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What have we done so far
Coalescence Parameter

Nucleons close in phase-space can form a nucleus by coalescence

A

Coalescence Parameter B, (A = target nucleus mass) is defined as

P

- — P
Pp=Pn= _,‘il A

[J.I. Kapusta, Phys.Rev.C 21 (1980)]

Most simple implementation: spherical approximation  » 4

A proton and a neutron coalesce if they are within p
a sphere of radlius p, S p"

Ap<p,




What have we done so far TI_ITI

Spherical approximation

|dea: study coalescence on an Lgde-3 Antideuterons
event-by-event basis using event 14- e v
HM 0-0.01%

generators (EPOS, Pythia,..)

b EPOS spherical approx.
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This works fine for small to medium
source sizes (e*e, pp)
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https://doi.org/10.1007/JHEPO1%282022%29106




What have we done so far TI_ITI

Spherical approximation

This works fine for small to medium Lot Au + Au - Antideuterons , VS = 200 GeV
source sizes (e'e’, pp) Bands for ro=2-4fm

1024 —— Po=200MeV
—— po=250MeV
—— po=300MeV

——¢— STAR Data
e,

For Heavy lon: additionally add an r

condition o
10-°
Problem: the p /r, parameters need to 10
be obtained from fitting and/or 107 FOPET FUUN PO PN DUITE FUUW P |
parameterizations ol j/;—\\\j ——
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https://doi.org/10.1103/PhysRevC.99.064905
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Spherical approximation

This works fine for small to medium 107 Au + Au > Antideuterons , Vs = 200 GeV
source sizes (e*e, pp) T e M
N — —— po=250MeV
s T 103 —— po=300MeV
For Heavy lon: additionally add an'r, = 4L STARb
condition e’
Ng 10-3
Problem: the p/r, parameters need to S 10
be obtained from fitting and/or 10 IS PUVDN PN I FIVIN FOTIY PO |
parameterizations o,
o )= *
» Work with an improved | RN = |
Coa|escence mode” 1.0 1.5 2.0 pr[zéiwq 3.0 3.5 4.0 4.5

https://doi.org/10.1103/PhysRevC.99.064905




What have we done so far TI_ITI

State-of-the-art coalescence

State-of-the-art coalescence models — take into account guantum-mechanical
properties of the nucleons and of the final-state nucleus

Bellini & Kalweit: B, as a function of source size | ‘

https://doi.org/10.1103/PhysRevC.99.054905 A
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[J.I. Kapusta, Phys.Rev.C 21 (1980)]




What have we done so far
State-of-the-art coalescence

=

B, predictions for pp collisions based on
the nucleus wave function and the

E 16F o E

i S = N ALICE pp Vs = 13 TeV e

measured source size 15 - High-mult. (0-0.17% INEL>0)
a4 . ~  Gaussian Source E

13 E by g § > 3

3 W 1.2 & _ + ; 3
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https://doi.org/10.1103/PhysRevC.99.044913




What have we done so far TI_ITI

Deuteron wave function

- Argonne v18

There are several possible wave functiQRs - DPeuteron Wavefunctions
for the deuteron s t /N e matons S AP
i ’,; === Double Gaussian J
® SlmpllstIC 0.4:— ‘ === Hulthén original —

Single Gaussian

e Experimental data (‘50s):
Double Gaussian

e From pion field theory (‘50s):
Hulthén

e From modern y
Argonne v




What have we done so far
State-of-the-art coalescence

TUTI

B, predictions for pp collisions based on
the wave function and the measured
source size

Ba(p) ~ o / &qD(G) 6N (P,)

%PRF( g) = 6.12
D@) = [ &rlga(@)Pe

https://doi.org/10.1103/PhysRevC.99.044913
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Hulthén here =/= actual Hulthén
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https://doi.org/10.1007/JHEPO1%282022%29106




What have we done so far TI_ITI

State-of-the-art coalescence

. - x1073
B, predictions for pp collisions based on FE T T R TR T T e T e
the wave function and the measured £025F  ALICE | :
source size E 0.20F [ ®/HMpp, /s =13 Tev + |
~ | Gaussian l ]
()] = q
0.15} 2
SN MR LI 2 2(a-1) : :
By = ;: A—1<R2 = 2)2 0.10f 0 ¢ -
VAm? 25 ) - D i
®
0.051 & -
(same as above) _ o
0.00 H—— b L

05 1.0 15 2.0
pT/A (GeV/c)

https://doi.org/10.1007/JHEPO1%282022%29106
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Wigner function coalescence formalism

Use the wave function of the Deuteron and calculate its Wigner function

Wiz, p) = i/ W(:c—f—y)zﬂ(x—y)empy/h dy

Th J_o

Project onto the nucleon-nucleon phase-space
d*N S
= d’ / d*rnd’ry Walq,r) - Wop(Dps Prs Ty T
dP3 (2,,7)3/ q nt 'p d(q, ) np(l’p,pn, P n)

Fold with the source to get a coalescence probability p(r,q)

plg,r) =S f dg‘rnd.g-rp Walq, r)-

https://doi.org/10.48550/arXiv.1905.01192




What have we done so far TI_ITI

The Source

The Source is an important ingredient of

this coalescence model E (gE T
o : : ALICE pp Vs =13 TeV i
There are multiple options: 3 | j  Highmult 0-017%INEL>0)
14 - ié ~ Gaussian Source =
a7 z
1) Use measured source size as a 13 &, =
function of m. 12 E L =
o = Bl * ;
2) Use external parameterization/toy g =P E
. C §§ —A (NLO -
MC to predict a 3D source 1 [ SR £
o E L2 p-A(LO) -
distribution 09 e

. . . 1 12 14 16 1.8 2 22 24 26
3) Use semi-classical traces in the m) (Gevic?)

event generator




What have we done so far TI_ITI

EPOS improved source model

1) EPOS produces particles at different
times
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What have we done so far TI_ITI

EPOS improved source model

1) EPOS produces particles at different

“

times k\ ;

2) Propagate particles to equal times to /\,\\ e T;:‘;:,’LSL“‘*S‘
evaluate the true distance FEERN

3) Especially important for resonances o 97 S deﬁ'___:Q t,

4)  Propagate particles further to R x A
evaluate a distance of closest T depos

approach =

2.5
2.0
=

S1s

3 1.0

0.5

0.0

o 1 2 3
time [fm/c]



What have we done so far
EPOS tuning

To limit biases by the event generator and
properly probe only the coalescence
model one needs to tune the event
generator
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EPOS tuning
L ) ALICE 13TeVHM 0-0.01% p+p
To limit biases by the event generator and + EPOS
properly probe only the coalescence g w0 + ALICE
model one needs to tune the event 3
generator F107)

1)  Reweight nucleons to reproduce the
measured p; spectrum (Np/Nn =1)

—— EPOS/ALICE

EPOS/Data
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What have we done so far
EPOS tuning

TUTI

To limit biases by the event generator and
properly probe only the coalescence
model one needs to tune the event
generator

1)  Reweight nucleons to reproduce the
measured p; spectrum (Np/Nn =1)

2) Correct multiplicity distribution by
implementing a HM trigger

0.061

1/Nevt dNevt/chh
°© o 9
o o o
w -llh (6}

o
o
N

EPOS Multiplicity Distribution with NY*M > 0

+ EPOS
- ALICE

100




What have we done so far TI_ITI

EPOS tuning
To limit biases by the event generator and EPOS Multiplicity Distribution with NV > 127
properly probe only the coalescence 051 + EPOS
model one needs to tune the event 0.04 « ALICE
generator =
0.03 =

1)  Reweight nucleons to reproduce the
measured p; spectrum (Np/Nn =1)

2) Correct multiplicity distribution by 0.01]
implementing a HM trigger #

o
o
N

Pt

1/Ncyt dNgyit/dN

0 20 40 60 80 100




What have we done so far TI_ITI
EPOS tuning

To limit biases by the event generator and EPOS Multiplicity Distribution with NV > 127

0.05+
properly probe only the coalescence + EPOS
model one needs to tune the event «  ALICE

generator

o
o
e

o
(=}
w

1)  Reweight nucleons to reproduce the
measured p; spectrum (N /N = 1)
2) Correct multiplicity distribution by o011 +

o
o
N

1/Nevt dNevt/chh

implementing a HM trigger
3) Reweighted the EPOS resonance 0.00 e’

. , 0 20 40 60 80 100
cocktalil to fit the thermal model Nl <05

composition




What have we done so far TI_ITI

Results

STAR AU—AU @ ZOOGGV 10-1 Au — Au - Antideuterons , Vs =200 GeV

(a) Bands for ro=2-4fm
—+— po=200MeV
Results from “vanilla” EPOS: no g0 o
. 'E S —4— STAR Data
corrections except the p; spectra Froor [ —— 4 Wigner function
f- 10~ \g\
.::?3 105 \\
= \
10-¢ . . | | | |
I R
§ 10 P—_’f/f/\m:; \—'—&
(@]
Wio-14 WmMSISTAR
10 15 2:0 25 30 35 20 a5
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https://doi.org/10.1103/PhysRevC.99.064905
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Results for Wigner function coalescence ,\
0TS Stors
Antideuterons &”S Waa;IIStICS ./
STAR Au-Au @ 200GeV . | | | | ———
b B T
Results from “vanilla” EPOS: no g%, _ M b i B
corrections except the p, spectra §+ . + i == 4 Argonne Vi8(Gr=27.92) |
Z 0.6 o]
% " | 4
ALICE pp @ 13TeV HM 0-0.01% §"o.4-.+++ . +++¢
. ‘ . , 0.2+ | + +_L i
Only showing single Gaussian, Hulthén FEPIRE = === .
and Argonne v18 wave functions ;""gﬁ% = I BN RERRS RN S
go.75-- + - + + ‘1_:+:—'—
Double Gaussian factor ~10 too high Gosop 47 4 f +¥i ==
. 0.25+ i L —+—+—‘?— :: E
yleld 0.00 i i ! } I I e 3
1.0 1.5 2.0 2.5 3.0 3.5 45:[Gewc]

https://doi.org/10.1007/JHEPO1%282022%29106




Antideuterons

1.6 le-3 Anticeuterons — le:3 ' } } t
"] a2t
) L ALICE, pp Vs = 13 TeV,
14~ & ::;'S:" 13 TaV. ~ * HM 0.0.01%
12 HM 0-0.01% 8 1'°$ + Single Gaus(x3pr=4.00)
§ | +‘ iy s & + EPOS Wigner Function & ! o] + Hulthen(x§p,=1.65) 1
= 1.0~ | ! T 0.8 2
S| e T TS + , EPOS spherical approx. 3 + o] ¢+ Argonne v18(Xjpr=27.92)
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:§o.s :’ T '+~_;_~ :é + ++ + +¢$
2 s — S 04
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Additional studies

deuteron production in jets




What have we done so far TI_ITI

Nuclei production in and out of jets

e Production of antideuterons (antihelium-3) in our Galaxy by collisions of CRs with
ISM occurs at energies between 17 GeV (31 GeV) and several TeV

e |argest contribution to the antideuteron yield comes from  leading track, $=0
interactions of CRs with kinetic energies around 300 GeV

e Above this energy contribution from jets is particularly significant

JET

3 regions in the event plane wrt leading track (highest p-): \\\\V/
Toward: |Ag| < 60° x /
UNDERLYING \ %

Transverse: 60° < |Ad| < 120°

Away: |Ad| > 120° o ///A\\\\

RECOIL




What have we done so far TI_ITI

Nuclei production in and out of jets

e Production of antideuterons (antihelium-3) in our Galaxy by collisions of CRs with
ISM occurs at energies between 17 GeV (31 GeV) and several TeV

e |argest contribution to the antideuteron yield comes from  leading track, $=0
interactions of CRs with kinetic energies around 300 GeV

e Above this energy contribution from jets is particularly significant

JET

3 regions in the event plane wrt leading track (highest p-): ‘
Toward: |Ad| < 60° & /
UNDERLYING

Transverse: 60° < |Aq>| < 120°
EVENT

Away: |A
V- [0 B in jet can be studied in a very simple way by subtracting the \
UE from the Toward region (Jet + UE) -




Deuteron spectra in azimuthal regions TI_ITI

‘_H T T T I T T T T T . .
T (d +d)/2 * High-p; (p;'2d > 5 GeV/c) trigger
> 10° (e Transverse particle used as jet proxy
S %stvgrgz 2 3« Deuteron spectra in several
g' P s i v - Lévy-Tsallis fit] azimuthal regions
S T :E 4+ Lévy-Tsallis fit to guide the eye
% - e | AL i 1
= \"\ .\'\_ leading track
810 e ™ }
- E ALICE Preliminary S A
n pp, Vs =13 TeV e | Toward region (Jet + UE) /frowass
L pT lead >5 GeV/c | e = | - TRANSVERSE

Lo by v b v by 1w et | Transverse region (UE)
0.5 1 1.5 2 2.5 3 \
P, (GeV/c)
pp @ 13 TeV




Deuteron spectra in the jet TI_ITI

AR » Jet-like spectrum can be easily obtained
ALICE by subtracting the UE from the Toward

,(s=13TeV .
F;)p,ead % GeVre region (Jet + UE)
i

T
|

—

=

H

T IlIIII|
| IIIIII|

e Results consistent with the the two-

particle correlation method
[Phys.Lett.B 819 (2021) 136440]

Leading track

* Jet: ~10% of total production 1

—
9
o
T IIIII[J

'm|Toward - Transverse
---- Lévy-Tsallis fit

[+]PLB 819 (2021) 136440 |
[ ]ZYAM unc. Jet = Toward — Transverse A°wA=®

N 1y
1.0 1.5 2.0 2.5 3.0

p_ (GeVic) »
pp @ 13 TeV
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Proton spectra in azimuthal regions TI_ITI

,'I_— T T T T T T T T . .
Q) 1 (b +B)/2 * High-p; (p'®® > 5 GeV/c) trigger
E 10 w Transyeiss o particle used as jet proxy
= o Toward : * Proton spectra in several azimuthal
Q s Away i regions
) :
5 . _
2 WS
% i i ading tracl
% o o | . Lead I/\—}gk R
Z o —a——— Toward region (Jet + UE)
=107 — ALICE work in progress ———" o o (UE
- op, 15 = 13 TeV —eJ Transverse region (UE) s
B p >5 GeV/c i
Hylead - Jet = Toward — Transverse AR —
N 1 I 1 ] 1 1 | 1 1 1 1 I 1 1 1 1 1 u

A 15 2 25 3 \
P, (GeV/c)
pp @ 13 TeV




Proton spectrum in the jet TI_ITI

F.g [Tttt e Jet-like spectrum can be easily obtained
S i PL'CE o } by subtracting the UE from the Toward
o B pp: s=13 e 7 . +
S I pies¢ > 5 GeVic | region (Jet + UE)
“+
%; - 4« Jet: ~10% of total production
) g %
2 ol ""'—l—
% 102 = e — ,
< I - - _ Leadm)g}track
I (p+p)/2 ]
i EToward - Transverse -  Jet=Toward — Transverse T"WA@\V
owe s ¢ 0 3 woa ¢ 4 5 4 2 B % ¢9 5 €35 TRANSVERSE

T
0.5 1.0 1.5 2.0 2.5 3.0

p. (GeVic) »
pp @ 13 TeV




Coalescence parameter in and out of jets TI_ITI

B, (GeV?/cd)

10

107

]

T
ALICE Preliminary  [o]underlying event

pp Vs =13 TeV
pT'e"lcl >5 GeV/c

FerT e * B, parameter flat vs p;/A = in

agreement with simple
@ |in-jet coalescence

L1111

1 lllllll

Byox 4/ * B,in-jet ~ 15 times larger than B,

in UE (and ~ 30 times than MB)

i Illl[ll

Coalescence probability is enhanced in
the jet wrt the UE by 1 order of

;

) ]

maghnitude!
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~
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o
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12 14 16
p-.-/ A (GeV/ C) Paper in internal review, to be submitted to PRL




Coalescence parameters in and out of jets TI_ITI

Model comparison

1. Pythia 8.3 (including d production via ordinary reactions, with energy-
dependent cross sections parametrized based on data)
* d production in Pythia:

p+n->y+d p+p—>nt+d

p+n > m%+d ptp>mt+ml+d

p+n->m0+m0+d n+tn->m+d

p+tn>nt+m +d n+n->m+m+d
e ——




Coalescence parameters in and out of jets TI_ITI

Model comparison

% [ ALCEPrelmnay _ o .
c\; C pp (s =13 TeV, p/**¢ > 5 GeV/e ] Enhanced production rate in simulations
& [ [Qlunderlying event 1 = normalization needed
‘; 10 ®lin-jet =
@ £ [Pythia83 ]
- e ] Protons not tuned on data (yet)
1_ = B,UE Pythia normalized to match the data
_1” i B, in-jet Pythia reproduces difference between UE and
107 = jet
| [T z
| - |
g ° e i
= 1 ©° . L% ® =
~ | e , , ]
£ 04 06 08 1 12 14 16
a)

p./A (GeV/c) Paper in internal review, to be submitted to PRL




Coalescence parameters in and out of jets T”TI

Model comparison

2. Pythia 8 + simple coalescence . S
* Ap<pg ‘________. '




Coalescence parameters in and out of jets TI_ITI

Model comparison

(:,-‘ - L AL LR B L T E
E ALICE Prelimi 3 . .
<§ E oiee 13Tev,'j,'T.'£L":Z sevie 1 Pythia 8 + simple Coalescence (Ap < 0.285 GeV)
[ - [O]underlying event 8
©) s
= 10 ®/in-jet =
Q ] Pythia (tuned p) + simple coal. . ) ]
E 1 B, UE is fairly well reproduced by the model
1':— _: . . . .
i 1  B,in-jet coalescence model gives a decreasing
i 1 trend vs p; not observed in data
107 E
E @jl—l 1 S 7 ] E
— ! ’ : :
g2 —
2 i B o B
L
5 04 06 08 1 12 14 16
= p_/A (GeV/c) Paper in internal review, to be submitted to PRL
i




Coalescence parameters in and out of jets TI_ITI

Wigner approach model

The Wigner approach model discussed s (d+d)V2TowardRegionpr>5Gevic

e 4+ Hulthén chi2: 3.52 7
before can also be used to study Sty T Aundenchizi 5z |
coalescence in and out of Jets I o e S S + ALICE

. ;1.2-- s e
Results for Toward region %10l +
s . go.s—— +
(more statistics on its way!) ——
Working on transverse region “+ , !
— Seems quite promising! I e g
0.6 I —+—:},':

pr[GeV/c]




Summary TI_ITI

To-do list

1. B, prediction for Hulthén wave function
2. Calculate B, for EPOS
3. Systematic study of wave function properties
a. Size
b. Magnetic moment
c. Requirement of a “Hard core” from old scattering data
4. °He coalescence in EPOS
5. Finish the study of coalescence in the Jet in EPOS
a. Transverse region
b. B, inand out of Jet




Summary TI_ITI

Open points

Status of Pythia comparison for Wigner function coalescence of deuterons
Status of Pythia tunings

Extension of coalescence with Wigner function to *He

Predictions of Jet coalescence with Pythia (as done with EPOS)

o




Paper structure TI_ITI

General ideas

— Discussion on available published results (see following slide for the list)

— Comparison of deuteron spectra of pp HM 13 TeV with models using different
wave functions and different event generators (EPOS, pythia) [done with EPOS]

— Comparison of 3He spectra of pp HM 13 TeV with models using different wave
functions and different event generators (EPOS, pythia) [TBD]

— Deuteron spectra and B, in and out of jet using the Wigner approach and different
event generators (discussion) [working on EPOS, feasible with pythia?]
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What have we done so far TI_ITI

Spherical approximation

Another approach is to study coalescence on an event-by-event basis using event
generators (EPOS, Pythia,..).

Coalesce nucleons close in phase space

Most simple implementation: spherical approximation

Coalesce a proton and a neutron if they are within S
. / n ’
a sphere of radius p,, .

Ap<p,

v




Other studies

Coalescence in Rapidity

TUTI

The rapidity dependent production
studied by Chiara is perfectly reproduced
by the Wigner function coalescence
model using a single Gaussian wave
function
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