωdef is due to target
deformations, α, β are due to NN correlations, and

NpA =< σ > T (b) NpB =< σ >

∫
dsTA(s)T (b− s)

H. Heiselberg, G. Baym, B. Blattel, L.L. Frankfurt, M. Strikman
Phys. Rev. Lett. 67 (1991)
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my final message:

use our MC-generated configurations available at:
http://www.phys.psu.edu/~malvioli/eventgenerator

described in:
M. Alvioli, H.-J. Drescher, M. Strikman, Phys. Lett. B 680 (2009)
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