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Prologue

Prologue

m Coalescence model for the production of light nuclei in high energy hadron-hadron and
hadron-nucleus collisions (cosmic rays) first introduced in the 1960s:

Hagedorn 1960,1962,1965; Butler & Pearson 1963; Schwarzschild & Zupanti¢ 1963
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Prologue

Prologue
m Coalescence model for the production of light nuclei in high energy hadron-hadron and
hadron-nucleus collisions (cosmic rays) first introduced in the 1960s:
Hagedorn 1960,1962,1965; Butler & Pearson 1963; Schwarzschild & Zupanti¢ 1963

m Further development in the 1970s and 80s motivated by first experimental results with
heavy-ion collisions at the BEVALAC (Gutbrod et al. 1976):

Bond, Johansen, Koonin, Garpmann 1977; Mekjian 1977, 1978; Kapusta 1980, Sato & Yazaki 1981; Remler 1981, Gyulassy,
Frankel & Remler 1983; Csernai & Kapusta 1986; Mréwczynski 1987; Dover et al. 1991
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Prologue

Prologue

m Coalescence model for the production of light nuclei in high energy hadron-hadron and
hadron-nucleus collisions (cosmic rays) first introduced in the 1960s:

Hagedorn 1960,1962,1965; Butler & Pearson 1963; Schwarzschild & Zupan&i¢ 1963

m Further development in the 1970s and 80s motivated by first experimental results with
heavy-ion collisions at the BEVALAC (Gutbrod et al. 1976):

Bond, Johansen, Koonin, Garpmann 1977; Mekjian 1977, 1978; Kapusta 1980, Sato & Yazaki 1981; Remler 1981, Gyulassy,
Frankel & Remler 1983; Csernai & Kapusta 1986; Mréwczynski 1987; Dover et al. 1991

m Long initial discussions about the interpretation of the “invariant coalescence factor”
Bx defined by
dN, dNy \? [ dNy \"
E, =By B2 E,—— .
Ad3'D A ( pd3Pp> ( d3'Dn) |Pp:P,,:PA/A

(1) “momentum—space coalescence volume” (Butler & Pearson, Schwarzschild & Zupanéi¢, Gutbrod et al.),
(2) “inverse fireball volume" Ba ~ VA~ (Bond et al, Mekjian).
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Prologue

Prologue

m The 1980s saw an increased focus on the phase-space and quantum mechanical
aspects of nuclei formation through coalescence. An important paper by panielewicz & Schuck
1992 used quantum kinetic theory to allow for scattering by a 3rd body to account for
energy conservation in deuteron formation. scheibl & Heinz 1999 used their work to derive a
generalized Cooper-Frye formula for nuclear cluster spectra from coalescence,

dSNA 2Ja+1 [ 3 7z N
P = o L PRI R PIA) (R PIA) CR.P).

where the “quantum mechanical correction factor” Ca(R, P), first introduced by Hagedor
1960, accounts for the suppression of the coalescence probability in small or rapidly
expanding fireballs where the cluster wave function may not fit inside the “homogeneity
volume” of nucleons with similar momenta that contribute to the coalescence.
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m The 1980s saw an increased focus on the phase-space and quantum mechanical
aspects of nuclei formation through coalescence. An important paper by panielewicz & Schuck
1992 used quantum kinetic theory to allow for scattering by a 3rd body to account for
energy conservation in deuteron formation. scheibl & Heinz 1999 used their work to derive a
generalized Cooper-Frye formula for nuclear cluster spectra from coalescence,

dSNA 2Ja+1 [ 3 7z N
P = o L PRI R PIA) (R PIA) CR.P).

where the “quantum mechanical correction factor” Ca(R, P), first introduced by Hagedor
1960, accounts for the suppression of the coalescence probability in small or rapidly
expanding fireballs where the cluster wave function may not fit inside the “homogeneity
volume” of nucleons with similar momenta that contribute to the coalescence.

m A direct connection between deuteron coalescence and femtoscopic 2-particle
correlations (intensity interferometry) was first noted in Mrowezynski 1987-03 and recently
made even more explicit by Bium & Takimoto 2019.

Working it out explicitly in a semi-realistically parametrized expanding fireball model,
Scheibl & Heinz 1099 found the following main results:
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Main results

Main results: 1. The quantum mechanical correction factor
The quantum mechanical correction factor (approximately independent of position) averaged over the
freeze-out surface is given by (Scheibl & Heinz 1999, recently rediscovered! by Sun, Ko, Dénigus 2019; Blum & Takimoto 2019)
A—-Z
B f): P-d%c(R) f;' =% (R, P/A) pr(R7 P/A)Ca(R, P)
J5 P-d3a(R) £ 4(R, P/A) fZ(R, P/A)

N 2 fAem 2 Faems  \/27(A-D)
~e B/T/[<1+3R{?M;/A))<l 3R2(AMLS/A)>1 2] A1

(Ca) (P) = (Ca(R, P))x

B = My — Am < 0 is the binding energy of the nuclear cluster; M| /A &~ m is the transverse mass of the
coalescing nucleons. Ca(R, P) is obtained by folding the internal Wigner density of the cluster with the
phase-space densities of the coalescing nucleons; for example, for deuterons

d3qd3r fo(Ry, P1) fa(R—, P_)
@y DD LR P h(R PJ2)

/d3r|¢ 2 fP(R+7P/2) fn(R,’P/2)
d (R, P/2) f-(R, P/2)

Cia(R, P)

where D(r, q) = 8 exp(—r?/d*—q?d?), with d = \/8/3rg rms = 3.2fm, is the deuteron internal Wigner

density in its rest frame, R = RS+ uy-r, Rt =R+ %(r+ 1”1;'0 ug), uy = P/mg, and similarly for P4.
d

1up to flow effects which cause the My -dependence of the HBT radii and affect the spectral slopes
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The quantum mechanical correction factor: Confirmation by ALICE
Sun, Ko, Ddnigus 2019

100 v T
+ PbPb @276 TeV 7[ ALICE published
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Main results Fireball moc

The quantum mechanical correction factor: prediction for the hypertriton

8
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bdel simulations The QM ion Connection to femtc
Sun, Ko, Ddnigus 2019
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Main results

Main results: 2. The invariant coalescence factor: flow effects

By dividing the invariant cluster spectrum by the appropriate powers of the invariant nucleon spectra one
obtains

_ 2Jx+1

BA(P) 2A

A1
€ M Ve (A, ML) < (27)? )) e(ML*A’")(T;(lru)’T;&/u))

my Veg(1,mp) \my Veg(1,mp

where T, T, are the inverse slope parameters (“flow-boosted effective temperatures”) of the nucleon and
cluster spectra, and the effective volume V, g is given by

Ve (1, m 2\ 32 M, Ve (A, M
veff(AMu:%:(Z) Viom(mi) = W:l/ﬂ

in t.erms of the homog.ene.ity volume Vhom(mJ_) = Ri(f:"lJ_)RH(fT:IJ_) wh.ere R jj(mL) are the transverse
(“sideward”) and longitudinal HBT radii measured for pairs of particles with transverse mass m :

A 0 A
Ri(my) = —t Ry(my) = el

1+ (my/ Tz V14 (mL/T)(An)?

Here Ap, An are the geometric (Gaussian) fireball widths in transverse (radial) and longitudinal
(space-time rapidity) directions, 79 is the nucleon kinetic freeze-out time, and nf and An = (190An)/7o are
the transverse and longitudinal flow velocity gradients.

e Connection with recent work by Blum & Takimoto 2019 will be discussed further below.
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Fireball model

Coalescence, flow, HBT, and all that ...

An illustrative expanding fireball toy model
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Fireball model

The model emission function (cssrgs and Lérstad 1996)

Assumption: simultaneous kinetic freeze-out of pions, kaons, and nucleons and coalescence of nuclei on a

common “last scattering surface” X¢ characterized by a position-dependent freeze-out time t¢(x).

Coordinate system: Milne (7,7) and transverse polar (p, ¢) coordinates:
R¥ = (7 coshn, pcos ¢, psin ¢, 7sinhn)

Additional simplifications:

1. azimuthal symmetry (b = 0 collisions);

2. boost-invariant longitudinal flow rapidity n,(7, p, ) = n (Bjorken scaling);

3. linear transverse flow rapidity profile n, (7, p,n) = anLp;
u"(R) = coshn (coshn, tanhn) cos ¢, tanhn, sin ¢, sinhn);

4. sudden freeze-out at constant longitudinal proper time 79 and temperature T:
P-d3%(R) = mom, cosh(n—Y)pdpd¢dn;

5. Boltzmann approximation for nucleons and nuclei:2

fi(R,P) = et/ T e=PuR/T H(R), i=p,n;

2 2
H(R) = H(n,p) = N exp (‘2(&7,))2 - 2(277,)2> '

2Flow velocity u*(R) missing in Sun, Ko, Dénigus 2019, Blum & Takimoto 2019
Ulrich Heinz (OSU/J.W.Goethe-University) Coalescence of nuclear clusters CERN, 5/19/2020
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Fireball model

Cluster spectra: thermal emission vs. coalescence
Thermal cluster emission: s = Zup + (A—2Z)pn

d®Nay  2J4+1
d3P  (2n)3

e“A/T/ P.-d%c(R)e P uR/T H(R)
¢

Classical coalescence (pointlike nucleons and clusters, ignoring cluster binding energy):

3
Ed Na _ 2JA+16MA/T

B3P (2n) /zfP'daa(R)eip'u(R)/T(H(R))A

Quantum coalescence:

d®Ny  2Ja+1

eralT / P-d*(R) e P“R/T (H(R))* Ca(R, P)
P

d3P (2m)3
~ 726';531%”@@(/9) /Zf P d*(R) e PuR/T (H(R))"

For freeze-out at constant density, temperature & chemical potential: H(R)=const.=1= (H(R))A on ¥¢
—> thermal emission and classical coalescence give identical results while quantum coalescence gives
slightly smaller yields (15-20% effect for deuterons from AuAu, PbPb).
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Fireball model

Gaussian H(R): thermal cluster emission spectrum

Using saddle point integration one obtains for the Gaussian profile function H(R)

3Ny 2J4+1 (a—M M, —-M

= ZAT  olka=M)/T A=

3P (277) e Ml Veff(LML)eXp TX
2t 1 uamyT _M.-M
= )2 e M Vhom (M) exp T

(Scheibl & Heinz 1999)

y2
- 2(An)2>

Y2
N 2(An)2>

with an inverse slope parameter (“effective temperature”) that increases linearly with the cluster mass:

Ti=T+Mn?
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Fireball model

Gaussian H(R): spectrum from classical coalescence

Using saddle point integration one obtains for the Gaussian profile function H(R)

3 2
PNa _ 20041 0/ Thg v (A ML ) (_ML—Am . AY >

BP - (2m) Th 2(An)?
20t a7y Vhom(m) ( Mi—Am AV
a7 L RO

where M| = \/(Am)2 + P2, with an inverse slope parameter ( “effective temperature”) independent of
cluster size:

* Am 2 *
TA:T+777I T+m77f T,.

This is clearly a deficiency of the assumed Gaussian transverse density profile in this toy model.
Freeze-out at constant density eliminates this difference and thus corrects this deficiency.

Note that M = Am + B where binding energy |B| < T is negligible.
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Fireball model
Gaussian H(R): spectrum from quantum coalescence

Using saddle point integration one obtains for the Gaussian profile function H(R)

3Ny 2J4+1

M, —A AY?
= eBa=AM/ T\ (PY M| Vg (A, ML) exp (—M )

BP T (2m) T: 2(An)?
_2a+ 1 (uamamyT Vhom(m) M, —Am AY?

Py M, —RomA L) L
T (2r)p2 (Ca)PYML =257 T 2(An)?

where M| = \/(Am)2 + P2, with an inverse slope parameter ( “effective temperature) independent of
cluster size:

TA—T—l——n, T+m77f T,
Compared to classical coalescence, the only difference is the quantum mechanical suppression factor
(Ca)(P).

Again, the problem with nuclei and protons having the same predicted inverse slope goes away for
freeze-out at constant density, H(R) =1.
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Model simulations

Coalescence, flow, HBT, and all that ...

(Dynamical) model simulations
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Model simulations

Chemical vs. kinetic decoupling of light nuclei: PCE BW model
Xu & Rapp, 1809.04024 (EPJ A55 (*19) 68):

Nuclei yields and pr-spectra from STAR and ALICE can be
understood in terms of thermal production (=classical
coalescence!) at Tchem = 160 MeV and Ty;, =100 MeV,
with Bs =0.780 (0.866) at RHIC (LHC) (blast wave
parametrization):

°
=

O]
—- g (LHO)
~ 1, (LHO)
— 1y (RHIO)|
-~ g (RHIC)
— 1, (RHIC)

°
@
T

Chemical Potentia [GeV]
° o
"

I I I I
009 01 01l 012 013 014 015 016
Temperature [GeV]

ALICE,Pb-Pb, 2.76TeV

= d 0-20%
e °He 0-20%

comb. fit

g oot — comb. fit
I md
z e a
> . B d (Natwre)
8 1E-34 ° BEN:(::) o 001
= * ot =
= A “He(Nature) L
o 1E-4 v FE(Nature) >
o “He(Nature) ® 1E-34
3z P, ‘Fe(Nature) =
~ 1E-5 o
S
%E _— %F 1E-4 4
z 1E-6 — A
= ! £ 1e54
5 z
=] 2 o
1E-7 4 °
\ 1E-6 4
e | \
1E-9 \K 1674
STAR, 200GeV
1E-10 T T T T T 1E-8
0 1 2 3 4 5
P_(GeVic)
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Prologue Main results Fireball model

Chemical vs. kinetic decoupling of light nuclei: BW model (ALICE version)

Consistent with earlier ALICE analysis:
ALICE 1506.08951 (PRC 93 (2015) 024917):

Hadron and nuclei pr-spectra from ALICE can be
understood in terms of common kinetic freeze-out 2
(=classical coalescence!) at Ty, =113 £+ 12 MeV,
with (3) =0.632 £ 0.010 (blast wave

parametrization):

Ulrich Heinz (OSU/J.W.Goethe-University)

Model simulations

on factor Connection to femtoscop
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Data / Fit
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Data / Fit
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Prologue Main results Fireball model Model simulations Connection tc

Chemical vs. kinetic decoupling of light nuclei: hadronic Saha equation (PCE)
Vovchenko et al. 1903.10024 (PLB 800 (2020) 135131): e T oI5
Partial chemical equilibrium p 4+ n+ 7 < d + 7 gives ':,:10,17 _______ /_/_/-’
NA(T) N T\ 3(4-1) 5 (1 1 z . '/-//
o B G R CY ] g
3 ZU 51 /./ ——HRG in PCE 1
T\ 3 1 1 10 o — — simplified PCE
# ( ) exp {—mA (7 - )] . 7 — - —thermal model
Tch T Ten 10 - ; -

70 80 80 100 110 120 130 140 150
Colored bands: ALICE data Lines: Full HRG PCE T [MeV]

T T T T T T T T T T T T T

102t dp | 10%f 1
10°F 1 10°r o ]
NZ/p
810t oo | 8 10*
T e/p T NG/ EE/p
e — T P 4
k=R o e
L 10°t {1 @10°} Hip
107+ @) “Help 4 107} (®) 1
10°® 10°L *Hip, ‘Help |
10° n n n ‘Tki" n n n n 10° n n n n n n n n
70 80 90 100 110 120 130 140 150 70 80 90 100 110 120 130 140 150
T [MeV] T{MeV]
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Model simulations

Chemical vs. kinetic decoupling of deuterons: hydro+UrQMD:

Sombun et al. PRC99 ('19) 014901; Stock et al., NPA 982 (’19) 2019

5 Pb+Pb, 2.75 TeV

T
Deuterons from
phase-space coalescence.

Yields calculated from hydro +

UrQMD hybrid simulation, with final zsra’:‘g‘;’;éev/c |
state coalescence implemented in e
UrQMD, agree with ALICE data and S A;q«ax‘l‘ifr’fm

. ‘o o imulations:
v'\\;llzlzjesltjtbsrtg;lll;l.adronlzatlon % 3 | —©—Hydro + UrQMD, Pb+Pb 4

--E-- UrQMD v3.4, p+p
Ia ALICE Data:
Statistical Hadronization Model with '5_ oL : :’E;Pb i
the same chemical freeze-out =
parameters but without UrQMD R i éé
rescattering (i.e. w/o p-b : Thermal fit (Florence): T.= 163.8 MeV
annihilation through FSI) disagrees 1rd ) e ' i
with the data and full dynamical ® W!thout Rescaﬁerlng
simulations. <{> With Rescattering
1 1 1
03 10 100 1000

dN,,/dn
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Model simulations

Chemical vs. kinetic decoupling of deuterons: hydro+SMASH

Oliinychenko, Pang, Elfner, Koch, 1809.03071 (TRENTO+CLVisc+SMASH)

Incorporate wd <+ wnp with detailed balance in the SMASH afterburner (“pion catalyzed coalescence”):

003 0°10% Pb+Pb, s = 2.76 TeV] ol g<1 ] PO 0T0% s =276 eV <1
. . : 1. default
1 1nela§tlc = ‘? [ == 2.3x excess of d ]
+  elastic ) 206 &= 3.nod from hydro
deuteron ° a [y = 4. no BB annihilation
= L 1 5 0o01f § ------ 5. Particlization at 165 MeV
& M g1 Eodt
.Zcu + § "’ B= npn—nd: qunauon ) E
. + &’ wop i == nd — mpn: disintegration 5}
5 L e
4 (@pn — nd) - (nd — mpn) zor =
S | + + H++ 1 td (nd — 7pn) + (zpn — 7d) kS AN/dy [T (A
it S
S
M 1 = 100
Hi o O 7 75 .
] 4 +i#+ 4 = i v —— fraction of total energy
B 20f | o ] 50 !
Lt M el R/ e
0 20 40 60 8 0 10 20 30 40 50 "0 20 40 60 80 100
t of last collision [fm/c] t [fm/c] t [fm/c]

Chemical freeze-out of deuterons occurs about > 10fm/c after completion of hadronization process.
At that point, > 99% of deuterons originally produced at T pem = 160 MeV have been destroyed;
~ all experimentally observed deuterons are created in SMASH via mnp — wd’ — wd (“coalescence™).
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Model simulations

Coalescence parameter B, in TRENTO-+CLVisc+SMASH:

Oliinychenko, Pang, Elfner, Koch, PRC99 ('19) 044907

10 T T T T
¢ hydro + afterburner
¢  ALICE, PbPb, 0-10%
8r s . 4
F . . N
o B>(pt) increases with pr, as qualitatively
: predicted by the toy model coalescence
~ 6 . * b calculation in Scheibl & Heinz 1999 and in
c": ? + agreement with ALICE data.
< -
% L i TRENTO+hydro+SMASH also correctly
4
g o [® + describes the pt-spectra of 7w, K, p and d
~ & + (and antiparticles), but calculation has
M insufficient statistics to check deuteron
2Fe ] elliptic flow v.
0 1 1 1 1
0 0.5 1 1.5 2 2.5

pi/A [GeV]
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The QM correction factor

Coalescence, flow, HBT, and all that ...

The quantum mechanical correction factor
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The QM correction factor

Cluster spectra from wave function overlap

Danielewicz and Schuck 1992 [PLB 274 (1992) 268]:

In the cluster rest frame, coalescence is a non-relativistic process. Starting from the square of the overlap
matrix element between the deuteron wave function and those of a proton and a neutron and rewriting it in
terms of density matrices and ultimately Wigner densities, Danielewicz and Schuck showed that in the deuteron
rest frame the deuteron momentum spectrum can be calculated as

dN, —3i d*p; d®
d _ 3 /d4rd d3r PL P2
d3P;  (2m)3 (2m)* (2m)3

xD (r, 2522 ) [£5(pl, 1) £ (P2, r-) + E5 (pF, 1) £ (P2, )],

(2m)*6*(Pa—pi —p2)

where p* denotes an off-shell momentum, due to a preceding collision of the off-shell particle with a third
body. The energy-momentum conserving d-function can only be satisfied if either the neutron or the proton
is off-shell.
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The QM correction factor

Cluster spectra from wave function overlap

The off-shell nucleon self energy is given by
d q d3pl d3q/
_ Z< / 454 * oA
iXy(p™,x) = Z @r) (2n) (277)3( 7)* 8" (p"+q—p'~q’)
x| Muj—ni P (', <) £ (d', %) (1 £ £ (g, )

3
COEDY [ i 61020

Q

35/ 3
[ 555 s @086 +a=p' =My (1 55" )]
_ _fnp"x)

Ts,\éau(i’v x) .

Deuterons have twice the scattering rate of their constituent nucleons. Since any scattering is likely to
break up the deuteron, the integration over ty = rg in the deuteron rest frame should only go from
tr— ; S’Xatt to tr. Assuming the scattering time to be sufficiently short to neglect any change in the
distribution functions during this time interval the factors of . catt cancel, and .
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The QM correction factor

Cluster spectra from wave function overlap

.. we get

dNy Brdq
= 2@3/ o [ S Gy D @) (0 ) g i)

where

qﬁ=<vm2+q2,q), q*_"=(Mdf\/m2+q2,fq>.
Lorentz transforming this to the global frame by Lorentz-boosting the rest-frame positions and momenta
with the four-velocity of the deuteron, we can use E;d%ry = Py - d®o(Ry) and write this as

dNy 3 s
= Py - d’0(Ry) fo(R4, Pa/2) fa(Ra, Pa/2) C4(Ry, P
YBPy ~ (@n)? /Zf a - d°0(Rq) fo(Rd, Pa/2) fo(Ra, Pa/2) Ca(Ra; Pd)

which defines the previously listed quantum mechanical correction factor C4(Ry, Pq)-
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The QM correction factor

The quantum mechanical correction factor

Some typical values for the quantum mechanical correction factor for deuterons from AuAu, PbPb collisions
using the Gaussian emission function model are listed in the following Table:

TABLE |. The quantum-mechanical correction fact6f for
yHulthen and harmonic oscillator wave functions calculated with

(3.21), for different fireball parameters at nucleon freeze-gat
details see text

=}
79 [fm/c] 9.0 6.0
T [MeV] 168 130 100 168 130 100
7% 028 035 043 028 035 043
10t
» Hulthen 086 084 080 080 078 0.7¢
harm. osc. 0.84 0.81 0.76 0.76 0.72 0.6

Note that the more realistic Hulthen wave function, which (in spite of the same rms) peaks at a smaller
value of r than the Gaussian, has better overlap with the “homogeneity factor”

f(Ry, P/2)f(R—, P/2)/f?(R, P/2) than the Gaussian one, because the latter peaks strongly at r = 0.
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Connection to femtoscopy

Coalescence, flow, HBT, and all that ...

Deuteron spectra and femtoscopic pp correlations
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Connection to femtoscopy

Coalescence and femtoscopy:

Extending work by Mrowczynski '87-'93, Blum & Takimoto [PRC 99 ('19) 044913] established a direct
connection between the B> value for deuterons and the pp quantum statistical (FD) correlation function

(K. q) =1 3Ca(K. q)
By(K) ~ %/:ﬂw(a)cz(k, a)

Here (R, q) are the proton pair and relative momenta in the pair rest frame, and C; is assumed to have
been corrected experimentally for strong FSI.

52 (\A2 52 ()52
)\e*RJ_(K)‘U_*RH(K)

Assuming a Gaussian form CQ(R, g) = 9" in the pair rest frame they find

5 373/2)

(R2 ’rd rms) (Rﬁ 7rd rms)l/Q
b v 2, (27)3/2 A1
m2(A-1) 24VA (Rz *’;2\ rmb) (Rﬁ + %rﬁ,rms)lﬂ

A accounts for unresolved resonance decay contributions in the denominator of Cs.

Note that mR | = m | R | (transverse boost from lab frame to pair rest frame), so the dependence on
correlation radii agrees with Scheibl & Heinz '99. B&T's result clarifies that the QM correction factor (Ca)
depends on the ratio between cluster and homogeneity radii in the cluster rest frame.
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B> 3 from spectra vs. R from femtoscopy: ALICE @ LHC

Blum & Takimoto PRC 99 ('19) 044913, assuming R = R = R

2 Bs [GeV']
B, [GeV?] 10
0.010} pe 104 .
0.005} .
1075 T
PbPb 20-40% ~_ PbPb20-80%
b T
o001} S 104 ——
5.x107F
107 PbPb 0-20%
PbPb0-10% —
-4 I I I I | R [fi -8 I I I I | R [fi
1.x10 : 5 3 4 zRIml 10 1 2 3 4 sRml

Different bars with the same color correspond to
different m_ bins within a centrality class.

_ R .
But what about the flow correction factor e Tomy) TAML)) 7
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Connection to femtoscopy

By 3 from spectra vs. dNg,/dn

Popular® proxy for Viom(m.) =R2 (m,) Ry(mL): Vhom o< dNen/dn.

ALICE 2003.03184 ALICE 1910.14401 (PRC 101 (2020) 044906)
g [T g . . 3 o~ 107 . 5
& 2 p /A=073Gevic § 2 E ‘\ pT/A =0.90 GeVic I
% 102 7:-—_‘1.“& Y] ™ p,/A =075 GeVic < 1< E ]
8k =28y s 8 10 = 8 107 3
o [ oAu = Ed E E
L 7CE o 1 m F 1
L d.pp, (s =13Tev 10 - 10°F -
[®]a+d, pp, 5 =7 Tev 3 3
L Ee 3 3
107 [ord p-pb. oy =502 Tev q [ Bcoal, rCHe) =248 fm q
E [ popo s =276Tev 00 m=276Tev E 10 fit to HBT radii 3
r NN T £ E ]
[ e, conse.r(@ =32 m (PRC 99 2019 054905) vppis=7 Tev (p,/A = 0.8 Gevic) [ — constrained to ALICE B, ]
[" = Param. A (it o HBT radii) 10 A<y, 107 SHM + Blast-Wave (ALICE 1K,p) &
" - st " E — GC GSl-Heidelberg (T = 156 MeV) E|
1| P B o oALcE oo 8 E Eoeprb VSTN 5.02 Tev E ot s ss ey E
C L L Il | -8 L L -8 I I I
10 10

1 10 10* 10° 1 10 0 10° 1 10 10 10°

N ch / d”labLﬂlw\ <05 EIN ch/dnlabqfl%\ <05 @N ch/d”\ab%hJ <05

But this proxy neglects all kinds of momentum and collision system dependences!

3among experimentalists
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Connection to femtoscopy

HBT homogeneity volume <+ charged multiplicity?

Data show that, at fixed k;, Viom = Ri R o dNcp/dn, but that the proportionality constant depends
on the size of the collision system (red dots: pPb; green squares: pp; others: PbPb/AuAu/CuCu):

: . T
DKTD= 0.25 GeV/c N L ]
*
'{1 1 [ -1
. L 2% N - L ot A
€ 5 o E 5 O
= 4 1 ~ L ¥ 1
= 9@ @ v
03 . 0° (::D:E g,’"
24 1 F .
3° ‘g%% In smaller systems, a more compact
. O ] A ‘aﬁ | initial configuration implies larger
) e ) ) density gradients which cause
0 10 0 5 10 stronger radial flow.
OdN fdrp O
] + STAR Au-Au S, = 200 GeV Thi he HBT I
| & STAR Cu-Cu {5, = 200 GeV is reduces the radii in sma
n | v STAR Au-Au Sy, = 62 GeV systems relative to those in large
E:l W i 0 STAR CU-CU [5y, = 62 GeV systems at the same multiplicity.
= 5 i * CERES Pb-Au \[s, = 17.2 GeV
g TS — « ALICE Pb-Pb \[sy, = 2760 GeV
@ 2® ] = ALICE pp s = 7000 GeV
@ ] o ALICE pp Vs = 900 GeV
* STARpp Vs = 200 GeV
1 ) ) | ® ALICE p-Pb |5, = 5020 GeV/
0 5 10
N /drp &R ALICE 1502.00559 (PRC 91 (2015) 034906)
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Summary

Coalescence, flow, HBT, and all that ...

Summary
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Summary

Summary (in the form of qualitative predictions from the coalescence model):

Thermal production of nuclear clusters at Tcphem =~ 160 MeV is logically untenable. All such
produced clusters get destroyed by subsequent hadronic rescattering whose effects are seen in the
cluster momentum distributions. Clusters form by coalescence at the end of this rescattering stage.

For kinetic freeze-out at constant T and p (and thus at constant particle and energy density) classical
coalescence produces the same particle yields and spectra as the thermal model, independent of
the value of the kinetic freeze-out temperature. Just as the chemical temperature extracted from
elementary hadron yield ratios provides no information about their kinetic freeze-out temperature, the
chemical temperature extracted from particle ratios involving nuclear clusters provides no information
about the temperature at which the coalescence process took place.

Quantum mechanical effects, which scale with the ratio of the intrinsic cluster volume divided by the
homogeneity volume of the coalescing nucleons (which can be extracted from femtoscopic
measurements), suppress deuteron yields by 15-25% in collisions between large nuclei and by larger
factors in smaller and more rapidly expanding systems. Binding energy correction effects are typically
small (“He?).

o (M —Am)(%f%) _
The invariant coalescence factors By ~ e + Tomy)  TZML) /\/Z (mJ_ Vhom(mL))A !

increase with m (due to the corresponding decrease of the HBT homogeneity volume and the
flow-induced slope-difference of the nucleon and nuclei transverse momentum spectra) and decrease
with /s (due to the corresponding increase of the HBT homogeneity volume, reflecting smaller radial
flow gradients at freeze-out), qualitatively consistent with observations.
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Thank you!
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B> from femtoscopy vs. ratio of spectra: Pb-Pb @ LHC
Blum & Takimoto PRC 99 ("19) 044913, assuming R = R = R
central Pb-Pb (0-10%) semi-peripheral Pb-Pb (20-60%)
0.ls(;()[‘o_caevz] B, [GeV?]

5.x107

ALICE (0-10%) 0.001

5.x107 i
1.x107F

5.x107%

This work, Eq.(30) 0.005 This work, Eq.(30)
ALICE (40-60%)
0.001¢

ALICE (20-40%)

Summary

v
125 150 176 200 225 MGV 125 150 175 2.00

0850’566\/2] B, [GeV?]

0201 ﬂ
5 x 10~ M—/\;’?(/’_/_//\/\/
ALICE (0-10%) 0.001

0.005
Scheibl & Heinz 1998

5.x107
1.x10
5.x107°
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Bs from femtoscopy vs. ratio of spectra: Pb-Pb @ LHC
Blum & Takimoto PRC 99 ("19) 044913, assuming R = R = R
central Pb-Pb (0-20%) peripheral Pb-Pb (20-80%)
B, [SGeV41 B3 [GeV*]
1.x107
5.x107° 5.x107° This work, Eq.(31) ALICE (20-80%)
This work, Eq.(31) ALICE (0-20%) S R
1.x1079 1.x10°° i T
5.x1077 5.x10°
1.x107 1.x10 T T
5.x108 5.x107 //
! L L L L L G \/ u i i 1 1 L
1.25 150 175 200 225 MGV 1.25 1.50 175 200 225 MGV
B, [SGev“] B [GeV*]
1.x10"
6 -5
5.x10 Auice 0-2b%) 5.x10 Scheibl & Heinz 1998 ALICE (20-80%)
Scheibl & Heinz 1998 x/
1.x107° 1.x1078
5.x107 / 5.x107°
1.x107 1,10
5.x10°8 batoTh e
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