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OUTLINE

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. Monte Carlo Glauber (MCG) approach for pA and AA
1.a Nuclear configurations for MCG. Including:
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1.a - Glauber multiple scattering pA and AA scattering

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

Inputs:
- o, . .
Incoming Hadron * (Ch&fg@) deﬂSltleS Of HU.C161
e oo o
T * energy-dependent Nucleon-
S
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -Nucleon (NN) cross sections
Side view Beam-line view

for given energy and

Projectile B
’ AA impact parameter b:
I I — interacting
Ny 1 _ — spectators
— elastically scattered
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1.a - Glauber: semi-analytic description

e Continuous density distributions of nuclei, p(r); r = (b, 2)

e Probability of n binary collisions in AA using binomial distribution and
thickness functions T4(b) = [ dzp(b, z), TaA(b) = [ dsT4(s)T4(b — s):

Po(b) = (A2

A2
. |

) {TAA(b)U%N}n [1 — Taa(b)oNy

oo total AA inelastic cross section requires multidimensional integrations:
ARA ATTA
o'ty = [ db [ TI94 dsiTa(sy) {1 =TI T (b — 55+ 1) |

e Optical limit: assuming uncorrelated scattering centers, AQA integrations
over transverse coordinates are reduced to one integration:

i ort fdb{l —1- aNNTAA(b)}A2}

e Details of density are lost.

e Difficult to estimate event-by-event fluctuations
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l.a - Monte Carlo Glauber (MCG) description A

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

e Also used in experimental analyses and event

generators
e MCG introduces Npgr+ and Ny, not directly 525,
measurable, but contain a lot of information 45 0 5 0 5 10 15

about the fluctuating colliston geometry.

e Charged particle multiplicity scales with N;yqt, Neo < centrality

e MCG is a starting point for models that require production points for
individual subprocesses (HIJING, SMASH, GLISSANDO, Angantyr .. )
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1.b - A Monte Carlo generator for nucleon configurations

e Nuclear configurations generated us-
ing |V|? as a probablllty density:

U(ry,..,14) = Hf(rij)CD(rl,

1<J
e Spin-isospin correlation operators
from variational Calculatlons

0.16 B
T” B Z f (rij) P 0.12
n=(1,0,9)®7 g
0.084
e Reproduces any nuclear profile =
(one-body density) 0.04
e T'wo-body density also reproduced 0.00
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: 1.b - Correlations and fluctuations in pA collisions -
e average number of single and double collisions: 4] 1(30' """ P
0.9-
(N) = ZN N Py (b) A 08 ... Poissonian -
Z 4. - - = -Uncorrelated]
(N(N—=1)) = > n (N2 - N) Py (b) 10'7- Gaussian
“‘7\\1 0
2 2 Z ] i
e dispersion:  D(b) = Sl ><;V.[><N>] > v 09T
A 0.8
z
Y1.0-
e Poissonian result is obtained using .
A N A-N o8-
Py(b) = (i) (0N yT0) " [L = o T ()] 0]
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(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

20

e Spectator nucleons eerelevant for zero de-
gree calorimeter measurement (beam rem-

nant): Alvioli, Strikman, PRC83 (2011)

e Participant matter distribution relevant
for hydrodynamic evolution:

o (w(r) cosn(p — p))
" (w(r))

Acn — \/2@%;]; (e3))°

Alvioly, Holopainen, Eskola, Strikman

Phys. Rev. C85 (2012)

y
@
*
K; U X — participant nucleons e in transverse plane
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effective proton-to-neutron ratio

1.c - Configurations with neutron skin

| PRL 112 (2014) 242502

1 | T
e Neutron skin — p/n profiles for %% Pb: O_S_W
K0! =
plr) = o™ /(14 =R o
Q_SOA
Q
(o0, B2, al) = (7827, 6.680fm, 0.447 fm) 02
(o7, R, a") = (71267, 6.700 fm, 0.550 fm)
(C.M. Tarbert et al., Phys. Rev. Lett. 112 (2014)) %0

e Suggested as additional tool for determination of centrality:

0.8 — — T T ‘ ‘ ‘ 12 — ‘ ‘ — 1T 0.7
® I Optical Glauber + |
07| 7 ® 1151 I ATLASPb-PD  ———— Neutronskin+ | 0.65
e - NLO pQCD
0.6 - o B S ‘ : B 0.6
o5 : : : : ‘ . . 105 £ oss)
) >
04 - = :‘s 1.0 ~ 05
: : : : : : : ~ Q{\
03 : : : : : : : : — . > 0.4
0.95 F
02 L . . . . . . . . . | 09 04 L
o N L
o XX >~ B = = = = = . o °
1§ § 3 § 8 8 8 &8 8 & ossle & § g 8 : 0351
s 2 & 8 ¢ 8 8 R 8 8 1553 & s
ool og i i 0. ! ! 0.3
Centrality Centrality

H. Paukkunen, PLB745 (2015)
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al
T

Uncorrelated —
Centra Corr.
- .F.u”(.:O”'._. o
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r [fm]
,,,,,,,,,,,, AR m [N SRR SR SN

— Glauber, T(b) -

Glauber, 3E; L
GL + CF, 5E; —
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Centrality bins

Alvioli, Strikman (PRC 100, 2019)
e Smearing of impact parameter —> increase p/n effective ratio
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1.d - Configurations of deformed nuclei

e Nucleus deformation — modified nuclear profile:

plr) = —=1 — plr0) = .

| + e(r—Ro)/a 1 + e(r—Ro—RoB2Y20(0)—RoB4Yi0(0))/a

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

Side view Beam view €2 Npart  Neon
tip-tip
)@0(9) — ﬁ \/% <222 - {L.2 _ y2) @@ @ smaller equal larger

side-side

Yio(0) = = \/% (352% —302%r% + 3r%) @__@ @

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

e Effects on dispersion of moments in U-U (unplublished):

oo Effect of correlations deformation on Ag, 065 Effect of ﬁzréiilogzhie::;mmlqn on Ag, | 053 | Effect of‘ corre! at|0n§ deforman (?n on AFs
e P No Corr., Spherical —{- - lca —
4 Central Corr., ggherical —it & 06 Central Corr., Spherical —— & 0.52
= 06 3b Induced, Spherical —-{ < 36 Induced, Spherical —— e
B No Corr., Deformed - - 5 0 LOrr., DETOriy >
£ Central Corr. Deformed - | - 5 055¢ Central Corr, Deformed - 5 051
% 058 o 3b Induced. Deformed {1 = 3b Induced, Deformed K
< T 05 g 05 _
S 056} 8 8 No Corr., Spherical —
2" %5 045 % 049 Central Corr., Spherical ——
e = ° 3b Induced, Spherical — |
o0 D 04f B 048 No Corr., Deformed --- || -
'8 7 E_ Central Corr, Deformed - - !
g 052 B 035 3 047} 3b Induced, Deformed |
5 05 ! ! ! ! ! ! ! ! ! = i
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2 - Beyond Glauber approach
pP—/r—P P—/\—)F()—'/ —p
[ l;" ".| m — Glauber model: in rescatter-
| | — ] | ing diagrams the proton cannot
- L | - :
L | - propagate in intermediate states
o "
A ; A A —V—A
V=V .
P '/\' P P_/\‘(‘f} mP  — Gribov-Glauber model: the
I " _ " ': |' | proton can access a set of inter-
o - o mediate state as in pN diffraction;
Y V[ relevant at high energies (E;,. >>
A - A A —= A 10 GeV)

M.

\

X is a set of intermediate states that stay frozen during pA interaction
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2.a - NN interaction with frozen configurations

e at sufficiently high energy, i.e. when the relation
2R < 2piap/(M* = m?)

holds, intermediate states are frozen during the pA interaction

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

e structure of the proton — fluctuations into intermediate states
e different internal configurations — different cross sections

e relation with color transparency/opacity phenomena

S
e
90¢
S
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2.a - Color Fluctuations in Monte Carlo Glauber

e Gribov-Glauber dynamics: effective cross-section sampled event-by-event

from a distribution P(o)
/da Plo) =1
s _o/log=1)?
P(o) = e Q2 /dJJP(J) = Otot
o+ 0

1

—5— /da (0 — otot)” P(0) = wey

Ttot

proposed by V. Guzey, M. Strikman, Phys. Lett. B633 (20006)

used in MCG: . 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)
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2.a - Color Fluctuations: probability of NV interactions at b

e fluctuations of the number of wounded nucleons N,y for given impact
parameter b = smearing of centrality

0.4
0.35| 0.35|
LHC-N=1 N=<N>-05<N>=3
0.3} 0.3}
_025¢ 025}
< 0.2f < 0.2 /\
o o
0.15} 0.15|
0.1f 0.1
0.05| 0.05} J \
° “b [fm] 10 ° “b [fm] 10
0351 N=<N>=7 0351 N =<N>+0.5<N>=10 |
0.3} 03} -
_0.25¢ _0.25¢ Glauber —
% 02} % 0.2t Gribov-Glauber P(o)
o o
0.15| 0.15}
.l /\ .| /\
0.05 _—/ \ 0.05 jeer \
0 “opm ° o "0 2 b ftmy ° 8 10
M. Alvioli, M. Strikman, Phys. Lett. B722 (2013)
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2.a - Color Fluctuations: probability of NV interactions

Py = [ dbPy(b); N = N,y

e nhancement of the probability of events with large N = N,

0.2 =

1) | 100

0.18 | 102t
-4

0.16 | 10 N
10
014} 108

012} |_ 0, '

- 060 20 20 4 50
Glauber, 0;,=93.0 mb —
Glauber + CF, 00,=0.2--- |

Glauber + CF, w,=0.1-----

Py - Integrated over b
o
[EEN

-----

0 5 10 15 20 25 30
N

coll

M. Alvioli, M. Strikman, Phys. Lett. B722 (2013)
M. Alvioli, V. Guzey, L. Frankfurt, M. Strikman, Phys. Rev. C90 (201/)
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2.b - Geometry & hard trigger in pA processes A

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

e Hard event triggered in a probabilistic way, using the gluon distributions
in the transverse plane Fy(p) = exp(—p*/B?) /7B

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

M. Alvioli, L. Frankfurt, V. Guzey, M. Strikman, Phys. Rev. C90 (201/)
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2.b - X-dependent Color Fluctuations in pA

12 : : : : : : :
+ A=0.801
08} ]
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O o6} 1
04t ]
02} Xp=O.12
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12 :
A A=068 |
08}

o

O

O o6}

04}t

02f Xp=O.34
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\

_l_IiL‘_L‘_\* A=0.7807 |
Xp=O.15
0 10 20 30 40 50 60 70 80
ZET[GeV]
A=0.65C1 |
Xp = 0.42 ;
0 10 20 30 40 50 60 70 80
SE; [GeV]

_I_IiL‘_IL A=0.7507 |
xp=0.18
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- A=0.627 |
Xp =051 +
0 10 20 30 40 50 60 70 80
SE; [GeV]

A=0.70 |
xp=0.28
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SE; [Gev]
] - A=05707 |
xp=0.73
0 10 20 30 40 5 60 70 8

SE; [GeV]

e The proton has a smaller-than-average cross section: A = (o (z))/o,N

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

e A model to characterize the probability of events with one hard scattering
and the (N,;-1) soft scatterings, as a function of N,y

e The hard event triggered in a probabilistic way

e We have coupled the MCG average (< ... >) for the N ;-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

b,
Alvioli, Frankfurt, Perepelitsa, Strikman, Phys. Rev. D98 (2018)
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2.c - X-dependent Color Fluctuations in dA

‘ pA predictioh
|_%_|—
xp=0.11
0 10 20 30 40 50 60 70 80
measured BBC charge
‘ pA predictioh
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Xp = 0.14

‘ pA predicti on

=

A =0.73C1]
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‘ pA predicti on
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-
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———

g
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1
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A =0.681]

¢ ]
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‘ pA predictioh
1 A=051C1|
08} 1
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O o6}
04f 1
o2} Xg = 0.39
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‘ pA predictioh
—iili
Xp = 0.20
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‘ pA predicti on
A=0.4901]

e

Xp = 0.47

measured BBC charge

e The proton has a smaller-than-average cross section: A = (o (x))/o,N

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

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

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

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

M. Alvioli

-

e [ixtension of the hard-trigger formalism to
double-hard trigger 4+ (IN-2) soft interactions Ihara

p1 + b - bi

prOj o e \/A Ni
f targ
i
,’i 7777777777777777 777777777777777777 Nucleus
| Center
(2)
ghard

21

M. Strikman, D. Treleani, Phys. Rev. Lett. 88 (2002)
M. Alvioli, M. Azarkin, B. Blok, M. Stirkman Fur. Phys. J. C79 (2019)
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2.d - Centrality dependence of double parton scattering

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

e MCG distinguishes DPS from the same nu- O
cleon or two different nucleons
N — Multppg P N; — Ny
Multyrp -’ ‘ N3 — Ny
2B [GeV]
— 80 J‘.O %O 30 40 5p §0 ?O 80
aZ‘\' 7t---- Glauber ~  TTTTTTTTTTTOE
glm o Color Fluctuations
é 5 e
=~ 4
DZN :23 N
3 1 | M. Alvioli et al.,
= Fur. Phys. J. C79 (2019)
‘90{0;0;0\‘90% % /eQ /90\&/ <a 3 a]og
M. Alvioli 22 TNPI2019, Cortona
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Summary

e 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)

e Color fluctuations implemented in MCG by fluctuating oarpr, by means
of a probability distirbution P(o )

— Modified N, ;;-impact parameter relationship

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

e [ixtension 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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l.a - Monte Carlo Glauber (MCG) description: fluctuations

default

/ N
e
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Woods-Saxon: R = 6.65 fm, d = 0.55 fm

Woods-Saxon: R = 6.25 fm, d = 0.53 fm
Nucleons with hard core (rhalrd =0.4 fm)

Different simulation of ZDC energy
Different BBC fluctuations

P i )

Gray disk NN overlap function

Gaussian NN overlap function

Variation in 2d BBC-ZDC centrality selection
BBC trigger eff. (91.4 + 2.5) % (more central)
BBC trigger eff. (91.4 - 3.0) % (less central)
Sys. error of exp. centr. sel. (more central)

[ {X O % + > » &

Sys. error of exp. centr. sel. (less central)
M M B |

o

50
M:ller, Reygers, Sanders, Steinberg,

C L
100 1

50

200 250 300
N

part

Ann. Rev. Nucl. Part. Sci. 57 (2007)

effects of different sources

M. Alvioli

of fluctuations and
parameter dependencies

within MGC

and detector simulation

25

We focus on
fluctuations due to:

e inclusion of NN correlations in
preparing nuclear configurations

e initial nucleon positions — initial
geometry

e no black-disk approximation for NN
— P(|b—bjl)

e fluctuation of the NN cross section
(color fluctuations)—> average
number of participants — different
impact parameter dependence

TNPI2019, Cortona
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y (fm)

-

. . 2 oot 12 /2B
o NN int. probability: P(b;;) =1—|1—T(b;;)|;  T(bij) = 72%e il
e fluctuations of NN cross sections (second part)

M. Alvioli 26 TNPI2019, Cortona

1.c - Sources of event-by-event fluctuations A

e non-uniform initial densities; modified
by inclusion of NN correlations

e spectators O and O (ZDCs, centrality)
e reaction (RP), event (EP) plane

e moments of participant matter distri-
bution @ and @

(w(r) cosn(¢ —Pn))
(w(r))

En:_

PRV
e dispersion of the moments: Ae,, = \/ Z(€”N<EZ>>

J




1.b - Correlations Signatures in two-body densities

e Ab-initio two-body den81tles o(r dep ('r —r — 1o, R= (1 + rg)/z)
1 B I I I I 0.08 0.5
s 08 0.4
S 0.06 ¢
= o6 c £ 0.3
El 02l / “ot)
oL N A= 0125 a5 6t
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)
e MC algorithm
07— 2.00 e T T 14 : : : : : : 20
0.6 4%, - ---Mean Field | 1754 - ---Mean Field - 12 1803 ---- Mean Field | 18), g;%?;dca;??: ]
0.57" —— Correlations | 150} | - —— Correlations | 10. — Correlations | 16' \ Tensor Corr. — |
§ 1.25. |
"E. 041 16 ] 1.00- 40C 81 208 1 12y
£ 03 © ] 0'757 ? ® b 12:
"o 02 — 0. , 4] | 6/ 238
0.1 (@) | 2:22 (b) | o] (c) | af Y N
oot T ool T o (2)" L
0 1 2 3 45 6 7 8 012345678910 0 2 4 6 & 10 12 14 U R R 10
r [fm] r [fm] r [fm] r [fml]
M. Alvioli, H.-J. Drescher, M. Strikman, Phys. Lett. B680 (2009) 225
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4 2.a - Glauber-Gribov: probability of N interactions
in the Gribov-Glauber model we have, for the diffraction cross section:
A N, ll—l—lA]
A /db 1- (-2 = Lt A /dba: cal
T z”: (A - Ncoll)!NCOZZ!
1
where T = ?nN T(b), /de(b)
and we can rewrite
Al / A-N
O'N ; dbx COll (1 — a:) coll
Z coll (A - Ncoll)!Ncall!

Neoi=1
hence the probability of collisions with N,,;; nucleons and < N,,;; > are:

ON ON 0;

coll . coll m

PN = ShA < Neoyy > = ZNCO hA =4 ShA
m Ncoll m m

L. Bertocchi, D. Treleani, J. Phys. G 8 (1977)

M. Alvioli 28 TNPI2019, Cortona
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2.a - Color fluctuations: probability of N interactions

we use the distribution P(o) to implement Gribov-Glauber in Monte Carlo:
O',?nA = /dam P(Jm)/db {1 — (1 — w)A}

1
r = Zaan T(b), / dbT(b)

where

and
Al

_ . . Ncoll _ A_Ncoll
ON. . = /dam P(Um)<A SN N /dbx (1 — o)

and we have for the probability of collisions with N,,;; nucleons:

ON
. coll
PN coll O.hA

m

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: N,.,; and b dependence

o We use ATLAS (ATLAS-CONF-2013-096) model for AE7 in pp colli-

sions with a convolution to obtain the pA model

/N, AN/AZEE® [GeV']
S =) )
IN do )

—
<
[4)]

—
Q
[=>]

e ATLAS and CMS found deviations from the Glauber model (N,;; tail)
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Alvioli, Cole, Frankfurt, Perepelitsa, Strikman, PRC93 (2016)

30

e we derive a non-trivial relation between bins in AEp and N,,; and thus
determine P(N,,;;) dependence on centrality (v = N, )

M. Alvioli
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PHYSICAL REVIEW C 85, 034902 (2012) 06— No NN Correlations
Initial-state anisotropies and their uncertainties in ultrarelativistic heavy-ion collisions from the - Central Correlations
. ---- Full Corr. (2b only)
Monte Carlo Glauber model 0.5-

Full Corr. (3b chains) 7
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In hydrodynamical modeling of heavy-ion collisions, the initial-state spatial anisotropies are translated into
momentum anisotropies of the final-state particle distributions. Thus, understanding the origin of the initial-state
anisotropies and their uncertainties is important before extracting specific QCD matter properties, such as
viscosity, from the experimental data. In this work we review the wounded nucleon approach based on the
Monte Carlo Glauber model, charting in particular the uncertainties arising from modeling of the nucleon-
nucleon interactions between the colliding nucleon pairs and nucleon-nucleon correlations inside the colliding
nuclei. We discuss the differences between the black disk model gna—= nrbahiticric nenfits fimerinn annroach
for the inelastic nucleon-nucleon interactions and investigate the|i PHYSICAL REVIEW C 81, 064909 (2010)

state-of-the-art modeling of these.
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We investigate the influence of the central two-body nucleon-nucleon correlations on several quantities
observed in relativistic heavy-ion collisions. It is demonstrated with explicit Monte Carlo simulations that
the basic correlation measures observed in relativistic heavy-ion collisions, such as the fluctuations of participant
eccentricity, initial size fluctuations, or the fluctuations of the number of sources producing particles, are all
sensitive to the inclusion of the two-body correlations. The effect is at the level of about 10-20%. Moreover, the
realistic (Gaussian) correlation function gives indistinguishable results from the hard-core repulsion, with the
0.1 4 expulsion distance set to 0.9 fm. Thus, we verify that for investigations of the considered correlation measures,
it is sufficient to use the Monte Carlo generators accounting for the hard-core repulsion.
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Correlations in the Monte Carlo Glauber model
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Event-by-event fluctuations of observables are often modeled using the Monte Carlo Glauber model, in which
the energy is initially deposited in sources associated with wounded nucleons. In this paper, we analyze in detail
the correlations between these sources in proton-nucleus and nucleus-nucleus collisions. There are correlations
arising from nucleon-nucleon correlations within each nucleus, and correlations due to the collision mechanism,
which we dub twin correlations. We investigate this new phenomenon in detail. At the Brookhaven Relativistic
Heavy lon Collider and CERN Large Hadron Collider energies, correlations are found to have modest effects on
size and eccentricity fluctuations, such that the Glauber model produces to a good approximation a collection of
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We investigate the effect of nucleon-nucleon correlations on the initial condition of ultra-central > 0015 & E
heavy ion collisions at LHC energies. We calculate the eccentricities of the MC-Glauber and IP- d ]
Glasma models in the 0-1% centrality class and show that they are considerably affected by the 3 E
inclusion of such type of correlations. For an IP-Glasma initial condition, we further demonstrate 0.01 E — E
that this effect survives the fluid-dynamical evolution of the system and can be observed in its final 2 3
state azimuthal momentum anisotropy. 0.005 [ E

P = IP-Glasma+MUSIC o E
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Thermal photon radiation in high multiplicity p+Pb collisions at the Large Hadron

Collider

C. Shen, J.-F. Paquet, G. S. Denicol. S. Jeon, and C. Gale

Department of Physics, McGill University, 3600 University Street, Montreal, QC, H3A 2T8, Canada

The collective behaviour of hadronic particles has been observed in high multiplicity proton-lead
collisions at the Large Hadron Collider (LHC), as well as in deuteron-gold collisions at the Relativis-
tic Heavy-lon Collider (RHIC). In this work we present the first calculation, in the hydrodynamic
framework, of thermal photon radiation from such small collision systems. Owing to their compact
size, these systems can reach temperatures comparable to those in central nucleus-nucleus collisions.
The thermal photons can thus shine over the prompt background, and increase the low pr direct
photon spectrum by a factor of 2-3 in 0-1% p+Pb collisions at 5.02 TeV. This thermal photon
enhancement can therefore serve as a clean signature of the existence of a hot quark-gluon plasma
during the evolution of these small collision systems, as well as validate hydrodynamic behavior in
small systems.
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In ultra-central heavy-ion collisions, anisotropic hydrodynamic flow is generated by density fluc- 0.06. ® A 28 mgg:::zz; x::: 2::: :::3 |
tuations in the initial state rather than by geometric overlap effects. For a given centrality class, the ' © # ¥ uith NN comelation
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classes. We show that sorting events by total initial entropy or by total final multiplicity yields event 0.02 (b) I & MOKLN nomult. fluct
classes with equivalent statistical fluctuation properties, in spite of viscous entropy production dur- oo . . L0
ing the fireball evolution. With this initial entropy-based centrality definition we generate several 1 2 3 4 : 6 7 8 3
classes of ultra-central Pb+Pb collisions at LHC energies and evolve the events using viscous hy-

drodynamics with non-zero shear but vanishing bulk viscosity. Comparing the predicted anisotropic
flow coefficients for charged hadrons with CMS data we find that both the Monte Carlo Glauber
(MC-GIb) and Monte Carlo Kharzeev-Levin-Nardi (MGCEKENmodelsproduce—initial Huetuation

spectra that are incompatible with the measured final ' _ ' ' ' ' ' _ i(‘jeal '
choice of the specific shear viscosity. In spite of this failn o e s 0.08
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An effective model for entropy deposition in high-energy pp., pA, and AA collisions

J. Scott Moreland, Jonah E. Bernhard, and Steffen A. Bass
Department of Physics, Duke University, Durham, NC 27708-0305

(Dated: December 16, 2014)

We introduce TRENTo, a new initial condition model for high-energy nuclear collisions based
on eikonal entropy deposition via a “reduced thickness” function. The model simultaneously pre-
dicts the shapes of experimental proton-proton, proton-nucleus, and nucleus-nucleus multiplicity
distributions, and generates nucleus-nucleus eccentricity harmonics consistent with experimental

flow constraints.

ultra-central uranium-uranium collisions.

Over the last decade, the ultra-relativistic heavy-ion
collision programs at the Relativistic Heavy Ion Collider
(RHIC) and the Large Hadron Collider (LHC) have suc-

In addition, the model provides a possible resolution to the “knee” puzzle in

ticipant and binary nucleon-nucleon collision. Despite its
simplicity, the Glauber model has qualitatively fit many
experimental measurements [27] and inspired a number of

N
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Wounded quarks in A+A, p+A, and p+p collisions

Piotr Bozek,!"* Wojciech Broniowski,>? T and Maciej Rybczyriski®:

YAGH University of Science and Technology, Faculty of Physics and
Applied Computer Science, al. Mickiewicza 30, 30-059 Cracow, Poland
2The H. Niewodniczariski Institute of Nuclear Physics,

Polish Academy of Sciences, 31-342 Cracow, Poland

1

3 Institute 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
Cl ..... = T~
such features as eccentricities or initial sizes are close (within 15%) to predictions of {

Large Hadron Collider (LHC). We find that generically the predictions from wounde

nucleon model with an amended binary component. A larger difference is found for the

system, where the wounded quark model yields a smaller (more compact) initial fireh:

standard wounded nucleon model. The inclusion of subnucleonic degrees of freedom

analyze p+p collisions in an analogous way, with predictions that can be used in furth

evolution. The approximate linear dependence of particle production in A+A collisions
ber of wounded quarks, as found in previous studies, makes the approach based on wou

(
1
natural. Importantly, at the LHC energies we find approximate uniformity in particle
I

from wounded quarks, where at a given collision energy per nucleon pair similar prodi
tial entropy per source is needed to explain the particle production from p+p collisions
collisions. We also discuss the sensitivity of the wounded quark model predictions to
of quarks in nucleons, distribution of nucleons in nuclei, and to the quark-quark inelasg
in the impact parameter. In our procedure, the quark-quark inelasticity profile is choq
way that the experiment-based parametrization of the proton-proton inelasticity profil
reproduced. The parameters of the overlaid multiplicity distribution is fixed from p+
data.
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SMASH: A new transport approach for FAIR energies

Dmytro Oliinychenko

Frankfurt Institute of Advanced Studies
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in collaboration with V, Steinberg and H, Petersen
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