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Introduction



Longitudinal structure in high-energy nuclear collisions

Before collision . -
e I Midrapidity
A
- Mostly equilibrium in central events
- Almost zero chemical potentials
o Y I Forward rapidity
) . S
After collision . Degree of equilibration:
t - Large chemical potentials?

M. Li and J. |. Kapusta, Phys. Rev. C 99, 014906 (2019)

-

Longitudinal structure of matter in
high-energy collisions is still unclear...
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Open questions in forward rapidity

m How much are the conserved charges (BQS) equilibrated?

m How large are the chemical potentials achieved?

m After all, how are the conserved charges distributed?

To address these questions, one must describe...

- Equilibrium and non-equilibrium components simultaneously

- Dynamical equilibration and evolution of conserved charges

» Dynamical core-corona picture + charge dynamics




Model

Dynamical Core-Corona Initialization model (DCCI3)




Dynamical Core-Corona Initialization model (DCCI3)

Coexistence of equilibrium and non-equilibrium Final state hadrons

including conserved charge (BQS) dynamics
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JAM

Hadronic afterburner (rescatterings, decays)
A
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String fragmentation

(3+1)-D ideal hydro Partonic
evolution

Particlization including
chemical potentials y;

Source terms: jV,p; '=BQS

EoS: p = p(e, ng, ng, ns) Kinetics
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Initial parton generation ‘
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Dynamical Core-Corona Initialization

Y. Kanakubo et al., Phys. Rev. C 105, 024905 (2022)

- e e e Core-corona picture
Initial partons Dynamical initialization

by PYTHIA8/PYTHIA8 Angantyr through the energy-momentum

T. Sjostrand et al., Comput. Phys. Commun. 191, 159 (2015) source term jV in (3+1)D hydro
C. Bierlich et al., JHEP 1610, 139 (2016)

Hydrodynamic

evolution
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Energy-momentum source term .. om0 47

parton
r-------------\

O Continuity eq. for entire system

i [
[

Uv Uv . [
ali (Tﬂuid + Tparton) =0 : :
[
O Hydrodynamic eqs. with E-M source term : [
a[,LTf]uid = J ] = aMTparton [ :
l :

N I

parton
jV = — Z G(x _ xi(t)) Assumptions

: dt - Straight trajectory of partons
* Instant equilibration of deposited E-M

p;: Four-momentum of iy, parton

G: Gaussian function  x;: Position of iy, parton * Gaussian profile



Fluidization rate
cf.) Drag force

U
Nscat dp — _Tlpu

dpl dt -
pl,] 0j j ‘vrel l,j ‘ pl n: drag coefficient

O

= energy-momentum deposition
into the medium

Phenomenological fluidization rate in DCCI

p; ;- Effective density of j;, seen from iy,

a; j: Cross section between iy, and ji, Ve j: Relative velocity between iy, and ji,

» Drag coefficient depends on density, cross section, relative velocity

Soft (low pr) / Dense  map Partial equilibration induced by
Hard (high pt) / Dilute mp multiple parton scatterings




Conserved charge source term

Conserved charges in HIC: Baryon number(B), Electric charge(Q), Strangeness(S)

etc.

O Continuity eq. for entire system Conserved charge source term
a N Nli — 0 Ngead
fluid, I parton, 1/ dI]
Py = — G(x—x;(t)
NH*: charge current I dt
O Hydrodynamic egs. with charge source term J
I;: Charge I of j;, dead parton
0N =pr  pr=—0,N J
ﬂmd I a parton I G: Gaussian function  x;: Position of ji, parton
I:B,Q,S
*Source term works only for partons that @
have fully lost their energy (dead partons) Fluidization and hydrodynamic
4 discreteness of conserved charges evolution of conserved charges!
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Summary of hydrodynamic equations

Energy-momentum

a,TH = j¥ T = (e + P)utu?Y — Pg*v . |
Conserved charges ) Ifgi-ton» Nparton, 1

0, N = py N = ngut o

9uNg = Pq Nq = nqu*

0,Ng = ps Ng = ngukt

- Ideal hydrodynamics with source terms

- Need 4D equation of state (e, ng, ng, ns) =) (T, HB, UQ, Ms)
NEOS-4D: A. Monnai, B. Schenke and C. Shen, Phys. Rev. C 110, 044905 (2024) 11



Results

Pb+Pb, VISNN — 2.76 TeV



Results

1. Initial conditions

2. Space-time evolution
3. Switching hypersurface
4. Particle yields

5. Charge distribution

6. Core-corona fraction

7. Strange hadron yield ratios

Final state hadrons

g .-
JAM

Hadronic afterburner (rescatterings, decays)
N

PYTHIAS8

iIS3D
Particlization including Strine fragmentation
chemical potentials y; g 1rag
(3+1)-D ideal hydro Partonic

Source terms: jV,p; '=BQS

EoS: p = p(e, ng, Nq, ns)

Initial parton generation

evolution

Kinetics

A
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Results

1. Initial conditions

Hadronic afterburner (rescatterings, decays)

Particlization including

: : String fragmentation
chemical potentials y; & Trag

A

Source terms: jV,p; =82S
EoS: p = p(e, ng, NQ, ns) <:| Kinetics

O @

Initial parton generation
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Initial partons

Parton distribution Averaged charge distribution

25

207

15¢

(dl/dY)

anti-quark
diquark

1Yl

- Midrapidity: and gluon dominant - PeaksaroundY = 4 — 5 and Yyeam

- Forward rapidity: diquark dominant
- Strangeness neutrality on average

- Connected by “ "
15



Results

2. Space-time evolution

Hadronic afterburner (rescatterings, decays)

Particlization including

i - ring fragmentation
chemical potentials 1 String fragmentatio

(3+1)-D ideal hydro Partonic

Source terms: jV,p; '=BQS evolution

EoS:p = p(e, ng, N, ns) Kinetics

Initial parton generation
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Dynamical core-corona initialization s = In((25): space-time rapidity

Fluid (core)

T [GeV]

71 =0.11 fm 1 =0.11 fm

Dynamical
fluid formation

Event-by-event initial conditions of the fluid including fluctuations

0.5
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Equilibration of baryon number

Equilibrated baryon number

-3
7 =0.60 fm ng [fm™]
| 0.3
10 L B
0.2
5 | LY B
L 01
E ol . Lo
= I.E" :
r 01
5 L My _
0.2
10 L B
| | | | | 0.3
-10 5 0 5 10

- Widely equilibrated in rapidity

- Locally negative ng 4€m Fluctuation!!

Baryon number in CORE/CORONA

400
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@ 200

150

100

50

0

|
Total
CORE __ __~ .
Fluid (Core + F-Corona)
Core _
Corona
Total (Fluid + Corona) =
Initial
e _
CORONA .
| | | | | l ' '
1 2 3 4 5 6 8 9

T [fm]

10

- Rapid equilibration of baryon number

- Exactly conserved during the DCCI process
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Results

3. Switching hypersurface

Hadronic afterburner (rescatterings, decays)

Particlization including
chemical potentials y;

(3+1)-D ideal hydro

Source terms: jV,p; '=8Q5

String fragmentation

EoS:p = p(e, ng, N, Tls) Kinetics

|

Initial parton generation
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.
Averaged chemical potentials on switching hypersurface

((--- )): events & hypersurface average

- ug T and ug 1> along rapidity

03 | | | | | | I

T —o— esw = 0.547 GeV/fm3 _ .
0.25 YU —e— 1 - Mg isalmost uniform along
——
————

02" HQ rapidity with slightly negative value

>’
(D]
O,
ﬁ(’;‘)
=
=< 0.15| 1 - Baryon chemical potential reaches
@4 . . qe
2 01t | ug = 200 MeV in forward rapidity
: ' *minimum-bias events
2 0.05 " -
= 0 Rapidity Scan in high-energy
= nuclear collisions is useful as a
_0.05 | | | | | | | | ?
0 1 2 3 4526 7 8 9 complementary way to BES:
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.
Typical fluctuation of chemical potentials

((:+-)): events & hypersurface average - Fluctuations tend to be suppressed
R for larger Gaussian smearing length

0.14 - 0,,=0.5fm, oy = 0.6 (default) —o——
S 010k Uéj,,_ff_g . ggg;:;i:i +_ - Typical fluctuation of ug around
& o | oo = 0547 GeV/fm’® _ midrapidity: = +20 MeV
‘% 0.08 - | -Typical fluctuation of ug around
= forward rapidity: = +100 MeV
= 0.06 1

st Midrapidit

= 0.04 - PIET
= ug =~ 10 + 20 MeV

0.02 -

0 e Forward rapidity
0O 1 2 3 4 5 6 7 8 9 Ug = 200 + 100 MeV

*minimum-bias events 21



EEEE—————————————————————
centrality dependence BES results: L. Adamczyk et al. (STAR Collaboration), Phys. Rev. C 96, 044904 (2017)

0.2 | e 0.2 | 0.2 |
10‘20% 1;i22i;2+ 40‘50% 1;i22i;2+ 70‘80% 1;i22i;2+
2=|ng| =3 2=|ng| =3 2=|ng| =3
3<n] <4 @ 3<n] <4 @ 3<n] <4 @
0.18¢ 2Ezl e ] 0.18¢ e ah 0.18} 2z e ]
— ! SIS — 3 SIS — % SIS
T0.16] T4 WD Foael TTae s CENHIT Jolel S, Rl
o f-:1\ O, 5 o .
£0.14 S & £0.14 N £0.14 *
0.12} 0.12} 0.12}
0.1 01901 02 03 04 05 01901 02 03 04 05

0 0.1 0.2 0.3 0.4 0.5

(up) [GeV]

(up) [GeV]

(up) [GeV]
- Colored markers follow the BES results 4m Appropriate hypersurface (eg,, = 0.547 GeV/fm3)

- Large baryon chemical potentials in central events <&@ Strong baryon stopping & equilibration

Rapidity Scan (7 < |n5| < 8) = Beam Energy Scan (/syy = 11.5 GeV)
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Final state hadrons

Results
Hadronic afterburner (rescatterings, decays)
Particlization including Strine frasmentation
chemical potentials y; g 1rag
4. Particle yields (backup) <:|

Source terms: j¥, p; 1=BQS
EoS: p = p(e, ng, ng, ng) <:| Kinetics

O @l

5. Charge distribution (backup)

Initial parton generation
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Final state hadrons

Results

Hadronic afterburner (rescatterings, decays)

Particlization including

i - ring fragmentation
chemical potentials 1 String fragmentatio

Source terms: j¥, p; 1=BQS
EoS: p = p(e’ ng, nq, ns) <j Kinetics

6. Core-corona fraction |:| <:| |

Initial parton generation

24



L
Core-corona fraction

(deg
R (V) = dY /.ore _ Degree of
ore (dNall) + (d(flVan) equilibration
— LU I R L ) R SN R L) B dY core Y corona
1 rF + Reore [Y|<1
¥ corona |Y|<1 F—e—
. 0.8 - Y] " .+ + ¢ B
V ’ + . T
= * . ot - Toward high multiplicity, R.ore T
i 0.6 - * *'# ]
O .
5 3, - Core becomes dominant at dN,/dn =~ 20
= 04 - ¥ e -
Y * .
@) .
£ 02 - * e, ve. 4 R ore is at most 0.85
+ + e Y. Kanakubo et al., Phys. Rev. C 105, 024905 (2022)
*
0 -tltl_ll_lll_ll_ n I_I_III_II|_ — _I_II_||:|__-
1 10 100 1000

The core and corona coexist

(dNcp/dn)in <1 at all multiplicities!

25



Core fraction

0.8

core

0.6

C t I'tl 0-10% === 60-70% — 80-90% =t
ENralily 30.40% === 70-80% ==t== 90-100% ==t

- Entirely core dominated for central
(0-10%) events

- Core dominated until |Y| < 2 for
/0-80% events

- Violation of boost invariance for
peripheral events

Equilibration exhibits a strong
dependence on both rapidity
and centrality

26




Final state hadrons

Results

Hadronic afterburner (rescatterings, decays)

Particlization including

i - ring fragmentation
chemical potentials 1 String fragmentatio

Source terms: j¥, p; 1=BQS
EoS: p = p(e, ng, N, ns) <j Kinetics

O @l

7. Strange hadron yield ratios

Initial parton generation

27
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Strange hadron yield ratio

- Strange hadron yield ratios increase
0.1 | A with multiplicity
. _ - strangeness enhancement

o T _z:‘:?;.& (signature of QGP production)
BT : _
” LY -.%.@ - Scaling behavior regardless of system
0.01 |- + } e h size (p+p, p+Pb, Pb+Pb)
i oy 6><(><E‘/-l\-§/‘>) -

- _16x(Q+Qt) il -
= & 2Xx(A+N\)(p-p, 7 TeV) —E—1 -

6X(2+2*)(p-p, 7 TeV) = - DCCI reproduces strangeness

16X (Q +Q7)(p-p, 7 TeV) &

Ratio of yields to (n* + 1)yj<0.5
4

X (N+A)(p-Pb, 5.02 TeV) F—=—1 -
Sx( AL b Ph, 503 TeV) | | enhancement through the balance
16x(Q+Q)(p-Pb, 5.02 Tev) =1 -
B ox(os et pobh, 276 ToV) o between the core and corona
16><((%‘+Q"')(Pb—Pb, %.76 TeV)
0001 Ll L Ll
1 10 100 1000 - What happens in forward rapidity?

(dNcn/dn)ini<o.5 28



Rapidity-dependent strange hadron yield ratio

Q(sss)
[ S B R E—
_Il:_' 103 _E 2B g B B 5 = -
+ A A ()] i
E 2 % o |
T 3
G | Centrality |
+ - 0-10% —B— % .
C 30-40% 66—
— 70-80% F—A—
104 R T O N R B
0 1 2 3 45 6 7 8

Y]

- Order 0-10% > 30-40% > 70-80%
—> strangeness enhancement

- 70-80%:
consistent with R, . in forward

- 0-10% and 30-40%:
non-trivial peak around |Y| =~ 4 — 7

R.ore v VS ug”? +leading baryon

Baryons in forward rapidity play an important role in hyperon production!

29



Summary



-
Summary

Description of entire system, from midrapidity to forward rapidity,
using the DCCI model including conserved charge (BQS) dynamics

I Baryon chemical potential ug | Degree of equilibration R,
- Strong fluctuation of ug - Strong dependence on rapidity
- Large ug in forward rapidity - Strong dependence on centrality

I Strange hadron production

- Different production mechanisms emerge in forward rapidity

Important results toward understanding full 3D structure
of matter in high-energy heavy-ion collisions!
31
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Baryon chemical potentials on QCD phase diagram

Mldrapldlty (ns, = 0)

Intermediate rapldlty (ns = 3)

Forward rapldlty (ns, = 6)

0.6 0.6 0.6
xOyOr]—O x0y0n5—30 x0y0n5—60
0.5 0.5+ 0.5+
"

0.4F , 0.4F 0.4}
S S 5
(0] () (]
& & 8
= = -

0.3 0.3+ 0.3r

0.2} 0.2} 0.2} -~

g HLE1 ""-'""
0152 0 0.2 04 06 T 0 0.2 0.4 0.6 0142 0 0.2 0.4 06

up [GeV] ug [GeV] ug [GeV]

ug fluctuation: large T: large ug fluctuation: small  T: large ug fluctuation: large T: small

Different behavior along rapidity » Importance of rapidity-dependent analysis
33



Results

4. Particle yields

Final state hadrons

g .-
JAM

Hadronic afterburner (rescatterings, decays)
N

PYTHIAS8

Particlization including
chemical potentials y;

String fragmentation

&

Source terms: j¥, p; 1=BQS
EoS: p = p(e, ng, Nq, ns) <:| Kinetics

O @l

Initial parton generation

34
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Identified particle yields

Charged pion Proton
500! decay = on Core + decay = on Core
rescat. = off Corona rescat. = off Corona
Total (Core + Corona) 15 Total (Core + Corona)
1507
E ..0000.. _>5 '.0..’
+l:‘ o Core . & 10+ 7 .,
= 100+ * * = ¥ .
o LY E # .
50+ s Y 1 S " \
7 Corona 3
%98 6 4 2 0 2 4 6 8 10 00 10
Y Y
Core-corona separation of particle yields Peaks around beam rapidity in corona
- Core dominant around midrapifity - Contribution from leading baryons

- Corona dominant around forward rapidity 35



Net-proton yields

Core-corona separation

decay = on Core «
3.5 rescat. = off Corona +
3 Total (Core + Corona)

(de-p/dY)

Centrality dependence

10

decéy = on

rescat. = off 20-30 %
40-50 %
60-70 %

0-10 %
10-20 %

* 4 4+ 4 o

’0‘00000000’0“’0“00’

- Enhanced production from the core in forward rapidity due to the large ug

- Baryon deposition becomes more significant for central events
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Final state hadrons

Results

Hadronic afterburner (rescatterings, decays)

Particlization including

i - ring fragmentation
chemical potentials 1 String fragmentatio

Source terms: j¥, p; 1=BQS
EoS: p = p(e’ ng, nq, ns) <j Kinetics

O @l

5. Charge distribution

Initial parton generation

37



Charge distribution

Initial charge distribution (PYTHIA)

25

207

15¢

Collision

10+

(dl/dY)

dynamics

Y]

{(dl/dY)

Final charge distribution (DCCI3)

12 ‘ ‘ ‘ ‘ . . . . ‘
decay = on B —=—
10{ rescat. = on Q —— |

8,

6_

4_

2_

074

2t

4+

_6- |

-10 -8 6 4 2 0 2 4 6 8 10
Y

Charge distributions change through the collision dynamics

- Chemical potentials play an important role in charge distribution

- Strangeness distribution exhibits non-trivial structure beyond strangeness neutrality




Charge distribution

NEOS-BQS NEOS-4D
A. Monnai, B. Schenke and C. Shen, Phys. Rev. C 100, 024907 (2019) A. Monnai, B. Schenke and C. Shen, Phys. Rev. C 110, 044905 (2024)
12 . ‘ . ‘ ‘ ‘ ‘ . . 12 . ‘ . ‘ ‘ ‘ ‘ . .
decay = on B —=— decay = on B —=—
10{ rescat. = on Q —— 10{ rescat. = on Q —— |
8t S
6 L
= 4 =
L2 L2
s 2| c
0 — —
-2 -2
-4 -4
-10 -8 -6 -4 -2 0o 2 4 6 8 10 -10 -8 -6 -4 -2 0o 2 4 6 8 10
Y Y
NEOS-BQS NEOS-4D
Constraints: ng/ng = 0.4, ng =0 No constraints on charge densities

Non-trivial structures of Q and S originate from deviations from the condition in the nuclei
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N EOS-4D A. Monnai, B. Schenke and C. Shen, Phys. Rev. C 110, 044905 (2024)

Four-dimensional equation of state based on QCD

© Taylor expansion using Lattice results (high T)

B,Q,S

P
et ) e () () G

Immn

© Hadron gas (low T)

Ppag = +T2f 2 7_[)3] [1 + e—(Ei—Mi)/T]

P

—11 tanh
=5 an

T_Tc Phad -
T4 T

AT, | T*

(@) T-pg plane

0.4
0.3
T(Gev) 02

(b) T-pq plane

.05
hq (GeV)

0.4
03 i
T@eV) ©°2 oi—7,

(c) T-pg plane

40



.
Rapidity-dependent strange hadron yield ratio

A(uds) A(uds)

- Similar multiplicity scaling

101 A . . . e
i behavior around midrapidity
g a = ek - Rapid change in forward
= i 10-2 — —= _H _H - d
> > rapidity
v v
= O
-|':- = Baryon enhancement
...... +
+ + and
= £ = -3 L - . .
= i = 107} Yi<1 —8— - Anti-baryon suppression
i 1<|Y|<2 —5— = - <|Y|<2 52— -
S 2. ° 22}¥1<3 1< \}_E/ | DIV b ; from the corona
| s leal y e
g<M<§ = e | 5<IYI<6 —e— . .
‘ SiMpY *EHl S 4 ‘ o<lvl<? —=— Different mechanisms of
L [T Lo L 10- A L N L1 °
) 0 100 1000 ) o 100 1000 strange hadron production
(dNer/dn)a<qnj<b (ANer/dNasini<b emerge in forward rapidity!
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