Cross-Sections for Antinuclei — M. KachelrieB

Antideuteron production cross section in HeHe collisions
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Parametrisations
o perfect fit <> physically motivated fit function

Michael KachelrieB (NTNU Trondheim)

Antimatter production



Antiparticle production

Parametrisations

o perfect fit <> physically motivated fit function
@ easy to use, fast: allows parametric studies

1073

¢ PAMELA 2012
¢ AMS-02 2015
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Antiparticle production

Parametrisations
Ex.: Donnachie-Landshoff fit of oot
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Parametrisations
Ex.: Donnachie-Landshoff fit of oot
(x:b): 1/1
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e fit function o = As® + Bs%: physically well motivated
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Antiparticle production [aVslsl{eETe EEERTCT I

Parametrisations
Ex.: Donnachie-Landshoff fit of oyt

o
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70 |- pBARp: 21.705%%% 98,3950 =

pp: 21.70s%%%9%156.085 045
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Vs (GeV)

o fit function o = As® + Bs~": physically well motivated
@ violates unitarity

= extrapolation outside [Syin : Smax] dangerous
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Parametrisations
@ need more exclusive quantities, e.g. do(E, F')/dF
@ miss often important part zg — 1

= even for s € [Smin : Smax): Measurements cover only part of d3pf
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Antiparticle production Approaches — tools

Parametrisations
@ need more exclusive quantities, e.g. do(E, F')/dF
= even for s € [Smin : Smax): Measurements cover only part of d3pf
@ miss often important part zg — 1

@ generalisation from pp to Ap, AA only via ¢ factors
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Antiparticle production Approaches — tools

Parametrisations
@ need more exclusive quantities, e.g. do(E, F')/dF
= even for s € [Smin : Smax): Measurements cover only part of d3pf
@ miss often important part zg — 1
@ generalisation from pp to Ap, AA only via ¢ factors

@ provide no correlations needed for anti-nuclei
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Monte Carlos for accelerator physics
@ large number of hard processes

@ angular-ordered perturbative QCD cascade
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(T
Monte Carlos for accelerator physics

@ large number of hard processes

@ angular-ordered perturbative QCD cascade

@ hadronisation based on string/cluster model:

> large number of parameters to adjust yields of mesons&baryons

> includes all relevant decay chains

Michael KachelrieB (NTNU Trondheim) Antimatter production Antinuclei@Lorentz Center '19

6/34



Antiparticle production Approaches — tools

Monte Carlos for accelerator physics

large number of hard processes

angular-ordered perturbative QCD cascade

hadronisation based on string/cluster model:

> large number of parameters to adjust yields of mesons&baryons

> includes all relevant decay chains

oversimplified procedure to include multipe parton interactions in pp,
even worse for Ap, AA
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Antiparticle production Approaches — tools

Monte Carlos for accelerator physics

large number of hard processes

angular-ordered perturbative QCD cascade

hadronisation based on string/cluster model:
> large number of parameters to adjust yields of mesons&baryons

> includes all relevant decay chains

oversimplified procedure to include multipe parton interactions in pp,
even worse for Ap, AA

various tunes
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Antiparticle production Approaches — tools

Monte Carlos for accelerator physics

Ratio

Michael KachelrieB (NTNU Trondheim)
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Monte Carlos for cosmic ray physics
@ only hard QCD processes

@ angular-ordered perturbative QCD cascade
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(T
Monte Carlos for cosmic ray physics

@ only hard QCD processes

@ angular-ordered perturbative QCD cascade

@ hadronisation based on string model:

> large number of parameters to adjust yields of mesons&baryons

» includes only main decay chains
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Antiparticle production Approaches — tools

Monte Carlos for cosmic ray physics

@ only hard QCD processes

angular-ordered perturbative QCD cascade

hadronisation based on string model:

> large number of parameters to adjust yields of mesons&baryons

> includes only main decay chains

Gribov-Reggeon approch for pp, Ap and AA
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Antiparticle production Approaches — tools

Monte Carlos for cosmic ray physics

@ only hard QCD processes

angular-ordered perturbative QCD cascade

hadronisation based on string model:
> large number of parameters to adjust yields of mesons&baryons

> includes only main decay chains

Gribov-Reggeon approch for pp, Ap and AA

aim to cover broad energy range
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“Old" coalesence model in momentum space
@ all nucleons with cms momentum difference Ap < pg form a nucleus

Michael KachelrieB (NTNU Trondheim)

Antimatter production



“Old" coalesence model in momentum space

@ all nucleons with cms momentum difference Ap < pg form a nucleus

e for pp and pA collisions: “fireball” isotropic distribution d*N/dp
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Coalesence in momentum space Isotropic vs. event-by-event

“Old" coalesence model in momentum space

@ all nucleons with cms momentum difference Ap < pg form a nucleus

e for pp and pA collisions: “fireball” isotropic distribution d>N/d®p

2
T3=Tx/ 2)

@ antideuterons ~ antiprotons?

dN; gy ma 1 (dNJ—V
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Coalesence in momentum space Isotropic vs. event-by-event

“Old" coalesence model in momentum space

@ all nucleons with cms momentum difference Ap < pg form a nucleus

e for pp and pA collisions: “fireball” isotropic distribution d>N/d®p

2
T3=Tx/ 2)

e antideuterons ~ antiprotons?

dN; gy ma 1 (dNJ—V

@ consider e.g. DM annihilation XX — W*W™:
dNy 1 dNp dNp
— X — —
de — M dx dx
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Coalesence in momentum space Isotropic vs. event-by-event

“Old" coalesence model in momentum space

@ all nucleons with cms momentum difference Ap < pg form a nucleus

e for pp and pA collisions: “fireball” isotropic distribution d>N/d®p

2
T3=Tx/ 2)

e antideuterons ~ antiprotons?

dN; gy ma 1 (dNJ—V

@ consider e.g. DM annihilation XX — W+ W~
dNg L NN
dr — M dx dx

° 1/M%( suppression in contradiction to Lorentz invariance:
@ decay products of W are boosted in cone with ¥ ~ my/mx
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Coalesence in momentum space Isotropic vs. event-by-event

Angular distribution of pn pairs [Dal, MK '12]
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Coalesence in momentum space Isotropic vs. event-by-event

Angular distribution of pn pairs [Dal, MK '12]
Internal angles of p-n pairs, 1 TeV
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Coalesence in momentum space Isotropic vs. event-by-event

Angular distribution of pn pairs [Dal, MK '12]
Internal angles of p-n pairs, 1 TeV
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Coalesence in momentum space Isotropic vs. event-by-event

Deuteron yield: “lsotropic” vs. event-by-event:  (ps wk 12

d yield energy dependence

bb, Monte Carlo
W*W", Monte Carlo
bb, Isotropic - - -
WHYW’, Isotropic = - -
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Coalesence in momentum space Isotropic vs. event-by-event

Deuteron yield: “lsotropic” vs. event-by-event:  (ps wk 12

d yield energy dependence

% bb, Monte Carlo
107 - ]
WW', Monte Carlo
bb, Isotropic - - -
5 WHYW’, Isotropic = - -
5 107 =
g L -
< [+ o =2 === -
2 [T
flan 10‘5 L S .
© S
2 -
’-U = -~

o WW behaves as expected: oc 1/m?3 vs. const.

@ explanation for difference in bb?
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Coalesence in momentum space Isotropic vs. event-by-event

Deuteron yield: “lsotropic” vs. event-by-event:  (ps wk 12

Nucleon yield energy dependence

Average nucleon yield per annihilation

Dark matter mass [GeV]
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Coalesence in momentum space Isotropic vs. event-by-event

Deuteron yield: “lsotropic” vs. event-by-event:  (ps wk 12

Nucleon yield energy dependence

14 F

d per annihilation
—
o)

@ bb is quite isotropic, despite of angular-ordered jets

@ growth in multiplicity

Average

100 1000
Dark matter mass [GeV]
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(o5 G
Determining py: particle ID in a TCP

ALEPH: in

momentum range
0.62 < p < 1.03GeV

(5.9 4+ 1.8 +0.5) x
10764

Energy deposit per unit length (keV/cm)

L1l ‘ L I ' ‘ L I ' ‘
0.1 1 10
Momentum (GeV/c)
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Coalesence in mom m space

Determining py:

e+e- antideuteron spectrum at Z resonance

Detector range m
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Coalesence in mom: m space Isotropic vs. event-by-event

Determining py:

e+e- antideuteron spectrum at Z resonance

Detector ra;l c I
erwig++, pg =110 Me
erwig++, pg =110 MeV
, Pythia 8, p, = 160 MeV
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Coalesence in momentum space Isotropic vs. event-by-event

Hadronisation dependence on source spectrum  (pa, wi 12]

Herwig++/Pythia Source spectrum ratio
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Problems of this approach:

e discrepancies in pg between eTe™, pp and Ap

Fitting po to data on d production

Herwig++ (tuned)

CLEO, ALEPH, ZEUS
ALICE (pp) FHeh ° 17 TeV
ZEUS (e"p) ot ° 4318 GeV
%
ALEPH (Z decay) et 191.19 GeV %
ISR (pp) ¢ o 153 GeV/
BaBaR (ete™) ok Hek =10.58 GeV
-e-PYTHIA 6/8
CLEO (T decay) i o Herwigt+ | 1946 GeV
T R RSO
50 100 150 200 250

Coalescence momentum py [MeV]
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Coalesence in momentum space

Problems of this approach:

e discrepancies in pg between eTe™, pp and Ap
@ bad fit of ALICE data at large p|

—— Standard coalescence model

1072 ¢  Experimental data

V5 =7TeV (x16)

?++

1/(Nixer27p7) dNi(dprdy), [GeV—2]

Vs =276 TeV (x4)

10-6 V/5=09TeV (x1)

05 10 s 20 25 30 35
pr(GeV]
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Modeling U(NN-) EZX) [Dal, Raklev 14 ]
o assume P(pi — dX | k) o< oy (k)
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I\/Iodeling O'(NN-) dX) [Dal, Raklev 14 ]

@ assume P(pn — dX | k) o Opnax (k)

1.0

0.5

0 1 2 3 4 5
[Py +p,| [GeV]
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Modeling O'(NN—) EZX) [Dal, Raklev 14 ]
@ assume P(pn — dX | k) o Opnax (k)

= large number of pairs in A region

= include reactions above pion threshold
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I\/Iodeling O'(NN—> dX) [Dal, Raklev 14 ]
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I\/Iodeling O'(NN—> dX) [Dal, Raklev 14 ]
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Using potential
Modeling (NN — dX)

[Dal, Raklev '14 ]
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(XN V) x p(X)

Statistical approaches
o Hagedorn '60-'65:
» pp collision creates fireball with V ~ 47 /4m3
» probability for formation of cluster with quantum numbers X:
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Statistical approaches

@ Hagedorn '60-'65:
» pp collision creates fireball with V ~ 47 /4m3

» probability for formation of cluster with quantum numbers X:

(XN V) x p(X)

@ modern version: generalised Cooper-Frye formula
ANy 2J4+1
E = P& R, P/A)fI(R, P/A),
B = o L P Ao PIA) R R P

with p4(R) and T4(R) as free parameters
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d3 Ny

ar

Wigner function based deuteron formation model: basis
e standard QM using density matrices

= tr{pd pnucl}
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Coalesence in phase-space Coalesence and Wigner functions

Wigner function based deuteron formation model: basis
@ standard QM using density matrices

d3Ny
=t nuc
dPZ r{pd Pruct }

with
> deuteron density matrix
pa = |pa) (¢l

> two-nucleon density matrix

Pnucl = |wp¢n> <1/}n¢p|
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Coalesence in phase-space Coalesence and Wigner functions

Wigner function based deuteron formation model: basis
@ standard QM using density matrices

d3Ny
=t nuc
dPZ r{pd Pruct }

with
> deuteron density matrix
pa = |pa) (¢dl

> two-nucleon density matrix

Pnucl = |¢p1/1n> <¢nwp|

e evaluate trace in coordinate space using 1 = [ d*z|z)(z]|
3N,

5 =5 [ Eadadqd v, o), 4)
d

< (Vh@)EN @)y (@) (@)
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Wigner function based deuteron formation model:
ingredients

e factorize p4(x1, 22) into

» plane wave describing CoM motion with momentum Py
> an internal wave function ¢,
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Coalesence in phase-space Coalesence and Wigner functions

Wigner function based deuteron formation model:
ingredients

e factorize p4(x1, x2) into
> plane wave describing CoM motion with momentum Py

> an internal wave function ¢4

pa(@, @) = (21) 2 exp{iPy - (w1 + @) /2}pa(@ — @2).
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Coalesence in phase-space Coalesence and Wigner functions

Wigner function based deuteron formation model:
ingredients

e factorize p4(x1, x2) into
> plane wave describing CoM motion with momentum Py

> an internal wave function ¢4

(a1, m) = (2) 2 exp{iPy - (w1 + @) /2}pa(@1 — @2).

@ replace the two-nucleon density matrix by its two-body Wigner
function
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Reminder: Wigner functions
e W(z, p) contains full quantum mechanical information of a system
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Reminder: Wigner functions
e W(z, p) contains full quantum mechanical information of a system
@ obtained by a Weyl tranformation

Wiz, p) = / A exp(—ip€)i(z+ €/20" (z — £/2)
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Coalesence in phase-space Coalesence and Wigner functions

Reminder: Wigner functions
e W(z, p) contains full quantum mechanical information of a system

@ obtained by a Weyl tranformation

Wiz, p) = / A€ exp(—ip€)i(z+ €/20" (2 — £/2)

e normalised as [ S—fr’dx Wz, p) =1

Michael KachelrieB (NTNU Trondheim) Antimatter production Antinuclei@Lorentz Center '19 20/34



Coalesence in phase-space Coalesence and Wigner functions

Reminder: Wigner functions

e W(z, p) contains full quantum mechanical information of a system

obtained by a Weyl tranformation

Wiz, p) = / A€ exp(—ip€)i(z+ €/20" (2 — £/2)

normalised as [ $2dz W(z, p) = 1

probability distributions

[awap=v@ee. [ Wan=e@ew
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Coalesence in phase-space Coalesence and Wigner functions

Reminder: Wigner functions
e W(z, p) contains full quantum mechanical information of a system

@ obtained by a Weyl tranformation

Wiz, p) = / A€ exp(—ip€)i(z+ €/20" (2 — £/2)

o normalised as [ S2dz W(z, p) = 1
@ probability distributions
. dp .
[ oWz p) =00 010, LW, p) = ¢ () o(a)

@ connection to density matrix

(o)) = [ £ w(p =5 ) ewiip- @ o)
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Coalesence in phase-space Coalesence and Wigner functions

Reminder: Wigner functions
e W(z, p) contains full quantum mechanical information of a system

@ obtained by a Weyl tranformation

Wiz, p) = / A€ exp(—ip€)i(z+ €/20" (2 — £/2)

e normalised as [ g—ﬁdx Wz, p) =1

@ probability distributions

d
[awan =voew. [ W=
@ connection to density matrix

(@) = [ 2 w(p=5" ) ewip- (- o)

e For our ansatz W(z, p) = h(z)g(p), it follows that h(z) describes the
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Coalesence in phase-space

Wigner function based deuteron formation model

@ two-nucleon density matrix = two-body Wigner function

<1/)n( )by (] )wp(w1)¢n($2)> /d3pn &3p,

/
> (2m)3 (2n)?
( » T + x x + ) > Py (@2—ah) i, (21 —a4)
ns Fp> ) 2 .
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Coalesence in phase-space Coalesence and Wigner functions

Wigner function based deuteron formation model
@ two-nucleon density matrix = two-body Wigner function:
d3p, d3p

/\T T _ n p

(e ) planntan)) = [ GHe T2

2\ |
Wnp (pm ppa T2 —; %, ! _; 1) elpn'($2—1ﬂ2)elpp.(wl_mll)‘

@ separate CMS movement
d3Ny S
dps  (2m)8

where ¢ = (p,, — p,)/2, 7= T — T, and

/qudSTpd?’?“n'D(?", Q) Wnp(Pd/2 + q, Pd/2 — q, Ty, Tp)

D(r.q) = / Bee € o (r+ £/2)0(r — £/2)
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Coalesence in phase-space Coalesence and Wigner functions

Wigner function based deuteron formation model
@ two-nucleon density matrix = two-body Wigner function:
d3p, d3p

/\T T _ n p

(e ) planntan)) = [ GHe T2

T\ | .
Wap (Pmpp’ ™ —; 7’/2, 2 ;L 1) olPr (22=T) Py (1 —27)

@ separate CMS movement
PNy, S
ars — (2m)8

where ¢ = (p,, — p,)/2, 7= T, — T, and

/ B, dr, D(r, @) Wip(Pa/2 + @ Pa)2 — @1 7)

D(r.q) = / Bee € o (r+ £/2)0(r — £/2)
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Coalesence in phase-space Coalesence and Wigner functions

Wigner function based deuteron formation model
@ two-nucleon density matrix = two-body Wigner function:
d3p, d3p

/\T T _ n p

(e ) planntan)) = [ GHe T2

2\ |
Wnp (pm ppa T2 —; %, ! _; 1) elpn'($2—1ﬂ2)elpp.(wl_mll)‘

@ separate CMS movement
SN, S
dps  (2m)S
where ¢ = (p,, — p,)/2, 7= 7, — T, and

/ & gy dry D(r, @) Wip(Pa/2 + 4, Paf2 — a7, 1)

D(r,q) = /dgieiqf@d(r+£/2)<ﬂ2(7’—€/2)
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Coalesence in phase-space Coalesence and Wigner functions

Wigner function based deuteron formation model
@ two-nucleon density matrix = two-body Wigner function:
d3p, d3p

/\T T _ n p

(e ) planntan)) = [ GHe T2

2\ |
Wnp (pm ppa T2 —; %, ! _; 1) elpn'($2—1ﬂ2)elpp.(wl_mll)‘

@ separate CMS movement
Ny S
dpP? —(2m)8

where ¢ = (p,, — p,)/2, 7= 7, — T, and

/ B, dr, D(r, @) Wip(Pa/2 + @, Pa/2 — @7 7)

D(r.q) = / Bee € o (r+ £/2)0(r — £/2)

= Wigner function of internal deuteron wave function ¢4
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Coalesence in phase-space

Deuteron wave-function
@ best description: Hulthen wave-function

@a(r)

ab(a+b) e”9" —e~br
27(a — b)?

r
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Coalesence in phase-space Coalesence and Wigner functions

Deuteron wave-function

@ best description: Hulthen wave-function

ab(a+b) e 9" —e7br
27(a — b)? r

pa(r) =

@ simpler: Gaussian

i) = (r) e (<17,

with d fitted to deuteron’s rms charge radius 1pmg = 2.14fm
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Coalesence in phase-space Coalesence and Wigner functions

Deuteron wave-function

@ best description: Hulthen wave-function

ab(a+b) e 9" —e7br
27(a — b)? r

pa(r) =

@ simpler: Gaussian

i) = (r) e (<17,

with d fitted to deuteron’s rms charge radius 71pmg = 2.14fm

= Wigner function 2 _2p
D(r,q) = 8/
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Deuteron wave-function

——— Two-Gaussian ¢o-fit
=== Hulthen
1024

lp(r)P?

10—3 4

1074 4

107

r [fm]
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Coalesence in phase-space

Deuteron wave-function

@ better: superposition of two Gaussians

10-! 4
AN — One-Gaussian
\ === Two-Gaussian ¢o-fit
>, T . — -~ Two-Gaussian r3-fit
107 Hulthen
_g 1073

1074 4

1073

r [fm]

it
S
o
i)
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Choice for Wigner function
o “fireball” motivates thermal equilibrium state
+ exact Wigner function
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Choice for Wigner function
o “fireball” motivates thermal equilibrium state
+ exact Wigner function
- neglects two-particle correlations

- holds (if at all) only for central heavy-ion collision
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Choice for Wigner function

o “fireball” motivates thermal equilibrium state
+ exact Wigner function
- neglects two-particle correlations

- holds (if at all) only for central heavy-ion collision

@ Monte Carlos provide momentum distributions,
+ including momentum correlations
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Choice for Wigner function

o “fireball” motivates thermal equilibrium state
+ exact Wigner function
- neglects two-particle correlations

- holds (if at all) only for central heavy-ion collision

@ Monte Carlos provide momentum distributions,
+ including momentum correlations

@ both cases: spatial information has to be added
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Fireball and Wigner functions (Scheibl, Heinz ‘98]
@ deuterons formed during freeze-out from expanding fireball
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Fireball and Wigner functions [Scheibl, Heinz ‘98]

@ deuterons formed during freeze-out from expanding fireball
@ particle momenta are correlated within fireball

@ within a “homogenity volume” Ri R, similar momenta, able to
produce deuterons
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Fireball and Wigner functions [Scheibl, Heinz ‘98]

@ deuterons formed during freeze-out from expanding fireball
@ particle momenta are correlated within fireball

@ within a “homogenity volume” Ri R, similar momenta, able to
produce deuterons

° Ri R/ determined from HBT measurements via 2-particle
correlations
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M e
Fireball and Wigner functions [Scheibl, Heinz ‘98]

@ deuterons formed during freeze-out from expanding fireball
@ particle momenta are correlated within fireball

@ within a “homogenity volume” Ri R, similar momenta, able to
produce deuterons

° Ri R determined from HBT measurements via 2-particle
correlations

@ after some calculations and approximations:

O 3mRy eg(m,,qn)(%f%)
th Ri(mt) R” (mt)

By
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Coalesence in phase-space Thermal Wigner functions

Fireball and Wigner functions [Scheibl, Heinz ‘98]

deuterons formed during freeze-out from expanding fireball
particle momenta are correlated within fireball

within a “homogenity volume” Ri R, similar momenta, able to
produce deuterons

Ri R determined from HBT measurements via 2-particle
correlations

after some calculations and approximations:

B 3m3/2 (Cq) e2(mt—m) (%—%)
th T\’,ﬁ_(mt) R” (mt)

By

Scheibl, Heinz '98: formalism covers 4% of all Pb-+Pb collisions

bad fit of p, spectra
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Application to Ap and pp collisions
@ coalesence factor
3132 (C
B, (Ca)

[Blum et al. '17]

2(mt—m)(%— 1

= 3 e P
2mtRL(mt) ’R”(mt)
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Coalesence in phase-space Thermal Wigner functions

Application to Ap and pp collisions (Blum et a1, 171
@ coalesence factor simplifies for a Gaussian profile
373/2 (Ca)
By = 5
thRJ_(mt) R”(mt)

e add simple estimate for R4 R as function of A:
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Coalesence in phase-space Thermal Wigner functions

Application to Ap and pp collisions (Blum et a1, 171
@ coalesence factor simplifies for a Gaussian profile
373/2 (Ca)
By = 5
2mt’RL(mt) R”(mt)

o add simple estimate for R3 R as function of A:

— Ea.(12)
PP ISR 53 GeV

[ pp Serpukhov 115 GeV v

(72 pAUBe SPS 200240 GeV p,

5 pBe FNAL 300 GeV

2 DTI FNAL 300 GeV pis

50 pW FNAL 300 GeV .

0 @ PbPb central ALICE 2.76 TeV /¥ high 1,

& @ PbPb central ALICE 2.76 TeV /¥ low 5,

& @ PbPb off ALICE 2.76 TeV /7 high 5,

o © PbPb off ALICE 2.76 TeV v low n,

-1
10 .

107 ¢

& @ PoPb Central NAG4/NAGO 158A GeV /5
8 @ AuAu Central STAR 200 GeV v+

B, [ GeV? ]
o

1073 E -
F e
_+_
4 PRLPA e L 1
10 0 1 2 3 4 5 6
R[fm]
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Coalesence in phase-space Thermal Wigner functions

Application to Ap and pp collisions (Blum et a1, 171
@ coalesence factor simplifies for a Gaussian profile
332 (Cq)
By = 5
2mtRL(mt) R”(mt)

o add simple estimate for R3 R as function of A:

-2

R S .

E [ pp ALICE 7 TeV 3 (preliminary)
7 pAlIBe SP5 200.240 GeV s
103 5 © PoPD Central ALICE 2.76 TeV 15 high .

E & & PbPb Central ALICE 2.76 Tev
E |# ® PbPb Off ALICE 2.76 TeV 1 high
5 © PbPD OFf ALICE 2.76 Te /¥ low .

I =7 |® @& PbPb Central NA44/NA49 158A GeV 5
104 L |6 & AuAu Central STAR 200 GeV /5

low p,

10°

107

P L LA M |

0 1 2 3 4 5 6
R[fm]

Michael KachelrieB (NTNU Trondheim) Antimatter production Antinuclei@Lorentz Center '19

26 /34



Coalesence in phase-space Thermal Wigner functions

Application to Ap and pp collisions (Blum et a1, 171
@ coalesence factor simplifies for a Gaussian profile
332 (Cq)
By = 5
2mtRL(mt) R”(mt)

e add simple estimate for R4 R as function of A:

— €D
s pp ALICE 7 TeV /7 (preliminary)
F221 paBe 5PS 200-240 GeV i

-2
107 T

| @ Auau Central STAR 200 Gev /=

1004
107 E
8 PRIPA | M I
o1 =2 3 4 5 s
R[fm]

@ no check of distributions from LHC (?)
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Using Monte Carlo correlations
e provides momentum distribution G (p,,, P,)

[MK, Ostapchenko, Tjemsland '19]
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Using Monte Carlo correlations (MK, Ostapchenko, Tjemsland 19 ]
e provides momentum distribution G (p,,, P,)
@ connection to Wigner function
3, 13 2
/d rp A1y Wnp(pnappa Tn, rp) = Ny N, Wnp(pmpp)!

an(pna pp)7
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Coalesence in phase-space Wigner functions with Monte Carlo correlations

USIﬂg Monte Carlo COI’I’elatIOﬂS [MK, Ostapchenko, Tjemsland '19]

e provides momentum distribution G (p,,, P,)
@ connection to Wigner function

/dgrp &’ry, Wnp(pnvppa Tn, Tp) = NpNp Wn;o(pn:pp”2 = an(pmpp);

@ assume factorization of momentum and coordinates,

Wnp<Pd/2+Q7 Pd/Q_Qa Tn, Tp) - an(rny Tp) an(Pd/2+q7 Pd/Q_Q)
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Coalesence in phase-space Wigner functions with Monte Carlo correlations

USIHg Monte Carlo COI’I’elatIOHS [MK, Ostapchenko, Tjemsland '19 ]
e provides momentum distribution G (p,,, P,)
@ connection to Wigner function
/dgrp d37’n Wnp(pnappa Tn, rp) = NpNn Wnp(pn,pp)!2 = G'Ilp(p’/upp))
@ assume factorization of momentum and coordinates,
Wnp(Pd/2+Q> Pd/2_Qa Tn, rp) = an('r'm ""p) an(Pd/Q_"‘L Pd/z_‘I)
@ neglect spatial correlations between the proton and the neutron,

Hyp(rn, mp) = h(mn) h(Tp)
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Coalesence in phase-space Wigner functions with Monte Carlo correlations

USIHg Monte Carlo Correlatlons [MK, Ostapchenko, Tjemsland '19 ]
e provides momentum distribution G (p,,, P,)
@ connection to Wigner function
/dgrp d37'n Wnp(pmppa Tn, rp) = NpNn Wnp(pmpp)!? = G'Ilp(p’/upp))
@ assume factorization of momentum and coordinates,
Wnp(Pd/2+Q> Pd/2_Qa Tn, rp) = an('r'm ""p) an(Pd/Q_"q’ Pd/z_‘I)
@ neglect spatial correlations between the proton and the neutron,

Hyp (T, mp) = A1) B(Tp)
@ choose a Gaussian ansatz for h(7),

h(r) = (27702)73/2 exp <—2;22>
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Using Monte Carlo correlations
o few simple steps later:

PNy 3¢
ars

(27T)6/d3qeq2d2 an(+q7_q)7
with

¢

dQ 3/2
<d2+402> =1
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Coalesence in phase-space Wigner functions with Monte Carlo correlations

Using Monte Carlo correlations

o few simple steps later:

d3N, 3¢ ey
dP3d - (27r)6/d3qe T Gup(+a,—4),
d

B dQ 3/2
C:(dz—l—éla?) =1

@ “usual MC aproach” is recovered for

> d>>2g:>(—>1
> eiq d —>19(p_pmax)

with
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Coalesence in phase-space Wigner functions with Monte Carlo correlations

Using Monte Carlo correlations

o few simple steps later:

BNy 3¢
APy (2m)S

B dQ 3/2
C:(dz—l—éla?) =1

@ “usual MC aproach” is recovered for

> d>>2g:>(:—>1
» e 74 —>19(p_pmax)

22
/dgqe rd an(+q7_q)a

with

e fraction d/(p + n) is bounded
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Contribution of different ¢* to d yield:

0.020

One-Gaussian
— == Two-Gaussian ¢o-fit

— - Two-Gaussian r>-fit

o 0.015 —— 0ld model (x0.3)
=]
E]
2
2 0.010
=]
w ~—
—.
\,\
0.005 \.\_\.\
0.000 T T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.030
4* [GeV?]
[} = =

Michael KachelrieB (NTNU Trondheim)

Antimatter producti




Wigner functions with Monte Carlo correlations
Contribution of different ¢ to d yield:

0.020 One-Gaussian
— = - Two-Gaussian go-fit
— = Two-Gaussian r>-fit
- 0.015 —— Old model (x0.3)
5]
3
<
2 0.010
S|
&
0.005
0.000 T T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.030
4% [GeV?]

@ contribution of large ¢° enhanced
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Parameters o; and frame dependence
@ Recall from yesterday: in e e~ in cms frame
> O'” ~ ’}/Rp
> 0o x~ AQCD ~ Rp

Antimatter production
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Coalesence in phase-space Wigner functions with Monte Carlo correlations

Parameters o; and frame dependence

@ Recall from yesterday: in e e~ in cms frame
> o) =Ry
> 0o x~ AQCD ~ Rp

@ include effect of Lorentz transformations:
» trivial factor 1/v, since we derive G,,(+¢q, —g) in cms frame of pair
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Coalesence in phase-space Wigner functions with Monte Carlo correlations

Parameters o; and frame dependence

@ Recall from yesterday: in ete™ in cms frame
> O“ ::/71%p
> o] ~ AQCD ~ Rp
@ include effect of Lorentz transformations:
» trivial factor 1/, since we derive G,,(+¢q, —g) in cms frame of pair
» split 01 and o) on beam (z-axis):
Py

T+1,01

I
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Coalesence in phase-space Wigner functions with Monte Carlo correlations

Parameters o; and frame dependence
@ Recall from yesterday: in ete™ in cms frame
> (7” ~ ’}/Rp
» 01 ~Aqep = Ry
@ include effect of Lorentz transformations:
» trivial factor 1/, since we derive G,,(+¢q, —g) in cms frame of pair

Py

Ty, 0)

» split o1 and o) on beam (zaxis):

& @?

T 2+453\ &+ 407

¢

with
. o1

[
Veos2 9 + 42 sin?
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Coalesence in phase-space Wigner functions with Monte Carlo correlations

Generalising to Ap and AA collisions

@ hadronic collisions:

» parton cloud distributed within R, or R4
» multiple parton interactions
> cluster can form from different parton interactions
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Coalesence in phase-space Wigner functions with Monte Carlo correlations

Generalising to Ap and AA collisions

@ hadronic collisions:
» parton cloud distributed within R, or R4
» multiple parton interactions
» cluster can form from different parton interactions

@ using Gaussian profiles

o

A
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Coalesence in phase-space Wigner functions with Monte Carlo correlations

Generalising to Ap and AA collisions

@ hadronic collisions:

» parton cloud distributed within R, or R4
» multiple parton interactions
> cluster can form from different parton interactions

@ using Gaussian profiles

> pp: oPP = /20¢" ¢
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Coalesence in phase-space Wigner functions with Monte Carlo correlations

Generalising to Ap and AA collisions

@ hadronic collisions:

» parton cloud distributed within R, or R4
» multiple parton interactions
> cluster can form from different parton interactions

@ using Gaussian profiles

2 D2
N 2R% R?
R% + R?
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Coalesence in phase-space Wigner functions with Monte Carlo correlations

Generalising to Ap and AA collisions

@ hadronic collisions:

» parton cloud distributed within R, or R4
» multiple parton interactions
> cluster can form from different parton interactions

@ using Gaussian profiles

> pp O'pp = \/§O'B+e_
> AA:

2R R

2 _ (etey2 2 2 _ (_ete 2
o =(of )"+ Ra, ol =(1°) +RI24——|-R%

e expectation: 0¢ ¢ ~5/GeV and oP? ~ 7/GeV
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Coalesence in phase-space

Comparison with ALICE data

1/(NingL2apr) d*NIi(dprdy), [GeV 2]

= Two-Gaussian, beam dep.

One-Gaussian, const.
One-Gaussian, beam dep.
Two-Gaussian, const.

0Old model
Experimental data

pr(GeV]
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Comparison with ALICE data

1077

1078

107°

Best fit helium, const.

10-10 === Best fit helium, beam dep.

—— Best fit antideuteron, const.
Best fit antideuteron, beam dep.

1/(NineL27pr) d2Ni(dprdy), [GeV~2]

10~ Old model
Antihelium-3 data
Antitritium data

10712 T T

0 1 2
pr(GeV]
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Comparison with ALICE and LEP data

== One-Gaussian, const.

034 =< — - One-Gaussian, beam dep.
—-- Two-Gaussian, const.
—=- Two-Gaussian, beam dep.
----- Old model

Experimental data

10 4

10-5 4

(NingL2apr) dNI(dprdy), [GeV 2]

106 4

prlGeV]

Best fit values: (using PYTHIA)
oPP = (7.6 +0.1)/GeV
o ¢ = (5.3719)/Gev
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Comparison with experimental data on pp and Ap:
@ assume R4 ~ a0A1/3 with ag as fit parameter
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Coalesence in phase-space Wigner functions with Monte Carlo correlations

Comparison with experimental data on pp and Ap:

@ assume Ry ~ aoA1/3 with ag as fit parameter

Best fit values: (using QGSJET-IIm)

pp 0.9TeV: ag = 1.2fm
pp 2.76 TeV: ap = 1.3fm
pp 7.0TeV: ag = 1.1fm
pBe 200 GeV: ag = 1.1fm
pAl 200 GeV: agp = 1.0fm
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Coalesence in phase-space Wigner functions with Monte Carlo correlations

Comparison with experimental data on pp and Ap:

@ assume Ry ~ aoA1/3 with ag as fit parameter

Best fit values: (using QGSJET-IIm)

pp 0.9TeV: ag = 1.2fm
pp 2.76 TeV: ap = 1.3fm
pp 7.0TeV: ag = 1.1fm
pBe 200 GeV: ag = 1.1fm
pAl 200 GeV: agp = 1.0fm

@ good agreement with expectation ay ~ 1fm
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Conclusions

Conclusions

© Antideuteron formation is interesting in itself:

v

inclusion of two-particle correlations necessary

» coalesence on event-by-event basis

v

how to deal with spatial correlations?

interactions [P ~ o(NN — dX)] important?

v

@ Uncertainties in models using coalesence in phasespace quite reduced

© Antinuclei are a useful tool searching for new astro- or particle physics
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