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Background

Conventional wisdom

Production of light nuclei in relativistic heavy-ion collisions is well
understood as a process of final state interactions.

> Coalescence models work well in a broad collision energy range.

News from RHIC & LHC

p  Productionof 2H, 2H, °H, °H, *He, *He, “He, “He, H, *H
is observed in midrpidity.

I> Matter-antimatter symmetry is seen.

> Thermal model properly describes yields of light nuclei.
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Can light nuclei exist in a fireball?

Interparticle spacing in a hadron gas is about 1.5 fm at T = 156 MeV.

Root mean square radius of a deuteron is 2.0 fm.

Binding energy of a deuteron is 2.2 MeV.

A hadron gas at T =156 MeV is essentially a classical system.

- Snowflakes in hell ?
- No, snowflakes from hell.




Final state interaction - conventional
approach to production of light nuclei

A
A
energy scale energy scale
of particle production >> | of formation of a nucleus
- particle’s mass - binding energy
fast process slow process

S.T. Butler & C.A. Pearson, Phys. Rev. 129, 836 (1963)
A. Schwarzschild & C. Zupancic, Phys. Rev. 129, 854 (1963)



Factorization of production of
nucleons and formation of a nucleus

Deuteron production cross section

do” do™ 1
5 =W 2o =P =Py
d°Py d°p,d°p,

source - fireball

D(r,)

D(r,)

spin factor

Deuteron formation rate /

W_—(27z) *[d°rd’r, D(R)D() |y (r, 1)

H. Sato and K. Yazaki, Phys. Lett. B 98 , 153 (1981)



Deuteron formation rate vs. n-p correlation

l//(rl, rz) = eiP'R(D(r) R E%(rl—i_rZ)’ r=n-n

W = % (27)° [ d*r D, () |oo(r)|’

o.0=farmofr-Lr)o[r 1)

n-p — correlation function

C(a) = [d°r D, ()|p, (N[

(p(r) — wave function of a bound state

(pq (r) — wave function of a scattering state

St. Mrowczynski, Phys. Lett. B 277, 43 (1992)



Quantum-mechanical meaning
of the formation rate formula

Sudden approximation

Transition matrix element

W =|[dry () o(r)| = [drd’re(r) v (r )y () o(n)

density matrix

p(r',r)

W = [drd’ o™ (r) p(r',r) o(r)

If density matrix is diagonal (random phase approximation)

p(r,n) =DV (r-r) = | W=[d’rD(r)p(r)




Energy-momentum conservation

source - fireball

N

Nucleons are intermediate scattering states

E’—p’#m’ i=np

Energy-momentum conservation
P, TPy =Po
E,+E,=E,

St. Mréwczynski, J. Phys. G 11, 1087 (1987)



Thermal vs. coalescence model

B> The two models usually give quantitatively similar predictions.

B> How to falsify one of the models experimentally?

Karl Popper 1902-1994

St. Mrowcezynski, Acta Phys. Pol. B 48, 707 (2017)
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The first idea: 4He vs. 4Li

*He YL
e &
‘Li—> *He+p ¢

Fous =1.68 fm =6 MeV P
&g = 28.3 MeV m=m,_ +m +41MeV
m=3727.4 MeV m = 3749.7 MeV

s=0 5=2

Yield(‘Li) 28, +1
Yield(*He) 2S,, +1

I} Thermal model

Yield(‘Li) W,
Yield(*He) W,

I} Coalescence model

S. Bazak & St. Mrowczynski, Mod. Phys. Letters A 33, 1850142 (2018)



Formation rates of 4He & 4Li

W = g,g, (27)° [ d°rdér, [ d°r.d®r, D(r)D(r,)D(r,) D(r,) [y (1.1, 1,1,
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|‘//He (N, r4)| ~ EXp |:_a(r122 T r123 T r124 T r223 T r224 T r324):|

4q -
D Ll J. C. Bergstrom, Nucl. Phys. A 327, 458 (1979)

*He
Z
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Wi (1,010, 1) ~ exp[ =B + 15 +12) |28 exp(—y2° )V (Q,)]
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Formation rates of 4He & 4Li

W = g.g, (27)° [ d°rd’r, [ d°rd’r, D(r,)D(r,)D(r,)D(r,)jy (1, 1, 1y, )]

Source function

1 r? .
D(r) = ———exp| —— 1=1234
() (27RZ)*? p[ 2R§J

If emission time included

R, — +/RZ +v?z2

RE%(rl+r2+r3+r4)

Jacobi variables X=T,—r,

1
yErs_E(rl‘i'rz)

1
zEr4—§(r1+r2+r3)

1 2 3
242+l 412 =4R* + X% +2y? + = 7°
> e 20 T3V "y Fully analytic calculations
are possible!

8
2 2 2 2 2 2 2 2 2
D> AL+, 1, = 2X +§y +3z

=L —T;
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Formation rates of 4He & 4Li

9/2
T 1
D WHe T 29/2 (R2 N Rz)9/2

37 > R?
> W, = Dl1/2 2 1 Y 1 3 N\
L)|RZ+ZRZ | | RZ+ =R} —=R?
2 I I
R, — root mean square radius of the source

R, — root mean square radius of 4He

R

i — Troot mean square radius of 4Li

R. — root mean square radius of 3He cluster in 4Li



Ratio of yields of 4Li to 4He

In the thermal model the ratio equals 5.
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How to observe 4117

Measurement of the correlation function of 3He-p is needed
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The second idea: h-D correlations

> Hadron-deuteron correlations carry information
about a source of deuterons.

> A measurement of K- -D or p-D correlation functions
can falsify the thermal or coalescence model.

P. Ston & St. Mréwczynski, arXivi19o4.08320 [nucl-th]
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Hadron-deuteron correlation function
1) Deuteron is treated as an elementary particle

Experimental definition

dN_dN,
dp, dp,

T

dN__
7 - R ’
dpﬂdpD (p7Z' pD)

pion a generic hadron

Theoretical formula
. 3 3 2
R(P,.,Pp) = [ d°r, d°r, D(r,) D(rp) |y (r,, 1))

[/ N

distribution m-D wave function
of emission points

S.E. Koonin, Phys. Lett. B 70, 43 (1977)
R. Lednicky and V.L. Lyuboshitz, Yad. Fiz. 35, 1316 (1982)
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Hadron-deuteron correlation function

1) Deuteron is treated as an elementary particle cont.

Center-of-mass variables

R=ee e "= P p2) (r.,r)=€e"¢.(r..)
” D q:mﬂpD_mDpﬂ W 7 b ¢q 7P
Ko =r,—1Ip m_+m,

R(@) = [ d°r,5 D, (10| ()|

‘Relative’ source

Dr(rﬁD)EIdSRD(R— m, rﬁD]D(R+ Mo rﬂDj
m_+m; m_+m;

T

1 3/2 r2 1 3/2 rz
D(r) = - D, (r) = exp| —
(r) (Zﬂ'sz exp( ZRZJ = (") (47sz) xp[ 4R2j
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Hadron-deuteron correlation function

2) Deuteron is treated as a bound state of neutron and proton

Experimental definition

dN
Mo _R(p, p,) AT=R E5 | Zeop o,
dp,dp, dp, dp, dp,

Deuteron formation rate
dN, _ , dN, N,
dp, dp, dp,

A== @n)° [d'r,dr, DD, o r, 1) =2 (27)*[d'r, D (

spin factor

o (1) =g, (1)
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Hadron-deuteron correlation function

2) Deuteron is treated as a bound state of neutron and proton cont.

Theoretical formula

R(pﬁ,pD)——jd r,d%, d°r, D(r,) D(r,) D(r,)

l//nD( ! n’rp)‘2

Center-of-mass (Jacobi) variables

Deuteron formation rate cancels out!

/-
B mr +mr + mprp
m_+m, +mp
'< rnp :rn _rp
F oy m.r, +mprp
L=r —
T mo+m
\— p

R(G) = [ d°F5 Dy (o) (o)
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D3r (r;rD) Dr (rnp) EJ.dBR D(rﬁ) D(rn)D(rp)

1 3/2 r2
D(r) = _
") [Zﬂ'sz exp( ZRZJ
1 3/2 r2
D (r) = -
") (47[R2j exp( 4R2J

1 3/2 r2
D,/ (1) = (&:RZJ EXp(_WJ
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Thermal vs. coalescence model

2
P>  Thermal model R(CI) = J‘d Sr”D Dr (rﬂD) ¢q (r;;D )‘

277R? 2R?

00-{e) ol
3/2 2 4 R 4R
SEES FEAR ”

3/2 r2

2
P>  Coalescence model R(Q) = jd 3T”D D,, (rﬂD) ¢q (rﬂD )‘




Computation of correlation function

R(G) = [ A5 D, ()| (r.)|

Source function
1 3/2 r2
Dr(r):(dﬂsz exp(—4R2j or

Wave function

#,(r)=e""+1(q)

eiqr
r

S-wave amplitude

f(q)=——

1+iga

a - scattering length

1 3/2 r2
D, (r) = (Sﬂsz eXp(—S?]

Coulomb effect

R(Q) - G(a)R(Q)

Gamov factor

27 1

G(q) =+ 2 5
a exp[”j—l
agq

aB - Bohr radius
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p-D correlation functions
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4He vs. 4Li

h-D correlations
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Conclusions

The thermal and coalescence models give different predictions on
the ratio of yields of 4Li to 4He.

In the thermal model the ratio of yields is independent of collision
centrality.

In the coalescence model the ratio is maximal for central collisions and

rapidly decreases when one goes to peripheral collisions.

Since 4Li can be observed through the correlation function of 3He-p,
the correlation needs to be computed.

4 P> Hadron-deuteron correlations carry information about source of deuterons.

Measurement of h-D correlation function can tell us whether deuterons are
directly emitted from a fireball or deuterons are formed due to final state
interactions.

K- -D & p-D correlation functions show a sufficient sensitivity to a size
of particle source to falsify the thermal or coalescence model.
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