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Subject of this talk: Light nuclei and anti-nuclei

Anti-

“ Deuteron (d)

' Tritium (t) ' Tritium (t)
' Helium-3 (He) ’ Helium-3 (He)

' Hypertriton H) ’ Hypertriton (iFi)

Main question: Nuclei (or pp, or pp, or eTe™) collide at high

Deuteron (d)

energy. How many light (anti-)nuclei of each sort will be born in
collision and where do they fly?



Anti-helium by Alpha-Magnetic Spectrometer

The First Five Year

e Few events (compatible with) 3He, “He
Caveats: hard measurement, 1 event/year, not published
e Where do they come from?
Antimatter clouds? Dark matter annihilations? pp collisions?



Is anti-helium at AMS compatible with pp — He ?

® K. Blum, K. C. Y. Ng, R. Sato and M. Takimoto,
“Cosmic rays, antihelium, and an old navy spotlight,”, PRD 96, no. 10, 103021 (2017)

Conclusion: He production compatible with pp

® V. Poulin, P. Salati, I. Cholis, M. Kamionkowski and J. Silk,
“Where do the AMS-02 antihelium events come from?”, PRD 99, no. 2, 023016 (2019)

Conclusion: pp cannot produce that much He
advocate presence of anti-clouds in our Galaxy

® M. Kachelriess, S. Ostapchenko and J. Tjemsland
“Revisiting cosmic ray antinuclei fluxes with a new coalescence model”, arXiv:2002.10481 [hep-ph]

Conclusion: He production compatible with pp

Different coalescence models, tuned to (subsets of) data from

e e"e™ — He at Z resonance [ALEPH, OPAL]
o pp — He at 53 GeV [CERN ISR], at 0.9, 2.76, 7 TeV [ALICE]



Naive coalescence framework

e Nuclei are formed at late stages of collision

e Nucleons bind into nuclei if they are close in phase space
V4 N
dNa dNp dNn
EAd3PA - BA (Ep d3P, End3/:>n
Po=Pn=Pa/A

Ba: B, for deuteron, Bz for tritium, 3He, B, for “He

d ' 3He “*He

i
Ni

100}

: *\‘555%;:::?\?

po “coalescence momentum”

Ba = ziga=zyi (37p0)"*

90°

nucl./

60°

mb
“Mev7

01| 400 Mev/nucl

LEE TR Vi M Gutbrod et al, PRL 37 (1976) 667-670
e P , | Described A = 2, 3, 4 spectra in
| \\\\\ \ Ne + U at 250, 400 A MeV
of e \ o] But: different py for each A
S SOOI Note large sensitivity to pg

Egp (MeV/nuct)

Not state-of-the art approach for By



The role of wavefunction and source size

Overlap of nucleus wavefunction and source size matters
Sato, Yazaki, Phys. Lett. 98B (1981) 153-157

For deuteron:

a(7)1?S2(7)
)Sn ()

Sp.n — normalized spatial distributions of p,n; “source functions”

dnpg = 233(2m)3 [ dPFv
/ 7)S

= [dr'Sy(F —

WV 4(F) — deuteron wavefunction

Relation to femtoscopic (HBT) correlations
Scheibl, Heinz, Phys.Rev. C59 (1999) 1585-1602
Blum, Takimoto, PRC 99, no.4, 044913 (2019)

Ga(p,q) = [ d*PV (g, 7r)S(F)
Von(q,7) ~ (e £ e7')



The role of wavefunction and source size

Overlap of nucleus wavefunction and source size matters
Sato, Yazaki, Phys. Lett. 98B (1981) 153-157

For deuteron:

F)|?Sa(7)
(7)

Sp.n — normalized spatial distributions of p,n; “source functions”

dnps = 233(2m)3 [ dPFV
r 7

a(7
= [drS,(7 — 7)S,

WV 4(F) — deuteron wavefunction

Relation to femtoscopic (HBT) correlations
Scheibl, Heinz, Phys.Rev. C59 (1999) 1585-1602
Blum, Takimoto, PRC 99, no.4, 044913 (2019)

G(p,q) = f d3Npp(Qa rr)S2(F)
Von(q,7) ~ (e £ e7')



Analytical coalescence

e Source is homogeneous on the scale of wavefunction size

e Gaussian source

o 2 < m?

e A-particle correlation function = [] (2-particle correlations)

Scheibl, Heinz, Phys.Rev. C59 (1999) 1585-1602
Blum, Takimoto, PRC 99, no.4, 044913 (2019), m vs my discrepancy

A-1
BA ~ 2JA+1 7'('3/2
m2AD AL /A \ mE(RE (pr) a3 /412 (R} (pr) +d3/4)

Simplified qualitative expectations:

o Ba~ Vg

e By ~1/Vygr, B3 ~1/Vigr
e Ba(pr) =~ const in pp
e larger charged multiplicity, smaller By

Are these expectations fulfilled? 6



Dependencies of B,: transverse momentum

STAR, PRC 99 (2019) 6, 064905
PRC 80 (2009) 024905
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Dependencies of B,: transverse momentum

ALICE, PRC93 (2016) no.2, 024917
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Dependencies of B,: system size

M. Puccio, Quark Matter 2018 proceedings, NPA 982 (2019) 447-450
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Dependencies of B;: collision energy

STAR, PRC 92 (2015) no.1, 014904
STAR, PRC 99 (2019) 6, 064905
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Dependencies of B;: collision energy

Braun-Munzinger, Dénigus Nucl. Phys. A 987 (2019) 144-201
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More quantitative comparison

Blum, Takimoto, PRC 99, no.4, 044913 (2019)
Bellini, Blum, Kalweit, Puccio, 2007.01750 [nucl-th]
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Need HBT-measurement, further comparison for NA49, STAR data

Challenge: simple phenomenological formula to fit

10
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Testing coalescence with hypertriton

?\H is d bound to A by 130 keV, size ~ 10 fm
Large wavefunction compared to system size = suppression

e Coalescence model is far below the data
Bellini, Kalweit, Phys. Rev. C99 (2019) no.5, 054905

e Coalescence model is compatible with the data
Zhang, Ko, PLB 780, 191-195 (2018); Bellini, Blum, Kalweit, Puccio, 2007.01750 [nucl-th]

More careful consideration of f‘\H wavefunction

1 2 3 4 5 6
Riny [fm]

Research in progress, waiting for more ALICE, and for STAR measurements
Need 3H and HBT measurements



Realistic source function: [hydro +] transport + coalescence

Recipe to make a deuteron:
1. Take nucleon pair at t = maximum of last interaction times
2. Boost to their rest frame
3. Bind |Ap| < 0.28 GeV and |Ax| < 3.5 fm
4. Take isospin factor into account

UrQMD — Sombun et al, PRC 99 (2019) no. 1, 014901
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Light nuclei and critical fluctuations
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Generic critical point feature: spatial fluctuations increase
13



Nucleon density fluctuations in coordinate space

Kaijia Sun et al., Phys. Lett. B 774, 103 (2017)
Kaijia Sun et al., Phys. Lett. B 781 (2018) 499-504

Proton and neutron density: Correlations and fluctuations:
pn(x) = (pn) + 6pn(x) Cop = (6pn(x)dpp(x)) / (<Pn> (Pp))
pp(x) = (pp) + 0pp(x) App = <5Pn >/ /On

From a simple coalescence model

3/2
No~ 522 (25)"2 [ d pp(x)on(x) ~ (pn) Np(1+ Cop)

1/2
Ny ~ 34 ( ) J Pxpp(x)pr(x)  ~ (Pn>2 Np(142Chp + Apn)
NeN, 1 1+4+2C,, + Ap,
N3 2v3 (14 Cyp)?
Therr’?al ratio Fluctuations and correlations
8t8] 3m-m ~
@ (Fmm)" = 5i5 ~ 020

Light nuclei are sensitive to spatial density fluctuations 14



Comparing the p-d-t ratio to NA49, STAR, and ALICE data

Data: NA49 [Anticic:2010mp,Blume:2007kw,Anticic:2016ckv], STAR [Adam:2019wnb,Zhang:2019wun],
ALICE [Adam:2015vda]; model JAM + coalescence [Liu:2019nii]
1.5 T T T

1.25F b

= NiN,/N3

1
coalescence
23

0 L L L
10 100 1000

Vsun [GeV]
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Comparing the p-d-t ratio to NA49, STAR, and ALICE data

Data: NA49 [Anticic:2010mp,Blume:2007kw,Anticic:2016ckv], STAR [Adam:2019wnb,Zhang:2019wun],
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Comparing the p-d-t ratio to NA49, STAR, and ALICE data

Data: NA49 [Anticic:2010mp,Blume:2007kw,Anticic:2016ckv], STAR [Adam:2019wnb,Zhang:2019wun],
ALICE [Adam:2015vda]; model JAM + coalescence [Liu:2019nii]
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Comparing the p-d-t ratio to NA49, STAR, and ALICE data

Data: NA49 [Anticic:2010mp, Blume:2007kw,Anticic:2016ckv], STAR [Adam:2019wnb,Zhang:2019wun],
ALICE [Adam:2015vda]; model JAM -+ coalescence [Liu:2019nii]
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Are the bumps related to fluctuations?
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Critical point and “He excited states

e Deeply attractive nucleon-nucleon potential V
around the critical point
NN, /N3 2~ 0.29(e=V/T)

No NeN3 /Ns e N3 = 0.42(e=3Y/T): more sensitive
Shuryak, Torres-Rincon, PRC 101, no.3, 034914 (2020)

e Decay of many *He excited states, thermal model, no V
Vovchenko, Dénigus, Kardan, Lorenz, Stoecker, arXiv:2004.04411 [nucl-th]

Statistical model
02 — —Only stable nuclei
+ excited nuclei

10°

» 10?
1
sy [GeV]

Op.d.t = NpN¢/N? 16



Thermal model and “snowballs in hell”

e Nuclei formed early — at hadronic freeze-out

Na =~ gaV (mTma/2)%/? e(Ane—ma)/T
ALICE fit of yields, Pb+Pb, \/syy = 2.76 TeV: T = 155 MeV
Nuclei momentum spectra: Tg;, ~ 110 MeV

e How can they survive from chemical to kinetic freeze-out?
Binding energies per particle: d, 3He, 3H,*He — ~ few MeV

Snowballs in hell.

T

§‘ 10°F o Pb-Pb 5,,,=2.76 TeV, 0-10% centrality
= KK K
102 R ate ol 2] PPARA -
3 0T e
< 10 el - 1
> - -
1k e 1
ety
107"k e ]
102
10°F  ® Data, ALICE He e som
o5 AHH
104}  — Statistical Hadronization 'y ]
10k =
e *He
10°F +_§__ 4

Andronic, Braun-Munzinger, Redlich, Stachel, Nature 561 (2018) no.7723, 321-3305

Light nuclei: rapid chemical freeze-out at 155 MeV, like hadrons? 17



Relation of thermal + blast wave to coalescence model

Blast-wave model:

o Cooper-Frye formula on hypersurface X, B < m
e |f boost-invariant hypersurface = Siemens-Rasmussen formula
® i p before resonance decays

normalization to thermal model yields

light nuclei formed at chemical freeze-out

Eg e — [\ plido, elie- % u)/ T glpn—)/T

Coalescence model:

Ed 673(\[1)‘2 = fz psdo'u e(up )/Te(p'" uV)/TCd(rd pd)

3qgd® rg+r rg—r -
Ca(rd, pg) = d(;g)fp q,r )f( at /27Pd/2':;7(/2)’pg/d2) /2,pd/2—4/2)

e D(q, r) — Wigner transform of deuteron wavefunction

e Cy(rg, pg) — measures fireball inhomogeneity over wavefunction size
Cy(rq, pg) = 1 for large homogeneous fireball

® i p after resonance decays
light nuclei formed at kinetic freeze-out

18



Thermal model and “snowballs in hell” puzzle

e Nuclei formed early — at hadronic freeze-out

Na =~ gaV (mTma/2)%/? e(Ane—ma)/T
ALICE fit of yields, Pb+Pb, \/syy = 2.76 TeV: T = 155 MeV
Nuclei momentum spectra: Tg;, ~ 110 MeV

e How can they survive from chemical to kinetic freeze-out?
Binding energies per particle: d, 3He, 3H,*He — ~ few MeV

Snowballs in hell.
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Andronic, Braun-Munzinger, Redlich, Stachel, Nature 561 (2018) no.7723, 321-3305

Light nuclei: rapid chemical freeze-out at 155 MeV, like hadrons? 19



"'Snowballs in hell"

| was a gold
atom nucleus :(

I'm quark-gluon plasma
VERY HOT!

I'm a deuteron

Barely escaped
that hell...

How deuteron survived: Oliinychenko et. al, Phys.Rev.C 99 (2019) 4, 044907

20



Purely dynamical model

DO, Pang, Elfner, Koch, PRC99 (2019) no.4, 044907
DO, Pang, Elfner, Koch, MDPI Proc. 10 (2019) no.1, 6

Particlization T = 155 MeV

Initial State Relativistic Fluid

Pre-equilibrium
Dynamics

fm/c

0 ~1 ~10 ~20

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

e SMASH hadronic afterburner J. weil et at., PRC 94, no. 5, 054905 (2016)
e Treat deuteron as a single particle

e implement deuteron + X cross-sections explicitly

21



Light nuclei production by pion catalysis

o wd <> wnp, Nd < Nnp
e all are tested to obey detailed balance within 1% precision
e large disintegration cross sections — large reverse rates

DO, Pang, Elfner, Koch, PRC99 (2019) no.4, 044907

' SMASH
2001 nd total — total
- Omi- G- Gy — md—mnp
[Arndt et al]
#  md elastic — elastic
300 | md—pp — ad—pp A

e LT

2 2.2 2.6 2.8 3 22

2.4
Vs [GeV]



B,(pr) and v, for different centralities

DO, Pang, Elfner, Koch, PRC99 (2019) no.4, 044907

701 Pb+Pb, 2.76 TeV :
b 60-80%
601 oo |
b 20-40% 3
< | d Nd
5 | o 10-20% - 55 o dordy | pd =2pP
ﬁ 27 prdprdy |pd=2
x / b 0-10% By(py) = 2 PTPTdY bl 2PT
i / _ LN,
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ﬁ | } ** |
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pr [GeV]

No free parameters. Works well for all centralities.
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B,(pr) and v, for different centralities

DO, Pang, Elfner, Koch, PRC99 (2019) no.4, 044907

0.5 - - :
PbPb, \Ns=2.76 TeV, deuterons
4 20-40%
04F ¢ 10-20% 1
4 0-10% '
CLVisc+SMASH 1 d3Ny | ; )
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. 4 1 d3Np
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. ¢ L]
0.1 P S o 1
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No free parameters. Works well for all centralities.
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Does deuteron freeze out at 155 MeV?

Only less than 1% of final deuterons originate from hydrodynamics

00 0710% Pb1Pb, s — 2.76 TeV]
D e
deuteron
Jsle A
j 5 :;‘ N Hm +
- ++ m* Ay
0.005F + +H + MHHi + ]
tffi++ i **‘*?21*&:
0 20 w0 0 80

t of last collision [fm/c]
Deuteron freezes out at late time
Its chemical and kinetic freeze-outs roughly coincide
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Is 7d <> wnp reaction equilibrated

DO, Pang, Elfner, Koch, PRC99 (2019) no.4, 044907

T T T T
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< 20 t t t t
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After about 12-15 fm/c within 5% wd <> mnp is equilibrated
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Deuteron yield

DO, Pang, Elfner, Koch, PRC99 (2019) no.4, 044907
0.8

PbPb, 0-10%, Vs =2.76 TeV, |y| < 1

I
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1

— default d init

deuteron multiplicity
(=}
N

-

N
D
T

dN/dy[¢'" x (Ay =2)

O 1 1
0 20 40 60 80 100
t [fim/c]

The yield is almost constant. Why? Does afterburner really play

any role? 26



Deuteron yield

DO, Pang, Elfner, Koch, PRC99 (2019) no.4, 044907
0.8

PbPb, 0-10%, Vs =2.76 TeV, |y| < 1
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No deuterons at particlization: also possible. Here all deuterons

are from afterburner. 26



Deuteron yield

DO, Pang, Elfner, Koch, PRC99 (2019) no.4, 044907
0.8

PbPb, 0-10%, Vs =2.76 TeV, |y| < 1
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Why thermal model describes light nuclei yields at LHC

e Stable hadron yields (7w, K, N, A, ...) comprising resonances
are fixed at chemical freeze-out
e Nuclei are kept in partial (relative) equilibrium by huge
cross-sections of A+ h <> A x N + h until kinetic freeze-out
- Therefore nuclei yields stay constant from hadron chemical
freeze-out to kinetic

- This picture works for all measured nuclei at LHC
Xu, Rapp, Eur. Phys. J. A55 (2019) no.5, 68
Vovchenko et al, arXiv:1903.10024

- It works even if no nuclei are produced at chemical freeze-out
DO, Pang, Elfner, Koch, Phys.Rev. C99 (2019) no.4, 044907
DO, Pang, Elfner, Koch, MDPI Proc. 10 (2019) no.1, 6
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Exactly the same mechanism, lower energies

Data: Alt:2006dk, Anticic:2010mp, Adams:2003xp, Adamczyk:2017iwn,
Abelev:2009bw, Adcox:2003nr, Klay:2001tf, Ahle:1999in

+ 7.7Gev 10° 62.4 GeV 10°
1000k 14.5 GeV 10”! 200 GeV 10
+ 19.6 GeV 107 -—  hydro + transport
27GeV 107 - hydro + decays
WL * 39 GeV 10™ ]

I j""""*‘*ﬁr—r

&N / @rprdprdy) [GeV?]

10*12 1 1 1 1
0 1 2 3
pr [GeV]
Same mechanism still works for deuteron down to 7.7 GeV!
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Exactly the same mechanism, lower energies

Data: Alt:2006dk, Anticic:2010mp, Adams:2003xp, Adamczyk:2017iwn,
Abelev:2009bw, Adcox:2003nr, Klay:2001tf, Ahle:1999in

¢  HADES (prelim.)
= X3y % E895 (Witt thesis)
10k ¥ E802 g
- 4 NA49
. *  STAR
IS — hydro + transport
I
>
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Z
o
*
%
0.01F d E
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0.001 L 1(')0

10\/SNN [GeV]

Same mechanism still works for deuteron down to 7.7 GeV!
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Exactly the same mechanism, lower energies

Data: Alt:2006dk, Anticic:2010mp, Adams:2003xp, Adamczyk:2017iwn,
Abelev:2009bw, Adcox:2003nr, Klay:2001tf, Ahle:1999in

2.5 T T
*  Experiment (©)
Hydro + transport
2 - -
= | !
©
3 N
S L d
St 1
Vol ¥ * *
0.5} p 1
0 0-10% AuAuy, |y| <0.5
10 100
Vsay [GeV]

Same mechanism still works for deuteron down to 7.7 GeV!
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Conclusions

Need better understanding of light nuclei production
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Conclusions

Need better understanding of light nuclei production

e Potential benefits
- Background for antimatter in space from pp, pA, AA.
May lead to discovery of antimatter clouds in the Universe
- Possible detection of critical point from density fluctuations

NN,
—— Ng )

other ratios
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Conclusions

Need better understanding of light nuclei production

e Potential benefits

Background for antimatter in space from pp, pA, AA.
May lead to discovery of antimatter clouds in the Universe
Possible detection of critical point from density fluctuations

NN,
—— Ng )

other ratios

e Challenges

Need model for light nuclei yields in eTe™, pp, pp, AA

as a function of \/s, dNg,/dn, pr, y

Need to improve models, both dynamical and analytical

Need models including critical point

Does wavefunction size matter?

Still an open question: small systems, f\H

Need hadronic exclusive cross-sections:

d+m, d+p, t+m t+ p, etc, to be measured or analytically

computed
29



Thank you!
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Most important deuteron production/disintegration reactions

Largest d 4+ X disintegration rate — largest reverse production rate
Most important = largest agnfxnx

. X

X ol [mb] (v/s — /Senr = [0.05,0.25] GeV) - ly=o

nt 80 - 160 732

K+ < 40 109
K~ < 80 109

p 50 - 100 33

p 80 - 200 33

¥ <0.1 comparable to 77

m + d are the most important because of pion abundance
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Reactions of deuteron with pions

" SMASH
200k nd total — total
—— O -O%-GOmonw — md—mnp
[Arndt et al]
4 nd elastic — elastic
300F | md—pp — mdopp -

2 2.2 2.4 2.6 2.8 3
Vs [GeV]

wd <> wnp is the most important at LHC energies
(r;”j’ > Uf_’d, not like for hadrons
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Reactions of deuteron with (anti-)nucleons

250 T T :
(a) oo
2001 [Carlson et al] ]
- GNd—»an
SMASH
= |
£
b -
50t

0 . . . . .
2.8 2.85 2.9 2.95 3 3.05 3.1
Vs [GeV]

Nd <> Nnp, Nd <> Nnp: large cross-sections
but not important at LHC energies, because N and N are sparse
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Reactions of deuteron with (anti-)nucleons

350 T T T K T K
(b) +  Opqinelastic
300f [Bizzarri et al] -
~——  ONd—Nnp
2501 SMASH .
= t
g
b -
100f
50 .
0 . . . .
2.8 29 . 32

3 3.1
\s [GeV]
Nd <> Nnp, Nd <> Nnp: large cross-sections
but not important at LHC energies, because N and N are sparse
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Transverse momentum spectra

._‘
=)
2

"/

—— Hydro + decays

- Hydro + afterburner
- same, no BB annihil.
ALICE, PbPb, 0-10% A

(=3

(=3

=3
T

1/27 pr d*Ny/dydpr

2 3 4 5
pr [GeV]

Pion and kaon spectra not affected by afterburner

Proton spectra: pion wind effect and BB annihilations (~ 10%)
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Obtaining B,(pr) coalescence parameter

d_n P
T=2PT

27 prdpydy 'p

B =
2(PT) e, 2
2m pydprdy
10 T T T T
¢ hydro + afterburner
¢  ALICE, PbPb, 0-10%
8F S *
ﬂ/_-\
=
—_ 3
o
> . + +
o 4f E
< 0+ +‘+ +
i
2f e 1
0 1 1 1 1
0 0.5 1 1.5 2 2.5

pr/A [GeV]

Reproducing B, without any free parameters
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pr-spectra for different centralities

100

5

} 0-10% x4
b 10-20% x2
b 20-40%
t
t

1/Ng, 1/27pr &*N/dprdy [GeV™]

40-60%
60-80%

_
3
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pr-spectra for different centralities

-
(o
+
s
S
N
~
=)
=
<

¢

+
0-10% x8 '

1/Ne, 1/2npr d*N/dprdy [GeV?]

t
{ 10-20% x4

F oy 20-40% x2 E
{ 40-60%
{ 60-80%

1076 1 1
0 1 2 3 4 5
pr [GeV]
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Toy model of deuteron production: no annihilations

only w, N, A, and d

isoentropic expansion

pion number conservation

baryon (not net!) number conservation

(5x(T,pn) +sn(T,p8) ++sa(T, ue + pr) + sq(T,218))V = const
(pa(T,pe + pr) + px(T,px))V = const
(on( T, 1B) + pa(T, ug + pix) + 2p4(T,218))V = const
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Toy model of deuteron production: results

— Nucleon

= -=— Deuteron
Z 12p Pion -
= N e —
S |
> ] -
>\ T
> ---------
Sosf T
Sosf e -
i S
)

0.6 -

03F — T
> M8
E 02p = Ia _
— 0.1

'\

2 2.5 3
VIV,

No annihilation: deuteron yield grows, like in simulation.
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Toy model of deuteron production: results

— Nucleon
S --—  Deuteron
> 12f o |
E R
s |
> -
S
<
Sosp T
T e -
Josp T
)
0.6 -
03F — T -
> T s
E 02F — -
—0.1p -
— |
0

! 1.5 2.5 3

2
VIV,
Tparticlization = 165 MeV. Relative yields are similar, like in

simulation.
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Toy model of deuteron production: results

— Nucleon

= -——  Deuteron
> 12k Pion i
g --=- Delta
e
2\‘ 1 R~ ]
= N e
> R
< -~
Sosfp el 1
L0 T
s [ TTm _

0.61 b

03f — T
— — MUB
202 — 1
=
—0.1r

0 —_—T . . 1
1 L5 2 2.5 3
V/V,
Annihilation out of equilibrium: ug = i VMo 5 =01
- MB Baxv/vy: :

Tparticlization = 155 MeV.
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Toy model of deuteron production: results

— Nucleon

= --= Deuteron

> 1.2F = Pion 1

=1 —-—=  Delta

)

2\' 1 = =

~ e —————

S .

= "~

S o08F 0 T 1

-

-~ T -]
0.6 i
03 — T

— — s

202k — e ]

>

Soaf i

o ,
1 1.5 2 2.5 3
V/V,
Annihilation out of equilibrium: ug = ug—2LYe_ 2=0.1
L UB Box V/Ve .

Tparticlization = 165 MeV. Qualitatively similar to our simulation.
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