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Cosmic Swing: from estimates to precision
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Example 1: nuclear isotopes in BBN

o (T) (T)
Y = zkl,:c Yy <ov 2 kl—siz Ek,jm Y <ov >ik—>j$

x rates !
Friedmann egs. = T(t)

n— H+e +v T _ 1.55
1 2 [MeV] —
Htn —e= <Hty tis) N(T)
2H+1H — 3He +y

> 2H+2H —> 3He +n

1
2
3
4
11 5 2H+2H — 3H+ IH
/ 6 2H+3H —%He+n
7 SH+%He — TLi+y
8 SHe+n — SH+1H
9 3He+2H — “He + H
10 3He + *He — TBe +y
»\ 11 i+ — *He+%He omesoen N\ RZDR

n 12 7Be +n —> 7|_j + 1H Member of the Helmholtz Association
B. Kampfer | Institute of Radiation Physics | www.hzdr.de



https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwj36vz3roLiAhVDCuwKHXBTAMMQjRx6BAgBEAU&url=https%3A%2F%2Fphysicsworld.com%2Fa%2Ftesting-the-elements-of-the-big-bang%2F&psig=AOvVaw0z6TC9W9J8xtwHE9wEQ5Fs&ust=1557076167018054

t(s)

101 100 10! 102 103 104 10° 106
o [ il LR B ¥ FTIT] ) ay
D b.n.
10!3 H L =1
o v
102 SBBN freeze -out -
V  —_
decoupling
1074 n/p D/H 5
decoupling
10-6F 3He/H ]
Ei
166 annihilation )
_________ ‘BeH_ _ _
10-10F k.
10-12 - &
10-1F 5Li/H
. L, boos o o o 4
103 101 100

Member of the Helmholtz Association

B. Kampfer | Institute of Radiation Physics | www.hzdr.de


https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjl9O_hqYLiAhUELVAKHXoYC18QjRx6BAgBEAU&url=https%3A%2F%2Fwww.researchgate.net%2Ffigure%2FStandard-Big-Bang-nucleosynthesis-of-the-most-abundant-primordial-nuclei-taken-from_fig1_262004321&psig=AOvVaw3Yrm2JP2RuhNnywS8fsiPq&ust=1557074771632895

baryon density Q.h?

10-#2
0.7 g R\ | sensible dependence on
0.26 N - nuclear reaction rates (10%)
. 095 ;;* - N_eff > T(t) (3%)
ol
0.24 .
i 3
0.23 =
= 1073 § i i i I ,:f'::h I ——
“h,‘\‘ T -
) O m
- ﬁ —
107% B 5
— e 3
S N = concordance !
oL = o -
5 1075 & 2
- : —t— Q ——
10-° N .
w -
T _
o ]
— N 7
& N
N concordance ?
10-10 |- R =
- 1 1 1 1 ;\:I:"K 1 1 ] —
]_D_“:' 10—9 DRESDEN ".‘- HZDR

baryon—to—photon ratio 7 s

Member of the Helmholtz Association
B. Kampfer | Institute of Radiation Physics | www.hzdr.de




—> observed isotopic ratios are off-equilibrium freeze-out values

Y; (t) # ;%1 (T (b)) slow and cool
—

depends on history and ¥; and cross sections

—vye
mystery: Yl — Yl 1 (T) fast and hot

at LHC, RHIC, SPS, AGS, SIS18

survival of weakly bound nuclei [Oliinchychenko, Pang, Elfner, Koch, PRC(2019)]
[Vovchenko, Gallmeister, Schaffner-B, Greiner,

from 155 Mgv - 100 MeV 1603 10024]

,snowballs in hell” [Sun, Ko, Donigus,PLB(2019)]

[Zhang, Ko, PLB(2019)]
[Xu, Rapp, EPJA(2019)]
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Example 2: p - pbar

momentum integrated Boltzmannegs.for Y; = n; /S, x=my/T

dY_|_ A( ) 2

— Y Y - Y collision term vanishes for
d:lj‘ .I'g ( +( 77) eq) Yy — 45 _2 ;1‘2]{-)(;1?)
Ay A o\ T
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Big Bang: A(2) = (o) g, V2 Mprm 1 ~ 1041
Little Bang: 52 h 1
A = 3(ov)yrmd T—hesp (147222 ) < 104

® dee? (62— 12%)K1 (£)0 (pras) .
(ov) = L K3 ) AR

Member of the Helmholtz Association
B. Kampfer | Institute of Radiation Physics | www.hzdr.de




textbook freeze-out —— = —— [NX — (Nx )2}

10 *

104

10"

107°
1 a1 aanl Lh a4
1 10 100
T

Member of the Helmholtz Association

B. Kampfer | Institute of Radiation Physics | www.hzdr.de



- Big Bang dynamics: large A = late freeze-out

T > 1MeV, Yy ~ Yiq no anti-matter is left
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. [Bleicher et al., PLB(2000)]
. . [Rapp, PRC(2002)]
" [Huovinen, Kapusta, PRC(2004)]
Little Bang dynamics: smaller A feven kapusa e
[Seifert, Cassing, PRC(2018)]
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dashed: fiducial equilibrium values

rapid expansion (= off-equilibrium) & regeneration
prevent strong pbar annihilation - no pbar puzzle

key: two-meson doorway model 1) + D < X + X' [Weise, NPA(1993)]
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Example 3: Kaon freeze-out at SIS18

KaoS (2003): Tyn (K-) < Tyin, (K+) due to later freeze-out of K-

HADES (2018): Ty, (K-, direct) ~ Tj;,, (K+) with strong feeding from

¢ — K + K— — cools K- spectra

since Ty, (K- from ¢) < Ty, (K-, direct)

key: many ¢
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T e .
Ni+Ni KaoS Au+Au KaoS
o
Au+Au HADES
0 50 100 150 200

Massenzahl A

250

Kotte, BK (2002)

[BK, Kotte, Hartnack, Aichelin
JPhys(2002)]
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i
benchmarking the BR BUU code: Ar(1.756 AGeV) + KCI

Schade, BK [PRC(2010)] HADES data [PRC(2009)]
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i .
applying the same code to Au(1.23 AGeV) + AU  HADES data [PLB(2018)]
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time evolution & freeze-out Torr = Tg coSh (Ve
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Impact of cross sections
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o o1s
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channel distributions
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Summary

1. BBN: isotope abundances depend on cross sections
- dynamical freeze-out

2. pbar annihilation: n = n_eq in Big Bang
difference of n and n_eq in Little Bangs

3. No temporal change of midrapidity pT distributions
after 20 fm/c in Little Bangs - dynamical freeze-out
- no sequential freeze-out of K+ and K-

seen In this observable
(K- are intrinsically cooler)
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log(mass fraction)
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FIG. 31 Evolution of the first elements abundances in solid
lines, together with the nuclear statistical equilibrium values
in dashed lines. The deuterium abundance stays very close
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B Abundance evolution:
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i
Concordance Plot: D/H
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III & 41 O

Two Parameter Variations: Neg(wp)
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