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Nuclear Landscape

Ab initio

Configuration Interaction
FITTTN Density Functional Theory

8 species out of ~25

[G.Giacalone et al., PRL 135 (2025) 012302]

stable nuclel

[S-DALINAC,

PRL 117 (2017) 172503]
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igh Energy Experiment

™

" "Pb+Pb Initial Condition' "
Event 0

Temperature (GeV]

t=0.50 fm

Heavy ion Collision in ALICE
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collision evolution

expansion and cooling

Nuclear collisions and the QGP expansion

particle

detectors

lumpy initial
energy density

distributions and
correlations of
produced particles
D= (Py,Py:P2)
mass
QGP phase charge
~  quark and gluon | .
%\
collision ¥ quanty
overlap zone fluctuations
© ~ 0 fm/c

Hlow harmonics
~1 fm/c
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Different Collisions:

Symmetric Collisions
Asymmetric Collisions

AN

_ __dN -
d’p = d¢ ppdpy dn
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Initial Geometry and Final Distribution

“*Size of the fireball: radial flow, [ 1]

<« Shape of the fireball: Anisotropic flow Initial state Final state
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Strong Collective Correlations of Nucleons
[J.Jia, PRC 105 (2021) 014905] 0.05—ISTAR, PRL 115 (2015) 222301
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Opportunities of light-heavy lons Collisions:

— Connecting ab initio inputs of light-nuclei with relativistic
nuclear collisions.

Pinhole Algorithm

Impact parameter [fm] in Pb+*’Ne
35 50 6.1 70 79 86

Hadi Mehrabpour Imprint of c-Clustering 8/45



Light nuclear structures in ultra-relativistic collions:

Evidence of nuclear geometry-driven anisotropic flow in OO and Ne-Ne

collisions at /sx = 5.36 TeV.

ALICE Collaboratiort]

Abstract

A central question in strong-interaction physics, governed by quantum chromodynamics (QCD). is
whether femto-scale droplets of quark-gluon plasma (QGP) form in small collision systems involv-
ing projectiles significantly smaller than heavy ions. Collisions of light ions such as '°0 and Ne
offer a unique opportunity to probe the emergence of collective behavior in QCD matter. This Let-
ter presents the first measuremens of elliptic (v2) and triangular (vs) flow of charged particles in

160150 and Ne-Ne collisions a & center-of- mass energy per nucleon pair of /iy = 5.36 TeV.
with the ALICE detector. The hydrodynamic model predictions, explicitly incorporating the nuclear
structures of ”'om 'Ne, exhibit a good

observed incre il Ne-Ne col

geomeries. mghluhl\ the importance of utlizing light nuclei with well-defined geom
0 constrain the initial conditions. These findings support the presence of nuclear geometry-driven
hydrodynamic flow in lightion collisions at the LHC.

Measurement of the azimuthal anisotropy of charged

particles in ySNN = 5.36 TeV 1°0+1°0 and
20Ne+2Ne collisions with the ATLAS detector

The ATLAS Collaboration

i pape prescns e it measurements of the il ansoopy cocficints v, which
quanity e 1 " order Fourier modlation of chirgpricl il dibuions. o
=2-41in yiww = 5,36 TeV 190 + 190 and *)Ne + 2Ne collisions recorded with the ATLAS
deector e Lo Hadvon Coten 2025, Th v coefficients are measured as a function
of transverse momentum (pr). collision centraliy. and event multiplicity. They are extracted
lte-ft sublraction of
short-range non-flow contributions, and four-partcle subevent cumulants, which intrinsically
suppress non-flow effects and provide sensitvity o flow luctuations. The results show a clear
hicrarchy . g a
26V, comisent in c b

> vy an

e two cllion systemsrevealanenhaned vz i ceniral *Ne + e collisions,comsstent
with theory e
1othe slghtly tetrhedral sucture predicted for oxygen. The fou
highlight strong event-by-cvent fluctuations and provide the grcatest sensitivity to nuclcar
shape effects. These measurements can place new consiraints on the initial geometry and the
hydrodynamic response in light-ion collisions, offering valuable input for models of nuclear
structure.

ek cumlat el
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First measurement of pseudorapidity distributions of
charged hadrons in oxygen-oxygen collisions at
Vs, =536 TeV with CMS

The CMS Collaboration

Abstract

We epot the it messurement of the chaged hadro pseudorapiciy ) ds
tions in o ollsions at a nucleon-nucleon center-of-mass energy of
2 were recorded by the CMS experiment at the LHC in
205, Theyilds of primary charged hdrons proced in th range 1] < 24
epored wang the CNIS Sihcon pixel detecton The mic pasticle denety a5
2 function of collision centrality is also reported. In the 5% most rrnna\ colisiors,
the chargechadron 1 densy in the ange ] < 05 found 1 be 135.4 syt with

ToV. The d,

lea s and o es and several Monte

‘Detailed stud
- colision enesgy, nial collision geometey and th sizeof he collding nucit are

Unveiling the shape of the 20Ne
nucleus by measuring the flow
coefficients with cumulants in PbNe
and PbAr collisions at
V38NN = 70.9 GeV

LHCD collaboration!

Abstract
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|
Flow in Ne+Ne/O+O:
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ALICE: [arXiv:2509.06428].

Hadi Mehrabpour

ATLAS: [arXiv:2509.05171].
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CMS: [arXiv:2510.02580].
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-
Structures of Oxygen-16 and Neon-20

1. Projected Generator Coordinate Method (PGCM)

— ab initio formalism

— N3LO EFT Hamiltonian

— Particle-number projected one-body density
from intrinsic Hartree-Fock-Bogoliubov state

2. Nuclear Lattice Effective Field Theory (NLEFT)

— Effective field theory + lattice Monte Carlo

— Well-suited to probe clustering effects

— Nuclear many-body correlations to all
orders preserved

3. Variational Monte Carlo (VMC)

— N2LO chiral EFT Hamiltonian
— Includes short-range repulsive effects

[Light ion collisions at the LHC-2025]
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Structures of Oxygen-16 and Neon-20

1. Projected Generator Coordinate Method (PGCM)

— ab initio formalism
— N3LO EFT Hamiltonian

— Particle-number projected one-body density
from intrinsic Hartree-Fock-Bogoliubov state

2. Nuclear Lattice Effective Field Theory (NLEFT)

— Effective field theory + lattice Monte Carlo
— Well-suited to probe clustering effects
— Nuclear many-body correlations to all

orders preserved
3. Variational Monte Carlo (VMC)

— N2LO chiral EFT Hamiltonian

— Includes short-range repulsive effects

[C.Zhang et al., PLB 862 (2025) 139322]
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1. Clustering Model
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Imprint of isolated NN correlations on O—+QO: .Liu, Hm, BN.Lu, 2500.00315]

One-body density matrix:
A
p(r) = A [TI;_, dr;[¥(r,ry, - 1 )
Nucleon-nucleon correlations:
/ A /
C(r,x') = A(A—=1) [T],_; dr;[¥(r,x',rs, )|
Approximated form:

Ar
CAr)=1- 450, Ar=|r|

Two-body C{ar)

0.5}

— VMC
—— NLEFT
—— PGCM
— 3pF

2 3 4
Relative distance Ar (fm)

*Acceptance-rejection method: [r Christensen, A Branscum,and T.E Hanson, (2010) 1st ed ]

— correlated two-body dist.: g(Ar) (target dist.)

— uncorrelated two-body dist.: g’ (Ar)

— we accept the nucleons with relative distances Ar’
as samples from the the target distribution g(Ar’) if

U< (Q(A'y-/)/]\/[ . g/(A”‘/))y M =supy,. % = ATpiggest

Hadi Mehrabpour Imprint of a-Clustering

o (1) [fm™]

0.15 — vme
— NLEFT
0.10 — 3F
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Imprint of isolated NN correlations on O—+QO: .Liu, Hm, BN.Lu, 2500.00315]

*Acceptance-rejection method: [R.Christensen, A.Branscum,and T.E Hanson, (2010) 1st ed.]
One-body density matrix:
p(r)=A fﬂfzg dr;[W(r,ro, -, r4)2

Nucleon-nucleon correlations:

— correlated two-body dist.: g(Ar) (target dist.)

— uncorrelated two-body dist.: g’ (A7)

n — we accept the nucleons with relative distances Ar’

Clr,v/)= A(A=1) [TI{Lg dri|[W(r, v/ rg, v 4)2 ,
= as samples from the the target distribution g(Ar”) if

§ g(Ar) )
SUPAT o7 (AT AThiggest

Approximated form:

g(Ar) _
G AT

U< (glar’)/ Mg’ (Ar ), M
C(Ar)=1- '

1.0 0.1
0.8 — 3pF 0.0
ARV
S04 3702
o O _03
0.2 — NLEFT

’ -04 — NLEFT ARM
0.0 -0.5

0 1 2 3 4 5 085 1 2 3 4 5

Ar [fm] Ar [fm]

Hadi Mehrabpour Imprint of a-Clustering EQHIC 2026 15 /45



Imprint of isolated NN correlations on O—+QO: .Liu, Hm, BN.Lu, 2500.00315]

*Acceptance-rejection method: [R.Christensen, A.Branscum,and T.E Hanson, (2010) 1st ed.]

TWO-BODY NUCLEAR CORRELATIONS

R — / p(Z)(rl, 1-2) o ein(db1—b2) R

events F1,r2 <£n>

FINAL STATE TWO-PARTICLE CORRELATION

<UT2;> = <ein(¢1 *¢2)>

(n) _f 2
o e m) = | N, ra)l
A SO, AP

[Duguet, Giacalone, Jeon, Tichai, PRL 135 (2025) 18, 182301]
New many-body operators

<£n<rm> = 71, 1y, e >
=r Y () gV, " () 1
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General Picture:

L
* Can we find an approximation yet realistic analytical model of the collision process?
— the leading dependency of final-state observables on the nuclear strucutre of the two colliding ions
— different symmetric and asymmetric collisions
— small and large systems

* Particel Production: a rotor rigid model

k-body density: p¥) (7, 7) = iy [ A2 p(R.p () p (Rey. (UF)

A 1
i=1 27w

(z—x; )2
7 OXp | — )

Transverse n-body density of nucleons: p(f)(ml Y1 T Yg) = [ dzy e dzg U (P, Ty)
Superposition of A nucleons: T'(z,y) = > HYYg
The density of overlapping area: ¢(r) = T'(r)T(r') = Z?Zl Zle gz —z;,y—vy;)glx’ — rj,y’ — y7)

2 _ A
2w?2 -

Y9 -z y—y;)
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How about a-cluster of Y60 and 2O Ne? jum, 250612673

Distribution of nucleons in each cluster: (v rybezyrski M Piotrowska W Broniowski, PRC 97 (2018) 034912]

. 3 \3/2 3(—L ;)2 [George Gamow, 1930] s —we
pai(T):<2 2) exP[7 or2 } : — NLEFT
7\'7‘L TL &
iecti : i — 3pF
Acceptance-rejection method: NN correlations [Q.Liu, HM, B.N.Lu, 2509.00315] %010 ?
005
ozd
— e o1 e
£ 0.005 1 2 3 4
£ r [fm]
ot 20Ne
; T i i
 [fm). r{fm) rfm]
o]
— . —ae
. .
Zong
Y
009
3 1 2 3 4 1 4 — 4
rim) rm riim) t, A
Bowlling-pin
Models 3pF NLEFT PGCM VMC 1.04
160 (RTP)| (1.83,3.20) (1.84,3.17)  (1.88,3.06) (1.52,3.26) 102
160 (ITP) | (2.00,3.15) (1.61,3.88)  (1.57,3.86) - 8 1oofe °
20Ne (BP) [(2.00,3.00,3.00) (2.20,3.00,3.50) - ST e & T TE
0.98
0.96

VMC NLEFT PGCM 3pF NLEFT 3pF
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How about a-cluster of Y60 and 2O Ne? jum, 250612673

Distribution of nucleons in each cluster: (v rybezyrski M Piotrowska W Broniowski, PRC 97 (2018) 034912]

3/2 hll )2 George Gamow, 1930 _
Pai(f“)=<2 32 ) / EXP[—%‘L} [ & ] 0.15 JT&
w2 2r2 -
. . . X — 3pF
Acceptance-rejection method: NN correlations [Q.Liu, HM, B.N.Lu, 2509.00315] %0'10 >
1.4¢ ooy
1.2p
0.
0 1 2 3 4
1.0f r[fm]
3 0.8f
O 0.6f —— NLEFT:OC ---- NLEFT:adl.
0.4f —— PGCM:OC ---- PGCM:acl.
—— VMC: OC ---- VMC: acl
0.2f
0.0k
0 1 2 3 4 5
Ar [fm] b}fh
Bowlling-pin
Models 3pF NLEFT PGCM VMC 1.04
160 (RTP)| (1.83,3.20) (1.84,317)  (1.88,3.06) (1.52,3.26) 102
160 (ITP) | (2.00,3.15) (1.61,3.88)  (1.57,3.86) - 5.,
20Ne (BP) [(2.00,3.00,3.00) (2.20,3.00,3.50) - v o ° ®
0.98
0.96

VMC NLEFT PGCM 3pF NLEFT 3pF
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Imprint of a-clustering

GRS

*Symmetric collisions:O+0 and Ne+Ne
one-body function
P

Na [dz (pa, (7. )

Intra-Cluster
Inter-Cluster

a;) 3(z2+y2+f;—2(xhy ;j+yhy ;)

—yNa ol g - 27,1< S oxp L )
L L
two-body functlon
’ ) (ag)
e r >—E <pL e, Q)p| e L))o
F . . ’
32+ 12) Fit@hg ityhy i+fi+a h g Ay h s
- 2 2
) 27 Ng 2 /3
Tang e Lozt v o
L
2
fi =1Lil% = (L, je2+(~Ly jel+ Ly
hgi=(Ly jcle2— Ly ;c2s1+ L, ; y,isl+ Ly jcl)ed
hy,i=(Ly jele2—Ly ;je2s1+L ; is1+ Ly ;c1)s3
Intra-Cluster: p\™ (r,r”)

—

foa (P (r, Q) (Y‘/,Q»sz
Inter-Cluster: p "% (r,r ZR‘;‘ (pw )( ,Q)p[f/. (r', Q)
Hadi Mehrabpour
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Two-particle correlations:

(e(r,2,9)e(r’,2,9))

- FPFTv
where

Hadi Mehrabpour

Fp=AJ, p(r,r',Q) + (A% — 4) I3, (r,1/, Q) + A% I5 ), (r,1/, Q)
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Imprint of a-clustering:
*Symmetric collisions:O+0 and Ne+Ne

Transverse density:

one-body function: 5 o
3(z“+y +fi’2(zhz,i+yhy,i)>

(1) = _(_3 _
A= ey 0 = 5 2 x| T ‘
two-body function: ’ ’
3(x12+r |2) fitohe itvhy itfyrathyr v hy
2 B 2 N, 23
R LR k2 o
s ’I‘L ’

Fi=1Li12 = (L, je2+(=Ly jel+ Ly ;s1)s2)2

hg i=(Ly jcle2—Ly jc2s1+ L, ;52)s3+ (L, ;s1+ Ly ;cl)e3
hy i=(Ly jele2—Ly je2s1+ L, ;js2)e8—(Ly jsl+ Ly jel)s3

Q=(aj,ag,ag3) ci=cosa,; and si =sina;

Initial anisotropy:

P21 12620(0—0") (se(r)5e (e’
2{2)2 = (E2ED) e = Jo Jor 21" 1% e <5e2( )¢ ))evv
(e Ir12(e(r)ew)

where (8e(r)3e(r’) = (e(r)e(x)) — (e(r)){e(r'))
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Imprint of a-clustering:
*Symmetric collisions:O+0 and Ne+Ne
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Imprint of a-clustering:

*Symmetric collisions:O+0 and Ne+Ne

14 B TRENTo: OC
& 12| perurbative: SN
$ H
§
3 1.0] $ &
3 ¥
S o8
&
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VMC NLEFT PGCM NLEFT
1.4
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=2
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H ¥
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508
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ALICE 00 and Ne—Ne, Sun = 5.36 TeV 1
02< p < 3 GeVic

12~ <08 R . o
NLEFT+ » (E Y>>0 B(EDN|=0
Trajectum - < 2 > ” < 2 >-
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ES! ) 5
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L . .
0 10

30
Centrality (%) 9

[G.Giacalone,Light ion collisions at the LHC-2025]
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Imprint of a-clustering:

@\ @2 C:):' *Asymmetric collisions:O+Pb and Ne+Pb
Y ~ LY BN

0. 1
Impact parameter [fm] in Pb+*’Ne 0015 | 3‘3
35 50 61 70 79 86 ¥ 1.05)
T T T T T Py SRR o .
0.6F Pb+Ne |5y, =68.5GeV, ] Yooal P2 s : X
PGCM, Cluster [l § 0
—— PGCM, Independent § 0012 ;2
—.0.5f — NLEFT 4 0011 4 3  Wowsl *
< —— W-S, Spherical K
w°‘04> Pb+'60 ] 0010 i E
8 PGCM, Cluster VMC NLEFT PGCM  3pF NLEFT 3pF MC NLEFT  PGCM NLEFT
PGCM, Independent
NLEFT
0.3F W-S, Spherical 048]
L L L L L L ) TRENTo: OC 14F  — perturbative *
10 20 30 40 50 60 0401 4 Lo oc 5 C . H
Centrality [%] 0.35] st g1z " . =
[PRL 134 (2025) 082301] Fosor 3 ® b 3 ;:‘ ° .
0.25) - &8 3
0.06 T T T 020 (et
LHCb —— "Pb+ 10 (PGCM)
- 0.15}
005 F ol
“pb-+ OAr (NLEFT) VMC NLEFT PGCM  3pF NLEFT  3pF VMC NLEFT PGCM NLEFT
0.04 1
e TRENTo:
3
002 F 1 _
i B= (Npart>
0.01
2y1/2
0.00 1 L L o= <(Npart - (Npart>) ) /
0 20 0 50 El ol
Centrality (%) NLEFT W

The average of total system's energy: Weighted observables:

f.+(h§1j+h§1i)r%(R§+5w2)

E Na f K 6(r2 +RZ2+6w2) 1 B (B-B)2/202
B .. — 3AxB Na rg0e 1 +RS 0= max o~ (B-B)2/202 9 g
(Blev 2w(r%+R§+6w2)E'L:1J AB ZB:Bmin (B)
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2. Heavy Hadrons and Quarkunium

(a) I Woods-Sax

x(fm) x(fm)

FIG. 1. (Color online) The 2-dimensional density distribu-
tions (unit in fm™*) of the different tetrahedral configurations
of 190 listed in Tab. II, obtained by integrating their nuclear

densities along one of their C3 rotation axes

DA™
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Flow of heavy hadrons as a probe of a--clustering:

Motivation:
— a-clustering in light nuclei modifies the initial transverse geometry.
— Heavy quarks are produced early and propagate through the entire medium.

— Their final-state anisotropy can carry information about the initial geometry.

What is measured:

— Scalar Product Method: v2{SP}(p;) = (s (pr)Qy" (pr)
. . . QI AQ5E)

Simulation chain:

— TRENTo+PYTHIA+MUSIC+MATTER+LBT+HybriHadronization+iSS

Analysis cuts:

— |y < 0.5

— reference hadrons: m, K, p

— |y| < 0.5 and pr > 2 GeV

— centrality 0-5%

A4O0> «F > «E» «E>»

DA™
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D anisotropic flow in clustered and unclustered O+Q collisions:

0.16 010 @5.36 TeV
—o— v, (3pF) —e@& v;(3pF)

—e— 1, (VMC) —@ v; (VMC) ]

JETSCAPE: 2M events

D-hadrons: 0.02 — 0.1 per event

0.08} 4
E3-N
¥4
0.06] ;“/ & \\\l\
0.04} '\i***‘% _____
0—-5% _+
— Low—intermediate pT (~ 2 — 6 GeV) 0 5 10 15 20
— dominated by medium response + diffusion 4+ recombination pr [GeV]

— flow increases with pT

— Above (~ 6 GeV) production
— production becomes jet-like
— path-length—dependent energy loss dominates
— the azimuthal anisotropy of the parent heavy quark decreases.
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Sensitivity of D flow to a-clustering:

1.20f
-+ v (VMO)

-+ v (VMO)

—_

.

[6)]
T

1.05}

v,{SP} (config./3pF)
=

1.00p

0 5 1‘0 1‘5 20
pr [GeV]
— The enhanced sensitivity of v; reflects the stronger response of

triangular geometry to the intrinsic clustered structure of the oxygen
nucleus.
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Motivation:

J /W sensitivity to a-clustering in light ion collisions? (in progress)
— Quarkonia are expected to be sensitive to the space-time structure of
the medium through dissociation and regeneration.

profiles of the produced medium.

— a-clustering in the oxygen nucleus modifies the temperature and lifetime

Hadi Mehrabpour
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Summary:

® A general theoretical picture: light to heavy nuclei

Different between ab-initio models becomes from angular correlations
® Determined cluster parameters

© Symmetric and asymmetric collisions

© 2%Ne has a stronger angular (quadrupole) correlations than 60
» Heavy Hadrons (and Quarkonium) can help to study a-clustering in
high energy nuclear collisions.
In progress:

~

o> Deformation and cluster parameters

N

e

®

Imprint of nuclear structures on identified particles
A neural network framework

@

@

Shape coexistence

>«

«O» «Fr o« > DAy
Hadi Mehrabpour
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Imprint of isolated NN correlations on O+QO: 1qLiu, iM, BN.Lu, 2509.00315]

*Acceptance-rejection method: [R.Christensen, A.Branscum,and T.E Hanson, (2010) 1st ed.]
One-body density matrix:
p(r)=A fﬂfzg dr;[W(r,ro, -, r4)2

Nucleon-nucleon correlations:

— correlated two-body dist.: g(Ar) (target dist.)
— nncorrelated two-body dist.: g’ (A7)

, n , 5 — We accept the nucleons with relative distances A7’/
Cr,r") = A(A-1) [T[;Zg dr;|¥(r,r" ,rg,,r ) o e

as samples from the the target distribution g(Ar”) if
Approximated form:

g(Ar)

U< (gar )Mo’ (Aarh)), M g(Ar)
clar) =1- AT Ay '
g’ (Ar)

SUPAr J7(An A Tbiggest

T
"
R e
S 105
3
s
- ST
0.95] _/'_/ 200 GeV e T
0 " ”
i ERESES S | L i ahdhenanan =g I Bic
8 oee 8ot gL T
0 10 20 30 40 50 o 10 20 30 40 10 20 30 40
centrality % centrality % centrality %
"
€
3
’g 1
w536 Tev -
. , , , 0.60)
1.10] PROI o 110p " 110 ' o '
s 3 3 3
g 5105._*"—"‘*\-0-0—-—.—. gros %109
£ - ] Bl £ L
BEthe T
O ogsf e © 0.95] © 0.95 © 0.90]
° 53
o 10 20 30 40 50 10 20 30 40 10 20 30 40 5 10 20
iy . ey e
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Woods-Saxon distribution

p<a’:7 y’ Z)

Gaussian distribution

1
—_— T =
1+exp< (9 ¢))

ViR g2+ 22
~ © "”;ﬁ Y(6, #_(_;
N(r,0,¢) = ¢ : . 4(0,¢0)8 >f 2e
2V2r%2R} T 2v/2m%/2 RS
+ Be > (—6mY(0,¢)*r* Ry +21Y(0, ¢)*r* — r*RF)

8\/§ﬁ5r"2]~?7

where ¥ (6, ¢) = cos 1YY (6, ¢) + sinyYZ(6, $)
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a rotor rigid model
k-body density:

tk(?lv”'v?k) = #Idg p(‘Rzmz(Q)?l)

P (Rzmz(ﬂ>?k)
Transverse n-body density of nucleons:

—

bt (T, Y155 g, Yp) = fdz1 wedzy b (T, e, )
Superposition of A nucleons:

A —x.)2 )2
T(%y) = Zi:l ﬁexp <_(x ;)% +H(y—y,)

w2 ) :lelg<x_xl7y_yz)
The density of overlapping area:

e(r) =T(T) =0 7 glo—w,y—y)9(a’ — 2,9 —y;)
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Fluctuations

k-particle correlation

e(r) =

L
(e(r)) + de

)3e(r)...de(xk)))

(5e(rD)
1-particle functions

(B)ey = [(e0)).

2-particle correlators

with (de),

Var(E) = ff (de(r)de(r”))
() =&

o iy (' =iy )" Be(r)de(x”)
2
(L, (@2 +y2)m 2 er))., )

Hadi Mehrabpour
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One-body function:

A A
<€(r>>ev = <Z7;:1 ijl g(l‘ — Ty Y — yz)g<$ i ij, Yy— yj)>ev
Two-nucleon correlations:

2
_ 2 o .
=4 (fz ,tlj_<xi7yi)g(x ;Y yz))
3 k2
A A
(eme(® Ney =Y. gla—zi,y—y)gl@ —z;,y —yj) > gz—z u—v)g@ —20 v~y ))ew
i,7=1 i/,j/:l
= {A/ ty(wi, y)gle—zg, y—yi)gla’ —xi, v —y;)

TG Yg

+(A2—A)/‘ /
TisYi Ty
= A1} +2A(A% - A)I I3 + (A% - A)213

tol(zg, v, y)g@—o,y—y)gle —zj,y —yj )
Hadi Mehrabpour
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1-particle observables:

..
(B)ew ~ 225
2-particle observables:

3A282 | o ( A3 a2
ev ™ ImRE T Tewrz T O <4n2R23 - 4nR3>
var(E(E)) ~ %857 + 0.04083 + 0.014533 cos(37)
(3)

~

~

(e3) ~

2370 4 0.23952 + 0.0433 cos(37)
3-particle observables:

2.68 1.445% 0.5555’ cos(37)
A + A + A

skew(E(E))

cov(&,E3, B/(E)) ~ %
Hadi Mehrabpour

+ % +0.003633 cos(3v)

9 —0.0233 cos(37) + %fw%
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The liquid drop model (A — c0):

(e

)
var(E/(E))
)

)

skew(E/(E

2

2

)) = 0.0403%240.0143% cos(3),
)) = 0.00342 cos(37),
cov(e3, E/(E)

—0.02083 cos(3).

0.239/3%240.0433% cos(3),

Hadi Mehrabpour
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Two-particle correlations:

(e(r,2,9)e(r’,2,9))

- FPFTv
where

Hadi Mehrabpour

Fp=AJ, p(r,r',Q) + (A% — 4) I3, (r,1/, Q) + A% I5 ), (r,1/, Q)
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NC(
(e(r,2,Q)e(r’,Q,9") = AB Y H' rr,g)‘T
71/
. NLY
+2A(B2-B

(r,v/, Q)
(P) 7y
) Hy rrmnH Arr,ﬂ)
—~
N
) (T)
+2AB? Y H; (v Qﬂ¥,,
i,i #57
+2A2%(

v, Q)
-B) Y B e oHT) 00, )
i4g,i
‘(0(

Fp=BJy p(r,r

QHT) (r.x, )
Q)H
+ (B2~ B) Jg p(r,r’)) such that we have
Jyp=[d%, €:)9(r = £.)9(

,(r r’, Q)
v/ —¢&,)

I p=[d2E, d2¢, NP (&, 6,090~ £)50" —¢€,) =

Hadi Mehrabpour

R2 (m—m/)2 +(y—
3
an2w2(R2+3w2)2
7/

/)2)+3w2
2(2R2w2+3w )
(R2+3w2)29xP[_
Imprint of

(r2+x’12)

3(Ir[2+r’[2)
2(

2
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From the perspective of field theory:

Generating function:

211 = (exp ( [ @ jwe))
Connected correlation functions: cumulants

0" In Z[j]
kn(rlv B rn) = 5](
Two-point correlation function of energy field:

ry) - 0j(r,) ‘7:0
ky(ry,rg) = (€(ry)e(ry)) — (e(ry)){e(ry))
Decomposition into one- and two-body contributions:

Alpha-cluster decomposition:

e(r) = €,(r) + €x(r)
ky(ry,ry) = k(zlxz

) + k(samexsame

d
) 'k
Hadi Mehrabpour
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Imprint of a-clustering:
*Symmetric collisions:O+0 and Ne+Ne

Transverse density:

one-body function: 5 o
3(z“+y +fi’2(zhz,i+yhy,i)>

(1) = _(_3 _
A= ey 0 = 5 2 x| T ‘
two-body function: ’ ’
3(x12+r |2) fitohe itvhy itfyrathyr v hy
2 B 2 N, 23
R LR k2 o
s ’I‘L ’

Fi=1Li12 = (L, je2+(=Ly jel+ Ly ;s1)s2)2

hg i=(Ly jcle2—Ly jc2s1+ L, ;52)s3+ (L, ;s1+ Ly ;cl)e3
hy i=(Ly jele2—Ly je2s1+ L, ;js2)e8—(Ly jsl+ Ly jel)s3

Q=(aj,ag,ag3) ci=cosa,; and si =sina;

Variance of total energy density:

(E2)ep—(BE)2, _ [dQdQ’ [d?%r d2r/ (5e(r,0,0)5ex’,Q,27))

var( /() = (E-ler

(fdﬂ aQ’ (e(r,ﬂ,Q/)))2

where (8e(r)3e(r’) = (e(r)e(x)) — (e(r)){e(r'))
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Imprint of a-clustering:

*Symmetric collisions:O+0 and Ne+Ne

0.10

0.08

var(E/<E>)
o o
o o
2 3

=4
9
N

*m

0.00

dNcvidn

NeNe/OO

N[ total 72

Trajectur

0 10

2.0,
& & Mc:0oC
5 o MC: acl. (Ogrp,Negp)
¥ 150 o MCiac Om) o N *
g $ ¢
5 ]
2 g L]
L4 . %10 ¥ o
% LA
T * ~ .
-
] Y 03]
u
&
g
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"
g L
:7:? 1.05. b
.
g [F8e 5
X 08 e O
"5 1.00] " — ®
H e © [
ey °®
-
£ cusl®
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-
MATTER = high-virtuality in-medium parton shower module
> evolves the hard partons coming from PythiaGun
while they are still high virtuality (Q > Q)
including medium-modified splittings.
Physically: vacuum-like + medium-modified shower stage
® early time

@

®

@

® hard partons
® large virtuality
LBT = Linear Boltzmann Transport

propagates partons after MATTER
in the medium

(CINC]

®

via elastic + inelastic scatterings with thermal partons.

Physically: low-virtuality / on-shell transport stage . ...
© later time :

MATTER  (high virtuality shower)

® quasi-on-shell partons boR-w

LBT (in-medium transport)

® medium response :
JetHadronization
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v
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A
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