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Motivation

@ In heavy-ion collisions the antibaryons formed inside baryonic matter annihilate depending on
the energy to a couple of mesons and/or another baryon-antibaryon pair

@ A possible description of such a reaction is the rearrangement of the quark content to 3
mesons (07,17,...) — decay to many pions and kaons in vacuum
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[W. Cassing, NPA700(2002)618]

(Nzx) = 5 realized through initial ppm - with each p meson decaying to 2 pions

For a physically correct description the backward reactions have to be implemented in
transport

Impact of these many-body reactions in heavy-ion collisions has to be checked

Relative importance for different energy regions from FAIR/NICA to RHIC and LHC energies
has to be investigated
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Overview

@ Theory for multi-particle interactions

© Test of n-particle detailed balance

© Parton Hadron String Dynamics (PHSD)

@ PHSD simulations with extended many-body reactions

© Summary
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Theory for multi-particle interactions

Theory for multi-particle interactions

o Covariant on-shell reaction rate inside a volume element dV and time interval dt for general
particle number changing process [W. Cassing, NPA700(2002)618]

Pt =3 [ (i) 1 (o)

x Wn,m(Pj:V\pk;A)(2W)454(Z P = > P TG ) [Tl pi))
k=1 j=1 k=1

j=1

W, m=Transition matrix element squared
f= phase-space distribution function
f =1+ f accounting for quantum statistics
@ m-body phase-space, incorporates dynamics of the system in case of constant transition

matrix element
. _ d*py asa [ pu _ N~ p
Rin(P*; My, ..., Mm) = H U -> p
j=1

@ Relation for a 2 — m reaction to the cross section for a pair with quantum numbers i, j

SN Wom(P* = pi 4 pbi i Am)Rm(PH; M, ..., Mimi1) = 4E1 Eyvie10,j(V/5)
m g

[E. Byckling, K. Kajantie, Particle Kinematics]
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Theory for multi-particle interactions

Covariant transition rate for 2—2

@ @ dNeen[2 2] 1 22/ (d3p1d3p2d3p3d3p4)
>< dedV 16(2m)12 2= 2 EEEEs

@ @ x Waa(p1, p2; i, jlps, p3id, k) (2m)*6* (P} + pb — i — pf)

x fi(x1, pr)fa(x2, p2)Fa(x3, p3)fa(xa, pa)

0.04 T T T
0.035 | ml =1GeV b
@ two-body phase space can be solved 0.03 | m, =2 GeV ]
analytically 0.025 J
N ' o ]
Als, mi, m3) 0.015 |
R2(\£; My, M2) = T 0.01 i
Ma, b,c) = (a—b—c)? —4bc 0'00‘5) ’ . . . i
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Theory for multi-particle interactions

Quark Rearrangement Model

e B, B: baryons and antibaryons from the baryon octet and decuplet plus N(1440) and N(1535)
My, M2, M3: arbitrary mesons under conservation of the total quantum numbers (here 0~
and 17 nonets)

@ Reshuffle quark content from the baryon + antibaryon pair into 3 mesons or backwards

@ Conserve quantum numbers in any combination of channels
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Transition probability

e BB —3 mesons

dNeo1[BB — 3 mesons] _
dtdV B

1 d3p; d3
ZZ(%)ﬁ/ PLEP2 o (veic! = (My, Mas i), € = (Ms, Ma, M; K, 1, m))
c ¢

2E; 2B

X R3(py' + pb'; ) NELFi(x, p)fi(x, p2)

N, = (253 + 1)(2s4 + 1)(2s5 + 1) Fiso
Nig!

NE_: Multiplicity of final state in channel ¢
Fiso: Number of isospin projections compatible with charge conservation
s: spin of respective meson
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Theory for multi-particle interactions

Transition probability

e BB —3 mesons

dNeo1[BB — 3 mesons] _
dtdV B

1 d3p; d3
Zz(zw)ﬁ/ PLEP2 o (veic! = (My, Mas i), € = (Ms, Ma, M; K, 1, m))
c ¢

2E; 2B

x Rs(p’ + pb'; c)NE, fi(x, p1)fi(x, p2)

ISO

N, = (2s3 +1)(2s4 + 1)(2s5 + 1)

NE_: Multiplicity of final state in channel ¢
Fiso: Number of isospin projections compatible with charge conservation
s: spin of respective meson

o Assume W das not depend significantly on final momenta, only on /s

@ Probability for the reaction to happen:

1 ’
Pl = 25 s (Vs € IRa(V5 OOy, P2 (V5) = Vel (V5)
c
PE(v/5) = Na(v/5, ¢')Rs(Vs, €) N, N3 ZRs 5, )G,
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Transition probability

o 3 mesons — BB (inverse channel)

dNeo11[3 mesons — BB ZZ/ d3ps3 d3p, d3ps
dtdV (27)32E;5 (27)32E, (27)32E5
X W 2(v/5)Ra(V/5, "IN fic(x, p3)fi(, pa)fm(, ps)
= (25]_ —+ 1)(252 —+ 1)
@ Probability for the reaction to happen:

P2 = Whi3(V/5, ', o)Ra(v/5, ¢ )NG

<'c T 8E3E4Es
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Transition probability

o 3 mesons — BB (inverse channel)

dNeo11[3 mesons — BB ZZ/ d3ps3 d3p, d3ps
dtdV (27)32E;5 (27)32E, (27)32E5
X W 2(v/5)Ra(V/5, "IN fic(x, p3)fi(, pa)fm(, ps)
= (25]_ —+ 1)(252 —+ 1)
@ Probability for the reaction to happen:

P2 = Whi3(V/5, ', o)Ra(v/5, ¢ )NG

<'c T 8E3E4Es

o Connection to the annihilation cross section of respective baryon-antibaryon pair ¢’ for W5 3
independent of ¢

Vrelo';/nn(\/g) Z E Wa3(Vs, ¢')Rs(V/s, €) Ny,

—1
:E W2,3(\/§7 CI)N3 (\/E, C/)

Eduard Seifert (JLU) 3body reactions GieBen, November 22nd 2017 8/33



Transition probability

o 3 mesons — BB (inverse channel)

dNeo11[3 mesons — BB ZZ/ d3ps3 d3p, d3ps
dtdV (27)32E;5 (27)32E, (27)32E5
X W 2(v/5)Ra(V/5, "IN fic(x, p3)fi(, pa)fm(, ps)
= (25]_ —+ 1)(252 —+ 1)
@ Probability for the reaction to happen:

P2 = Whi3(V/5, ', o)Ra(v/5, ¢ )NG

<'c T 8E3E4Es

o Connection to the annihilation cross section of respective baryon-antibaryon pair ¢’ for W5 3
independent of ¢

Vel Snn (V5) = Z W 3(v/5, ¢ )Rs(v/5, )N,

4E E
4EE —— W 3(V/s, )N (s, )
4E; E;
= Pf/’i - 8E; 1E 2E ann(\/>)vrelN3(\/E c )R2(\/§ c )
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Theory for multi-particle interactions

pp annihilation cross section

6=50mb/v | ==

1 10
P, [GeV]

@ Good fit with opp = 50mb/ vy

o Consistent with constant matrix element (oppVvyel = const.)

[http://pdg.Ibl.gov/2015 /hadronic-xsections/]
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Test of n-particle detailed balance

Tests of n-particle detailed balance

Consider the light and strangeness sector:
o Baryon octet and decuplet: N,A(1232),N(1440),N(1535),A,X,x*,=,=*,Q
@ Meson 0~ and 1~ nonets: 7,7, ,K,K*,p,w,®,a1
o Hidden strangeness of 7 is taken into account as 50% s5 content and the ¢ meson is
assumed to have 83.1% s5
= 2546 possible mass channels
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Test of n-particle detailed balance

Tests of n-particle detailed balance

Consider the light and strangeness sector:

o Baryon octet and decuplet: N,A(1232),N(1440),N(1535),A,X,x*,=,=*,Q

@ Meson 0~ and 1~ nonets: 7,7, ,K,K*,p,w,®,a1

o Hidden strangeness of 7 is taken into account as 50% s5 content and the ¢ meson is

assumed to have 83.1% s5
= 2546 possible mass channels

Strategy for actual calculations:

o Fit 3-body phase-space

1
R3(t) = a1 t®2 (1 — 7)
a3t+ 14+ as

with t = /s — m; — my — m3 for 165 meson mass
combinations
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@ Store multiplicities and possible final states for each combination of particles
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Test of n-particle detailed balance

Tests of n-particle detailed balance

Consider the light and strangeness sector:

o Baryon octet and decuplet: N,A(1232),N(1440),N(1535),A,X,x*,=,=*,Q

@ Meson 0~ and 1~ nonets: 7,7, ,K,K*,p,w,®,a1

o Hidden strangeness of 7 is taken into account as 50% s5 content and the ¢ meson is

assumed to have 83.1% s5
= 2546 possible mass channels

Strategy for actual calculations:

o Fit 3-body phase-space

1
R3(t) = a1 t®2 (1 — 7)
a3t+ 14+ as

with t = /s — m; — my — m3 for 165 meson mass
combinations

0.1

0.01 [

R, [GeV?]

1e-05

1e-06

0.001 [

0.0001 [

1 2 3 4 5 6 7 8 9 10
\/s-ml-mz-m3 [GeV]

@ Store multiplicities and possible final states for each combination of particles

Actual calculation:

o Divide space-time into 4-dimensional cells: Ax, Ay, Az, At
@ Particles inside the same cell may interact with each other
o Calculate transition probabilities and select via Monte Carlo the partners and final states
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Test of n-particle detailed balance

Test of n-particle detailed balance

Box simulations with volumes around V =18000 fm3

Periodic boundary condition

Initialization with only one type of baryon and antibaryon:
N,A(1232),N(1440),N(1535),A,X,5* =, =*,Q

Energy density € = 0.4 GeV fm~3, with 10% being kinetic energy
Ratio baryon/antibaryon set to 2:1 — baryon density pg lies around 0.2 fm—3
Boltzmann-like initial momentum distribution

No decays of resonances and no elastic scattering; only BB + 3M
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Test of n-particle detailed balance

Total Reaction Rates

Total reaction rates as a function of time t in forward and backward-direction

—
=

- BB->3M =
p+p 3M->BE "' ]

o«

*N
T
1

-
T
1

[8)
T
1

dN/(dtdV) [1/fm*] - 1000

-
T

(]
T
1

.
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>

o Detailed balance is fulfilled after &~ 100 fm/c
@ Equilibrium is reached the latest after 2000 fm/c
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Test of n-particle detailed balance

Total Reaction Rates

Total reaction rates as a function of invariant mass /s in foward and backward direction

105 T T T T
BE->3M
3M_>BB_ w9

A+’E° ]

dN/(dtdVds"?) [1/(fm*GeV)]

Vs
= Detailed balance is fulfilled also differentially for the total system in equilibrium
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Test of n-particle detailed balance

Deviation from Detailed Balance

Deviation from Detailed Balance on a channel by channel basis

5 V(BB — 3M) .
| 93m — BB)

p+Pp A+ A A+ 20

rank channel [ 51%] || channel [ 51%] || channel [ 5 1%] (0) %l
1 NN < mmp 0.17 N= < TKK* 1.45 NN < 7tmp 0.13 1.24
2 NN < mpp 3.06 NQ < KK*K* 3.59 NA + mpp 1.70 1.82
3 NA < 7rp 1.58 AZ & TKK* 1.32 NA & ©rp 2.04 1.70
4 NA < 7mpp 0.84 || A= < KK*p 0.64 NN & 7pp 3.31 1.54
5 AN < 7mp 2.43 AQ — KK*K* 1.08 AN < mpp 1.33 1.49
6 AN < 7pp 0.73 NY < wK*p 3.58 AN < wrp 2.71 1.97
7 NN < mmwa 6.52 AY & 7K*p 2.00 AA < wp 2.69 2.04
8 NN < 5.10 NN < 7mp 0.23 NE & ©K*p 2.04 2.03
9 NE & 7Kp 0.31 NI < 7Kp 0.42 AA < wp 2.12 2.11
10 NE < wK*p | 0.96 NQ <> KKK 0.35 N < 7wKp 0.35 2.11

Ranked by interaction rate and averaged over 100 system combinations
= Detailed balance is fulfilled on a channel by channel basis in equilibrium better than 98%
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Parton Hadron String Dynamics (PHSD)

@ Dynamical many-body transport approach.

@ Consistently describes the full time evolution of a
heavy-ion collision.

@ Explicit parton-parton interactions, explicit phase
transition from hadronic to partonic degrees of freedom.
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Parton Hadron String Dynamics (PHSD)

@ Dynamical many-body transport approach.

@ Consistently describes the full time evolution of a
heavy-ion collision.

@ Explicit parton-parton interactions, explicit phase
transition from hadronic to partonic degrees of freedom.

@ Model applicable out-of equilibrium and in agreement with the lattice
results in equilibrium as well as with the nuclear physics input.

@ Transport theory: off-shell transport equations in phase-space
representation based on Kadanoff-Baym equations for the partonic and
hadronic phase.

W.Cassing, E.Bratkovskaya, PRC 78 (2008) 034919; NPA831 (2009) 215; W.Cassing, EPJ ST 168 (2009) 3.
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Parton Hadron String Dynamics (PHSD)

Solve generalized transport equations with extended test-particle ansatz

N

Fxp = iG=(X,P) ~ > 8P (X = X;(£))sP (P — Pi(t))3(Po — ei(t))

i=1

The equations of motion extracted from Kadanoff-Baym equations in first order gradient
expansion in phase space read:

2 2 2 ret
dX; 1 e G P; — Mg — Re):(i)
el 2P; + Vp, Rere) + M) NN
2 2 2 ret
dP; . G P; — M§ — Rez(l.)
dt | 2¢ [VXiReiff) + ) VT
2
E _ i BRerI?; N 5,2 - P7 — M — Rezge)t 8F(,-)
dt 2€; ot F(,-) ot

S rét: retarded self-energy
I = ImX"®/2¢: effective width
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Dynamical Quasi-Particle Model (DQPM)

,.[va’]
10 1 light quark u
The QGP phase is described in terms of interacting 14 . ) .
. . . . . "
quasi-particles with Lorentzian spectral functions: " “
10 -'] i
4wl (T) . _ 10?1 :
pi(w, T) = , (i=a,8,8). | '
(w2 — p? — M?(T))? + 4w2T2(T) L |
! g
2 -~ 1
/Gey/) . //: 3\\6&\
.
Pro_perties of quasi-particles are fitted to the Masses and widths of partons depend on the temperature T
lattice QCD results: and chemical potential p4 of the medium:
. . 2.0 . . . : .
20

0 1 I

200 400 600 800

T [MeV]
Peshier, Cassing, PRL 94 (2005) 172301; Cassing, NPA 791 (2007) 365: NPA 793 (2007) .
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Parton Hadron String Dynamics (PHSD)

Stages of a heavy-ion collision in PHSD
collision

3
===

Partonic
phase

Hadronization

Hadmnﬂcphase
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Stages of a heavy-ion collision in PHSD

llision

collisio @ String formation in primary NN Collisions.

[— @ String decays to pre-hadrons(baryons and
mesons).
===
q q
Partonic
phase

Hadronization

Hadrqnic phase
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Stages of a heavy-ion collision in PHSD

collision

@ String formation in primary NN Collisions.

@ String decays to pre-hadrons(baryons and
mesons).

@ Formation of a QGP state if the energy density ¢ > e¢¢ ~ 0.5 GeV fm™3.
@ Dissolution of newly produced secondary hadrons into massive colored
quarks/antiquarks and mean-field energy Ug:
B —qqq(g53) M —gq3 + U,

@ DQPM defines the properties (masses and widths) of partons and mean-field
potential at a given local energy density e:

mg(e) Tq(e) Uq(€).
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Parton Hadron String Dynamics (PHSD)

Stages of a heavy-ion collision in PHSD

collision
mean-field potential from the DQPM.

@ Propagation of partons, considered as dynamical quasi-particles, in the self-generated

I ' @ EoS of partonic phase: crossover from Lattice QCD fitted by DQPM.
$=====m

@ (Quasi-)elastic collisions:

Partonic

q+q=qg+gq g+gq=g+q
phase izt erizeid
§+3=>3+37 g+eg=¢g+g
Hadronization
@ Inelastic collisions:
Hadrqnic phase g+a=¢g g =
L g=>q9+4q g+zg

10
& [GeV/im']

Suppressed due to the large gluon mass.
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Parton Hadron String Dynamics (PHSD)

Stages of a heavy-ion collision in PHSD

collision
I
$=====m

Partonic

phase
)
Hadronization

baryons:
L]
o ®
e ® o
°
o ‘o
e ®

@

g=>9+37
\ q + G = meson ('string’)
7_@ q+ g+ q = baryon ('string’)

Local covariant off-shell transition rate.

Strict 4-momentum and quantum number conservation.

parton number hadron number
T T T T T T T T T T T T T T
free quarks :
(urd)2

-==-= (u+d)2 ——Total s
[ —s - — Totals

-=e-3

~———gluons

5 10 15 20 25

t [fmic] t [fmic]

@ Massive and off-shell (anti-)quarks hadronize to colorless off-shell mesons and

- - »
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arton Hadron String Dynamics ( b))

Stages of a heavy-ion collision in PHSD

@ Hadron-string interactions — off-shell HSD (Hadron String Dynamics).

@ Elastic and inelastic collisions between baryons (B), mesons (m).

Distribution of hadron collisions as a function of time:

T
180 |- AutAu Vs, = 200 GeV - 0-5% central
——BB

—mB
=M

80 -

F-3
S 3
T

N
o 8
[

Number of collisions dN/dt [c/fm]

2 3 4 5 1 10 20 30 40 50 70 100
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PHSD simulations with extended many-body reactions

PHSD simulations with extended many-body reactions

The introduced many-body reactions have been implemented in PHSD in the light sector
Now also the strangeness sector is implemented

Check for sensitive observables in heavy-ion collisions

Scan complete energy range from AGS to LHC (/syy = 2 — 2760 GeV)
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AGS to SPS

o1 03 05
P Pb+Pb @ 117A GeV oxs LD Ph+Ph @ 20A GV 045 |y Ph+Pb @ 30A GeV:
0.08 12% central . 7.2% central 0.4 ==z 72% central
02 035
0.06 E917 @ NA4Y ® 03 NA4Y
SU@) == 015 SU@) == 025 sU@) ==
0.04 SU3) — SUE) — 02 SUG) —
01 015
0.02 . 005 0.1
a) f) 0.05
0 0 0
009 A4 Y0 o | A+T° 04
4 N s 035
02 ) 03
/
025 . .
o 02 @ No visible
01 L XS 015 .
008 ¢ 0.1 change in
P Te 0.05
0 " baryons and
) 12
! { t : mesons
£
3
z
]

0.8 P
E 08
06 S o Strangeness
04 04 sector has
0.2 .
AL L weak influence

—t —t -
005 = 3;2§ = on p
e i
N Y
o3 e o Pushes PHSD
002 e results closer
0.02 .
oy oot fw to experiment
0 0 0
00045 | O 4+ T3F - Q+0" 0035 | Q + T
0.004 2o, 0.02 003
0.0035 03
0.003 0015 0.025
0.0025 0.02
0.002 001 0015
0.0015
0.001 0.005 0.01
0.0005 | ) ) 0005 | )
0 0 0
4 3 2 a1 0 1 2 3 4 4 3 2 a1 0 1 2 3 4 4 3 2 a4 0 1 2 3 4
y y y
Eduard Seifert (JLU 3body reactions GieBen, November 22nd 2017 24 /33




i
=

GieBen, November 22nd 2017

o With rising
energy up to
158A GeV the
sensitivity to
the
strangeness
sector
diminishes
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PHSD sim ions with extended many-body reactions

Reaction rates

@ Simulations with energies above /sy, =20.4 GeV do not use BB < 3M reactions in
standard PHSD

18 T T T T T T T T
1.6 F Pb+Pb , Vsyy =17.3 GeV, 0-5% central ] 4.5 | AutAu, Vsyy =200 GeV, 0-5% central |
14 | 1 .47 1
12k 135} E
1 BB<->3M: -1 3F 1
08 BB<->3] 1251 b
y BB ->3M: --> == 2r b
Eg.z 115} 1
& o 1 1} i
- 02 405 F 4
=0 . + t 0 t t : ;
IcEERd AutAu, sy =130 GeV, 0-5% central {16 | Pb+Pb , Vs = 2.76 TeV, 0-5% central
Z 4T 1 4t 1
= 3.; r 1 et i
25 F {17 1
2 1 8r ]
15 1 97 1
1} ] a4t 1
0.5 {1 2F i
0 . | 0 5
0 20 40 60 80 100 0 20 40 60 80 100
t [fm] t [fm]

Looking at the total BB <+ 3M reaction rates we find:

Below 130 GeV almost balance of annihilation and reproduction

o At RHIC energies net annihilation

@ For energies higher than RHIC net reproduction

@ Annihilation rates without reproduction are always below the full dynamics
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PHSD simulations with extended many-body reactions

RHIC

25

PHENIX ® p
20} STAR =

Wio BB<->3M ==+

w/ BB ->3M —= By
[W/ BB<->3M — .

10 | . 2

=l

0
0 50 100 150 200 250 300 350 400
Eduard Seifert (JLU)

150 200 250 300 350 400
Npart

Comparison of calculations without

BB <+ 3M (blue dotted), with only
annihilation (red dashed) and annihilation
and recreation (olive solid)

Au+Au, /syny = 200 GeV

Centrality dependence of central rapidity
density is generally reproduced well

Full BB <> 3M calculations lie always
between the results of only annihlation and
no such reactions considered

Better agreement with recreation than
without
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PHSD simulations with extended many-body reactions

0.2

o8 b E
0.6 | - e g
“'”'** PHENIX + 1
0.12* STAR 4 ﬂ g
0.1 w/o BB<->3M ==+ b
008 | W/ BE ->3M -= ]
006 | W/ BB<>3M — i
0.04 E

002 | a) Kt/ AutAu, iyy =200GeV 1 b) K/t 1
0

001 | + - ] . .
g T @ Particle ratios are close to data for all
I .
=Ll BT ] versions

sk ' | "‘} 7 1 | © Only p/7" and p/7~ are sensitive to

4 bt bt different versions

01 F 4

0.05 | E

9 Z/A 0 TR
! 50 100 150 200 250 300 350 400

Npart

2 AIA
0
0 50 100 150 200 250 300 350 400
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PHSD simulations with extended many-body reactions

sl ALICE e P
W/o BB<->3M ==+
[w/ BB ->3M ==
|w/ BB<>3M —

=l

o Pb+Pb, \/syy = 2.76 TeV

e Full BB <+ 3M lie now always above the
calculations without these reactions and
only annihilation considered

o Description of ='s and Q~ is a little off

100 150 200 250 300 350 4000 50 100 150 200 250 300 350 400

A
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PHSD simulations with extended many-body reactions

LHC

0.2

MEER I P L

a Kt Ph+Ph, Vsyy = 2760 GeV.

ALICE o
wlo BB<->3M - -
w/ BB ->3M ==
w/ BB<:>3M —

b K/

[2 QA

nQ/A

0

50

100 150 200 250 300 350 400

50 100 150 200 250 300 350 400
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@ Again only ratios p/7" and p/m~ are
sensitive to different calculations

GieBen, November 22nd 2017

o Particle ratios lie very close to experimental
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PHSD simulations with extended many-body reactions

From AGS to LHC:

p o

w/ BB<->3M — |

w/o BB<->3M -~

p
A+xd © ]
=

100

1000

Vs [GeV]

Eduard Seifert (JLU) 3body reactions

o Calculations are done using full BB <+ 3M reactions

(solid) and no BB <+ 3M reactions (dashed)
e AGS: Au+Au, SPS: Pb+Pb, BES: Au+Au, RHIC:

Au+Au, LHC: Pb+Pb

o Centrality classes for each point are chosen to be in line

with experimental analysis

o In SPS/BES overlap region the parameters match SPS

@ Overall good agreement with data
o A+ 39 and A + X0 are slightly too low at RHIC energies

e =~ and =t are overshot at LHC and slightly too low at

SPS/BES

@ possible reason: a single universal matrix element taken

from p + p annihilation

GieBen, November 22nd 2017
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Summary

Summary

Summary

We described BB «+ 3M reactions as a rearrangement of the quark content
Implementation is proven to fulfil detailed balance relation using box simulations
Strangeness sector affects mostly anti-hyperons and pushes results closer to data
At low energies we find initially a balance between annihilation and recreation
With rising energy we see at first a net annihilation at RHIC energies

With even higher energies we find a strong net reformation at LHC energies

Investigation of the central rapidity density as a function of centrality shows that the
recreation of BB pairs through 3 meson fusion is needed to reproduce most of the data

Particle ratios other than p/7* and p/7~ are not sensitive to the difference of the three
versions investigated: only annihilation, annihilation+recreation reactions and no BB <> 3M

The excitation functions show that PHSD with the BB <+ 3M including the strangeness
sector are in good agreement with experimental data

Deviations are only seen in ==, A + 50 and A + 39 at some energies
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Thank you for your attention!
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BB — 3 mesons
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3 mesons — BB
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