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Where is phase transition/critical point?
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Light nuclei production is related to

nucleon density fluctuations in coordinate space

Kaijia Sun et al., Phys. Lett. B 774, 103 (2017)

∆n ≡ 〈(δn)2〉
〈n〉2 , Nt · Np/N

2
d ≈ g(1 + ∆n), g ≈ 0.29

derived using coalescence model

Dingwei Zhang, poster at Quark Matter 2018

Can one reproduce this without assuming critical point?
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Coalescence models

• Nuclei are formed at late stages of collision, at kinetic

freeze-out

• Nucleons bind into nuclei if they are close in phase space
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• In different types of coalescence models:
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Thermal model

• Assumes rapid freeze-out of nuclei together with hadrons

• Deuteron yield in Pb+Pb collisions at
√
sNN = 2.76 TeV:

Nd = gV
2π2Tm

2K2(m/T ), T = 155 MeV

• Deuteron: binding energy 2.2 MeV

Snowballs in hell.

A. Andronic, et al., arXiv:1710.09425

Deuteron: rapid chemical freeze-out at 155 MeV, like hadrons?
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Methodology: hybrid approach

• CLVisc hydro L. G. Pang, H. Petersen and X. N. Wang, arXiv:1802.04449 [nucl-th]

• SMASH hadronic afterburner J. Weil et al., PRC 94, no. 5, 054905 (2016)

• Treat deuteron as a single particle
• implement deuteron + X cross-sections explicitly 5



Most important deuteron production/disintegration reactions

Largest d + X disintegration rate → largest reverse production rate

Most important = largest σineld+XnX

X σineld+X [mb] (
√
s −√sthr = [0.05, 0.25] GeV) dNX

dy |y=0

π± 80 - 160 732

K+ < 40 109

K− < 80 109

p 50 - 100 33

p̄ 80 - 200 33

γ < 0.1 comparable to π?

π + d are the most important because of pion abundance
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Reactions with deuteron implemented in SMASH

• πd ↔ πnp, πd ↔ np, elastic πd ↔ πd

• Nd ↔ Nnp, elastic Nd ↔ Nd

• N̄d ↔ N̄np, elastic N̄d ↔ N̄d

• CPT conjugates of all above – reactions for anti-deuteron

• all are tested to obey detailed balance within 1% precision

πd ↔ πnp is the most important at high (LHC) energies

Nd ↔ Nnp is the most important at low (AGS) energies
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Reactions of deuteron with pions

πd total
σπd

tot - σπd
el  - σπd→NN

[Arndt et al]
πd elastic
πd→pp

total
πd→πnp

elastic
πd→pp
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πd ↔ πnp is the most important at LHC energies

σinel
πd > σel

πd , not like for hadrons 8



Reactions of deuteron with (anti-)nucleons

(a) σpd
tot - σpd

el

[Carlson et al]
σNd→Nnp
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Nd ↔ Nnp, N̄d ↔ N̄np: large cross-sections

but not important at LHC energies, because N and N̄ are sparse 9



Reactions of deuteron with (anti-)nucleons

(b) σpd inelastic
[Bizzarri et al]
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Nd ↔ Nnp, N̄d ↔ N̄np: large cross-sections

but not important at LHC energies, because N and N̄ are sparse 9



Transverse momentum spectra

Hydro + decays
Hydro + afterburner
same, no BB annihil.
ALICE, PbPb, 0-10%
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Pion and kaon spectra not affected by afterburner

Proton spectra: pion wind effect and BB̄ annihilations (∼ 10%) 10



Obtaining B2(pT ) coalescence parameter

B2(pT ) =
1

2π

d2Nd
pT dpT dy

|
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=2p
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pT dpT dy

)2

hydro + afterburner
ALICE, PbPb, 0-10%
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Reproducing B2 without any free parameters 11



B2(pT ) for different centralities

Pb+Pb,	2.76	TeV
60-80%
40-60%
20-40%
10-20%
		0-10%

B
2	[
G
eV

2 ]	
	×
	1
04

0

10

60

70

pT	[GeV]
0 0.5 1 1.5 2 2.5

Works well for all centralities
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Deuteron v2

PbPb,	√s	=	2.76	TeV,	deuterons
20-40%
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Does deuteron freeze out at 155 MeV?

Only less than 1% of final deuterons original from hydrodynamics

inelastic
elastic

deuteron

0-10% Pb+Pb, √s = 2.76 TeV
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Deuteron freezes out at late time

Its chemical and kinetic freeze-outs roughly coincide 14



Is πd ↔ πnp reaction equilibrated

|y| < 1

πpn → πd: formation
πd → πpn: disintegrationR
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After about 12-15 fm/c within 5% πd ↔ πnp is equilibrated
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Deuteron yield

dN/dy|ALICE
d  × (Δy = 2)

PbPb, 0-10%, √s = 2.76 TeV, |y| < 1
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The yield is almost constant. Why? Does afterburner really play

any role? 16



Deuteron yield
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No deuterons at particlization: also possible. Here all deuterons

are from afterburner. 16



Deuteron yield
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Deuteron yield

dN/dy|ALICE
d  × (Δy = 2)

PbPb, 0-10%, √s = 2.76 TeV, |y| < 1
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Without BB̄ annihilations yield coincidence is less impressive
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Deuteron yield

dN/dy|ALICE
d  × (Δy = 2)

PbPb, 0-10%, √s = 2.76 TeV, |y| < 1

deuteron x3 init
default d init
no deuteron init
w/o BB annihilation
Freeze-out at 165 MeV
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But it persists if T of particlization is changed to 165 MeV
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Toy model of deuteron production: no annihilations

• only π, N, ∆, and d

• isoentropic expansion

• pion number conservation

• baryon (not net!) number conservation

(sπ(T , µπ) + sN(T , µB) + +s∆(T , µB + µπ) + sd (T , 2µB))V = const

(ρ∆(T , µB + µπ) + ρπ(T , µπ))V = const

(ρN(T , µB) + ρ∆(T , µB + µπ) + 2ρd (T , 2µB))V = const
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Toy model of deuteron production: results
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No annihilation: deuteron yield grows, like in simulation.

18



Toy model of deuteron production: results
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Tparticlization = 165 MeV. Relative yields are similar, like in

simulation. 18



Toy model of deuteron production: results
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Annihilation out of equilibrium: µB = µB
V /V0

a+V /V0
, a = 0.1

Tparticlization = 155 MeV. 18



Toy model of deuteron production: results

T
μB

μπ

[M
eV

]

0

0.1

0.2

0.3

V/V0

1 1.5 2 2.5 3

Nucleon
Deuteron
Pion
Delta

yi
el

d(
V

)/y
ie

ld
(V

0)

0.6

0.8

1

1.2

Annihilation out of equilibrium: µB = µB
V /V0

a+V /V0
, a = 0.1

Tparticlization = 165 MeV. Qualitatively similar to our simulation. 18



Summary

• πd ↔ πpn: most important deuteron producing /

disintegrating reaction at LHC

• deuteron does not freeze-out at 155 MeV

• chemical and kinetic freeze-outs of deuteron roughly coincide

• deuteron yield stays constant after particlization, as thermal
model assumes

• reason: interplay of πd ↔ πpn (d ↑) close to equilibrium

and BB̄ annihilations out of equilibrium (d ↓)

Outlook

• Deuteron: ongoing work on d production in pp

• d in AuAu at STAR BES, with SMASH / hydro + SMASH

• t and 3He via dNπ ↔ t π, dNπ ↔ 3Heπ
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pT -spectra for different centralities
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pT -spectra for different centralities

(d)Pb+Pb,	2.76	TeV
d

		0-10%	x8
10-20%	x4
20-40%	x2
40-60%
60-80%

1/
N

ev
	1
/2
πp

T	d
2 N
/d
p T
dy
	[G

eV
-2
]

10−6

0.1

pT	[GeV]
0 1 2 3 4 5

20



Proton and pion v2

ALICE,	20-40%
CLVisc+SMASH,	p,	20-40%
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Proton and pion v2

ALICE,	20-40%
CLVisc+SMASH,	π+,	20-40%
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Dependencies of B2

dependencies compatible with effective volume idea, Veff ∼ VHBT

reliable extrapolations possible, but hard

R. Scheibl and U. W. Heinz, PRC 59, 1585 (1999)
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SMASH transport approach

Simulating

Multiple

Accelerated

Strongly-interacting

Hadrons
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SMASH transport approach J. Weil et al., Phys.Rev. C94 (2016) no.5, 054905

• Monte-Carlo solver of relativistic Boltzmann equations

BUU type approach, testparticles ansatz: N → N · Ntest , σ → σ/Ntest

• Degrees of freedom

• most of established hadrons from PDG up to mass 3 GeV

• strings: do not propagate, only form and decay to hadrons

• Propagate from action to action (timesteps only for potentials)

action ≡ collision, decay, wall crossing

• Geometrical collision criterion: dij ≤
√
σ/π

• Interactions: 2↔ 2 and 2→ 1 collisions, decays, potentials, string

formation (soft - SMASH, hard - Pythia 8) and fragmentation via

Pythia 8
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SMASH: initialization

• “collider” - elementary or AA reactions, Ebeam & 0.5 A GeV

• “box” - infinite matter simulations
detailed balance tests, computing transport coefficients, thermodynamics of hadron gas

Rose et al., PRC 97 (2018) no.5, 055204

• “sphere” - expanding system
comparison to analytical solution of Boltzmann equation,

Tindall et al., Phys.Lett. B770 (2017) 532-538

• “list” - hadronic afterburner after hydrodynamics
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SMASH: degrees of freedom

Hadrons and decay modes configurable via human-readable files

26



Interactions in SMASH

• Resonance formation and decay
Ex. ππ → ρ→ ππ, quasi-inlastic scattering

ππ → f2 → ρρ→ ππππ

• (In)elastic 2→ 2 scattering
parametrized cross-sections σ(

√
s, t) or

isospin-dependent matrix elements |M|2(
√

s, I )

• String formation/fragmentation
2→ n processes

• Potentials
only change equations of motion

27
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• Breit-Wigner spectral function A(m) = 2N
π
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0 )2+m2Γ(m)2

• Mass dependent partial widths Γi (m)
Manley formalism for off-shell width Manley and Saleski, Phys. Rev. D 45, 4002 (1992)

Total width Γ(m) =
∑

i Γi (m)

• 2→ 1 cross-sections from detailed balance relations
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Interactions in SMASH
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• NN → NN∗, NN → N∆∗, NN → ∆∆, NN → ∆N∗,

NN → ∆∆∗

angular dependencies of NN → XX cross-sections implemented

• Strangeness exchange KN → K∆, KN → Λπ, KN → Σπ
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Interactions in SMASH

• Resonance formation and decay
Ex. ππ → ρ→ ππ, quasi-inlastic scattering

ππ → f2 → ρρ→ ππππ

• (In)elastic 2→ 2 scattering
parametrized cross-sections σ(

√
s, t) or

isospin-dependent matrix elements |M|2(
√

s, I )

• String formation/fragmentation
2→ n processes

• Potentials
only change equations of motion

10 string model parameters

currently under tuning

• String (soft or hard) fragmentation: always via Pythia 8

• Hard scattering and string formation: Pythia
• Soft string formation: SMASH

• single/double diffractive

• BB̄ annihilation

• non-diffractive 27



Interactions in SMASH

• Resonance formation and decay
Ex. ππ → ρ→ ππ, quasi-inlastic scattering

ππ → f2 → ρρ→ ππππ

• (In)elastic 2→ 2 scattering
parametrized cross-sections σ(

√
s, t) or

isospin-dependent matrix elements |M|2(
√

s, I )

• String formation/fragmentation
2→ n processes

• Potentials
only change equations of motion

Transverse radius of Cu

• Skyrme and symmetry potential

• U = a(ρ/ρ0) + b(ρ/ρ0)τ ± 2Spot
ρI 3
ρ0

ρ - Eckart rest frame baryon density

ρI 3 - Eckart rest frame density of I3/I

a = −209.2 MeV, b = 156.4 MeV, τ = 1.35, Spot = 18 MeV
corresponds to incompressibility K = 240 MeV

assures stability of a nucleus with Fermi motion
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