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Anti)nucleosynthesis In the [aboratory: recent measurements
of deuteron production and absorption with ALICE
Maximiliano Puccio (CERN)

Based mainly on arXiv:1910.14401, arXiv:2003.03184 and arxiv:2004.08018
EP-LHC seminar - CERN@Home - 28th April 2020




Outline

What this talk is about:

e A nuclear physics problem: (anti)nuclel formation in high energy collisions is not clear
e Antinucleosynthesis to understand the evolution of the system created in the collisions
e |mplications of collider measurements on the understanding of cosmic ray antinuclel

e Collider environment is suited for studying the interaction of antinuclel with the material

e \While this aspects are studied also in Pb-Pb, today focus on pp and p-Fb collisions
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E- It (anti)baryons are close in phase space they can form a
2

(anti)nucleus
* Interplay between the configuration of the phase space of

(anti)baryons and the wave function of the (anti)nuclei to be
formed

J. |. Kapusta, Phys.Rev. C21, 1301 (1980)
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u It (anti)baryons are close in phase space they can form a

(anti)nucleus
* Interplay between the configuration of the phase space of
(anti)baryons and the wave function of the (anti)nuclei to be

formed

J. |. Kapusta, Phys.Rev. C21, 1301 (1980)

This two pictures give quantitative predictions for high energy collisions
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=oT1or-PID~ 120 PSs In pp collisions due to the lower precision on the event start time
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e ALICE extends with light nuclel the already complete set of light flavour hadrons measurements
as a function of charged particle multiplicity in all collision systems now available
® Remarkable similarities across collision systems are olbserved.
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e ALICE extends with light nuclel the already complete set of light flavour hadrons measurements
as a function of charged particle multiplicity in all collision systems now available
® Remarkable similarities across collision systems are observed.
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For a nucleus X with mass number A, both
coalescence and thermal models predict:
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* |s this smooth transition suggesting a single description for the nucleosynthesis in HEP??
* Thermal model with canonical suppression gets the rise of the nucleus/proton ratio
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* |s this smooth transition suggesting a single description for the nucleosynthesis in HEP?
* Thermal model with canonical suppression gets the rise of the nucleus/proton ratio
 However with the same parameters proton over pion ratio is not reproduced at low multiplicity
» Advanced nuclel coalescence can describe the d/p ratio but again struggle with the A=3 nuclei
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1he coalescence paramete

The coalescence parameter for a nucleus / with A nucleons is defined as:

A Edd3Nd
3N, SN deuterons dp3
P dpd

Experimental parameter that Is tightly connected to the coalescence probability:

Larger Ba < Larger coalescence probability

The closer the nucleons are in phase space the higher Is the coalescence probability

Small distance in space Large distance in space

Only momentum correlation
matters

Both momentum and space
correlations matter

SCHEMATIC VIEW
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Simplest coalescence: Ba flat in momentum
* Not observed for MB collision but observed in multiplicity intervals
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Sai) = BaSy,

With Sqp and Sy = proton

. and deuteron spectra in the

= mult Interval |

Il||l|||llll III|III
8 101214 16 18 20

P, (GeV/c)

* Not observed for MB collision but observed in multiplicity intervals

Nzl =0 (z)

(Z, =0 p(l))2

) —
2_B2

The rise In MB Is partially due to the change of the proton spectra shape as a function of multiplicity
> But this alone cannot explain the Bs evolution as a function of momentum
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Testing coalescance with Ba: 17
o O o e e R NS RN A AR R
10.1016/j.physletb.2019.05.028 O arXiv:2003.02394 _
O 1078 ALICE —
g ~  p—Pb \s, =5.02 TeV -
> - i<y <o . - N (dN_ /d7)=26.02 S .= B S
S | +B,(NEL>0) T - S—— d(i) 3*p(i)
% ~ [ B; (Re-calculated) —— ) e ———
-~ 107 | — - ! _ e e = With Sd(i) and Sp(i) = proton
Q - r-——--i__-_- . — —— . and deuteron spectra in the
j | : : : : ! : : : : } = . mU|t Iﬂterva| /
X 0 I i (dN_ /dn)=2.55 3
o 5 3 — . RN AR RARNRRRNLERRANY RRAN ARRNRARN LAY NZ ONS (i)
g 1 A | B*=B =
.9 i ; ) LLI S— > : . 3 I 3 3
g l < 3
(O - [ ) [ — | P === —— =
CE - :ﬂ— B "g % - (zl O p(l))
0 0.5 1 1.5 0‘:% = I TN =
SERERERE NN ol b b b b b
p_/A(GeVic) 0 2 4 6 8101214 16 18 20

| ' GeV/c
Simplest coalescence: Ba flat in momentum Py (Gevic)

* Not observed for MB collision but observed in multiplicity intervals

The rise In MB Is partially due to the change of the proton spectra shape as a function of multiplicity
> But this alone cannot explain the Bs evolution as a function of momentum
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Computing thefgource r'ad|us

_ong standing idea of correlating the source size computed with Hanbury-Brown Twiss

INnterferometry techniques to the coalescence processes

N (k™)
sdme
Clk*) =N — = fS(r) W(k* r)|*d3r
Nmixed(k )
arxiv:2004.08018
, , = T T T JB LI I B B IR IR RN B
Study of two particle correlations to get E 16F -
s on Aot . qthe < - ALICE pp Vs = 13 TeV -
information about the source size and the 15 § High-mult, (00.17% INEL> 0) —
interaction among particles A E t % _  Gaussian Source E
T E % 1 S -
O Pa 12 + =
/r \ 1 1 E § p—p = = _ Z
f X E = p-ANNLO) —F = -
o E _* p-A(LO) E
] il B I B | Ly v a1 a1 I L .+ 3
D 1 12 14 16 18 2 22 24 26
Picture courtesy of A.Mathis b <m_|_> (G eV/CZ)
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Computlng theigource r'adlus

_ong standing idea of correlating the source size computed with Hanbury-Brown Twiss

INnterferometry techniques to the coalescence processes

N (k™)
same
Ck*) =N - = f S(r) Wk, r)|? d3r
Nmixed(k )
arxiv:2004.08018
. . — L L L L L L L
Study of two particle correlations to get £ 14
o " nout th . 1 th o B ALICE pp Vs = 13 TeV
I.ﬂ orma IOﬂ 101019 e Source SiZe adn e o 1.3 S t =S § High-mult. (0—0.17% INEL > 0)
Interaction among partlcles 12 s i}% - Gaussian + Resonance Source

e HBT correlations not enough to define a 1 1
unique source radius!

1

® Resonances affect the measurement = 55 = ]
09 S S —

e First quantitative correction for th|§ effect 0 = | p—A (NLO) *
leads to the measurement of a universal | p-A (LO)
baryon source YA ST~

1 12 14 16 1.8 2 2.2 24 2.6

2
<mT> (GeV/c9) 7
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A new development™ that allows us to
zoom Into the production of nuclel

through coalescence
3 Correlation radius
B,(p) ~® o d3q9(7)%§”(?, 7)]

“Source Radius + Nucleus wave function -> B>”

mpuccio@cern.ch - (Anti-)Nucleosynthesis at the LHC - 28/04/20
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0.03

0.02

0.01

Preliminary calculations by B. Singh and B. Hohlweger

B | | | | | | | | | | | | | | | | | | | | | | | | | _"
- o ALICE pp Vs=13 TeV INEL 7
- . -
B Deuteron wave functions _
_ Gaussian _
- e Two gaussians ]
] | | | | | | | | | | | | | | | | | | | | | | | | _H
1 1.2 1.4 1.6 1.8 2 2.2
Data from arXiv:2003.03184 mT (GeV/C)
*K . Blum, M. Takimoto PRC99. 044913 (2019) 18
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From the Corre\ahon tO"fhe Coalescence parameter

A new development™ that allows us to

zoom Into the production of nuclel
through coalescence
Correlation radius
B,(p) ~ [d3q9( q )%PRF( )]
2m

“Source Radius + Nucleus wave function -> B>”

e Different wave functi
expected coalescer

® Yet quar

still far tr

mpuccio@cern.ch -

ons give very different
ce parameter

titative description of data is
ough
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0.05

0.04

0.03

0.02

0.01

Preliminary calculations by B. Singh and B. Hohlweger

- ALICE pp Vs=13 TeV INEL

Deuteron wave functions
............................. " Chiral EET

Eﬁﬂﬁﬁﬁ Hulthen
Gaussian

Two gaussians

l\).=|=II|IIII|IIII|IIII|IIII|IIII=.

Data from arXiv;:2003.03184

N

(GeV/c)

*K. Blum, M. Takimoto PRC99. 044913 (2019) 19
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Unifieo descriptldn of nljcleosyntheS|s at collider?

. arXiv:2003. 031 84
oL - The coalescence parameter evolves
N [ ] ] ]
> 102F a, p_/A=0.75 GeV/c smoothly as a function of multiplicity
Q) ~ - = . .
=~ T s - * Another hint of a system size aware
Q[ AbCE (e - production mechanism
| ®¥dpp,¥s=13Tev. N\ H el _
md«d, pp,Vs=7TeV NC e
10°F  Madproyiosetev NG — A possible parameterisation using the
- e d, Pb-Pb, \s,, = 2.76 TeV ‘ - SyStem HBT radius R:
" B, coalesc. r(d) = 3.2 fm (PRC 99 (2019) 054905) ] 2(A-1)
== Param. A (fit to HBT radii) N B 2J AT 1 1 1 2
10—4 E_ = Param. B (constrained to ALICE Pb--Pb B,) _E A 2A \/Z m,%—l R2 + ’,.%/4
B | | | | 1 1 11 | | | | I A I | | | | I I I | | N
w 10 102 10° -
(AN /dy ) where the numerical factors come from
o A< 05 approximations of the nucleus and

Coalescence constrained to the HBT radii nucleons sizes

quantitatively describes the evolution of B2 in small
systems but fails in reproducing Pb-PDb results

*F. Bellini, A. Kalweit PRC.99.054905 20
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Unifieo descriptlon of mjc]eosynthess at collider?

A~

B, (GeV*/c"

mpuccio@cern.ch -

1 0_3 arXiv:I191O.14401
E | | ] I I | | | I | | il | g
= N pT/A =0.90 GeV/c -
i) \ |
107 = - =
107F . E
[ By coal, rCHe) = 2.48 fm N -
107 ... fit to HBT radiii 3 =
- — constrained to ALICE B, \ -
{07 SHM + Blast-Wave (ALICE m,Kp) "
= — . GC GSl-Heidelberg (T = 156 MeV) ]
- .- CSM (T = 155 MeV) -

1 0—81 | | | |- ] | l1l O | | | [ ] ] . | | L1 1111 |
<chh/ Iab> 7, <05

Models struggle to quantitatively

describe the measured B3
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The coalescence parameter evolves
smoothly as a function of multiplicity

* Another hint of a system size aware
oroduction mechanismnr

A possible parameterisation using the
system HBT radius R:

F(A-1)
27, +1 1 1 2 2

AT T on VA mp~h\ R* +rz/4

where the numerical factors come from
approximations of the nucleus and
nucleons sizes

*F. Bellini, A. Kalweit PRC.99.054905

21
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Thermal vs Coafgscence’ in small systems

Deuteron SHe

B> vs d/p vs

Coalescence

......................................................................................................................................................................................................................................

Thermal model

® Deuteron production in pp and p-Pb collisions is described by coalescence model
e [hermal model can describe d/p vs multiplicity, but at the same time fails in describing p/=z

® A=3 nuclel are not described quantitatively by neither coalescence nor thermal models
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n space like in the \ labol

Understanding antinucleosynthesis at the LHC has important applications in other fields
Physics reports 618, 1 (2016)

T LSP (SUSY)
83 — m=30GeV
< BESS limit |
C’D’- g _____ LZP (UED)
n D
£ § gravitino
38 —— (decay)
i i WS m = 50 GeV
o 2
E (_3 Secondary
9o
s
el=
| L
| | | . | l‘ | ] L1 1 l‘.t ‘ ] | || L 11
1 10 100

 Kinetic Energy per Nucleon [GeV/n]

* Long standing prediction: anti-nuclel as unambiguous probe of dark matter annihilation in the universe
* Only background: secondary production from ordinary matter collisions (mainly pp, p-A with small Z...)
* Measure on Earth at collider the cross sections for this processes and constrain production models
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1he path of antlnuc\el td Earth |

To understand the measurement of antinuclel in balloon and satellite experiments one has to
understand their production and transport through the galaxy

V- (_KVN& T VcNd) T at(btotzvci o KEEatN&) T 1ﬂann‘]\]d 4da

® - Common to all the antiparticles
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I'ne path of antinucler to Earth

To understand the measurement of antinuclel in balloon and satellite experiments one has to
understand their production and transport through the galaxy

V- (=KVNj+ V.Ng) + 0(b;Ng — Kggd,Ng) + 1" Ng =

® - Common to all the antiparticles

® Source term: it can be constrained using the production measurements of ALICE
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The path of antinuclel to Earth

To understand the measurement of antinuclel in balloon and satellite experiments one has to
understand their production and transport through the galaxy

V- (=K VNg+ VN + 9,(biuNg = KON +T eV =45

® - Common to all the antiparticles
® Source term: it can be constrained using the production measurements of ALICE

e Annihilation term: Known for antiprotons, mostly unknown for other antinuclel

( The LHC, being an antimatter factory, is the perfect place to constrain this term!
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The ALICE appg’ atus a‘s anmhlla’[\loi

* LHC produces equal amount of matter and
antimatter at mid-rapidity

 Nuclel and antinuclel interact in a different
way with the detector material

 Larger inelastic component for antinuclel
=\\le detect fewer antinuclel than nucleil

* Material budget at mid-rapidity:
* Beam pipe (~0.3% Xo)
* TS (~8% Xo) and TPC (~4% Xo)
* TRD (~25% Xo)
» Space frame (~20% Xo between TPC and TOF)
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» LHC produces equal amount of matter and

antimatter at mid-rapidity

 Nuclel and antinuclel interact in a different

way with the detector material
* Larger inelastic component for antin
=\We detect less antinuclel than nuc

Uclel

el

* This IS evident In the raw ratio of detected

antiprotons/protons

* For antiprotons the annihilation cross

section 1s well known
* GEANT4 describes well the ratio
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o 1.2
o 1.1
= 1
T 09
0.8
0.7
0.6
0.5
0.4
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S 11
5\3 1
s 0.9
N

- l L B B LA BRI L =
= ALICE Preliminary =
= p—Pb \ s, = 5.02 TeV =
= \ Snin =
- <p N
= {:ES =
- U =
= Data Monte Carlo —
- O ITS+TPC analysis B Geant3 -
- ® [TS+TPC+TOF analysis + Geant4 —
- + 1.5% global unc. not shown =
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The anhproton ?ase

The gap at 0.7 GeV/c marks the change of
identification strategy (from TPC only to TOF)

® [his change of strategy corresponds also to
a change of amount of material crossed by
the particles

e \Well reproduced by GEANT4 for antiprotons!

O
=
by
o
O
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The anhproton ?ase

The gap at 0.7 GeV/c marks the change of

identification strategy (from TPC only

to TOF)

® [his change of strategy corresponds also to
a change of amount of material crossed by

the particles

e \Well reproduced by GEANT4 for antiprotons!

Data / MC

L) L) l . . L] L

ALICE Preliminary

p—Pb \ s, =502 TeV

( ) “ "-’ " l! hn HEU IS

O ITS+TPC analysis
® |[TS+TPC+TOF analysis

+ 1.5% global unc. not shown

Monie Carlo
B Geant3
+ Geant4
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The antldeuteron case’ P05

* LHC produces equal amount of matter and © 12— T
| i =t - = ALICE Prelimi =
antimatter at mid rapidity - : S o 500 TeV S

: : - : : - B NN~ > =

- Nuclei and antinuclei interact in a different g E
way with the detector material = . IR

. . . . 0.8 F -

* Larger inelastic component for antinuclel 07k E
=\\We detect less antinuclei than nuclei 0'6§ =

Lol m Data Monie Carlo —

05 = O ITS+TPC analysis B Geant3 =

— T E ® [TS+TPC+TOF analysis + Geant4 —

* Same measurement performed for d / d 0.4E 0 3.0% clobal unc. not shown =
* The antideuteron inelastic cross section was 03 . . =
measured only at momentum >10 GeV/c =S 17 A NE
— - + - I -

* fransport moaels only can extrapolate the o 12@%.::':*:-*“*:*'
measurement at low momentum 8 00 o :

* Discrepancy between data and MC can be | | | o (GeV/c)
used to measure the inelastic cross section
of antideuterons with the ALICE materia
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By varying the cross section
implementation it is possible to determine
the cross section that best fits our data

® Oinel(p) has been estimated for an

“averaged element”
Mmaterial

® Good agreement with

of ALICE detector

Geant4

parameterisations as expected
® Several measurements available for

oinel(p) ON different ma:
description with Gean

parameterisations

erials, good
4

This validates the method and allows

us to use it for other antinuclel
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in the GEANT4

~ 25

ALICE Preliminary
2 p—Pb \ s, =9.02 TeV
(Zy=11.9,(A)=255

Ginel (

— o..(p) Geant4

— 6,(p) ALICE 1o

— o, (p) ALICE +20
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Antideuteron melastlc Cross secf on

= 1 T T T T — T T T T T T —
« 09 ALICE Preliminary
. . <
First measurement of the antideuteron ~ — 0.8 p—Pb | s =5.02 TeV
inelastic cross section at low momentum & 0.7 — &_(d) Geant4
® Previous measurements only available 0.6 —— 6, (d) ALICE +1o
at momenta larger than 10 GeV/c 0.5 — Ojeld) ALICE 120
e And performed almost 50 years ago 0.4 ® Oineld) (Nucl Phys. B31 (1971) 253)
® Hint of deviation from the GEANT4 0.3
Glauber parameterisation at low 0o
fransverse momenta 0. e
0 - | '

p (GeV/c)
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The effect on the expecféd ﬂuxes of cosmic antinuclei

Exercise:
® [ake a standard code for cosmic-ray transport |1}

® Modify the inelastic cross section of one of the
nadrons currently implemented in the code (antiproton)
oy the difference between ALICE measurement for
antideuteron inelastic cross section and GEANT4

® Check the impact on the expected flux before solar
modulations
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1he effect on t‘hév expecfe ﬂuxes of Cosmlc antinuclel

Preliminary calculations by Laura Serksnyte (TUM)
R Exercise:

—~ ® [ake a standard code for cosmic-ray transport |1}
% ® Modify the inelastic cross section of one of the
¥ nadrons currently implemented in the code (antiproton)
o oy the difference between ALICE measurement for
v antideuteron inelastic cross section and GEANT4
Ig ® Check the impact on the expected flux before solar
X modulations
™ —— Default

el o9 . Result: Sizeable increase of the expected flux at

1.50 e —— - IOW €NErgy when scaling for the measured
2ol ~antideuteron modification of inelastic cross section
(O
3 100

0501 gg=r o T

Energy (GeV/n)
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1he effect on t‘hév expecfe ﬂuxes of Cosmlc antinuclel

Preliminary calculations by Laura Serksnyte (TUM)
R Exercise:
—~ 107°F - J|® Take a standard code for cosmic-ray transport [1]
% ® Modify the inelastic cross section of one of the
¥ nadrons currently implemented in the code (antiproton)
o 107%F ) oy the difference between ALICE measurement for
v — Default antideuteron inelastic cross section and GEANT4
E 106l x0.5 | §® Check the impact on the expected flux before solar
X — x0.9 modulations
T — x3.0
el % . ., ResultSizeable increase of the expected flux at
20— low energy when scaling for the measured
-t _antideuteron modification of inelastic cross section
(O
q{% 10— Outlook: For heavier antinuclel, like antiSHe, the
E 0.5/ - difference to GEANT4 might even be larger and so
0.0 e o o o WOUID be the iImpact on the expected tfluxes
10 10 10 10

Energy (GeV/n)
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Summary

Great progress of the field of (anti)nuclei in HEP in the recent years
- ALICE put tighter and tighter constraints on the models (arXiv:2003.03184)
- Deuteron production in pp collision is reasonably well described by coalescence models

A>=3 nuclei are now the battleground for experiments/models
- 3He/p as a function of multiplicity shows interesting deviations from models (arXiv:1910.14401)

- Having more precise measurement of 3H and hypernuclei will give us valuable information about
the A=3 nuclel production

Not only measurement of the production cross section!
- ALICE has provided the first measurement of antideuteron inelastic cross section with material
- Work ongoing to extend to this kind of measurement to other antinuclel
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Outlook

q 107
10 “|
107°
107°)

r
r

- p /A=0.77 GeVic

:

- PP s, = 5.5 TeV (Run 3+4)
- []Pb-Pb yfs,, = 5.02 TeV (2015 data)

= Coal.. r(gHe} =248 im

rel. stat. unc.
o
(e n —_

|
T
- O

2 _ 2 2
E O = Oga + Gays
" _osys"BA =10%

[ +..0,,/B, = 20%

—
o
o

—
o

No separation

—
T

® Run 3 and Run 4 will al

- *BW + GSI-Heid. (T 4, = 156 MeV) ¥

Yellow Report, WGS, arxiv.org:1812.06772
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pT.'A =117 GeV/c
wem Coal., r ("H) =6.8 fm

3
A
-+ Coal., r (:H) =141 fm

W P/A=075GeVic
‘e Coal, r (*He) = 1.9 fm

| I | | |

4 4
He H

pT."A = 0.62 GeV/c

m Coal., r ({H) =2.4fm

' A

3
.

Projections for Pb-Pb
collisions but similar

results can be achieved In
small systems

3 ALICE Upgrade projection
Pb-Pb ys,y=5.5TeV, L, =10 nb”

oW US t0o measure In detalls the

® Decisive test for pro

0iNg the interplay between syste
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oroduction of even 4He and hyper nuclel
M size and (hyper)(ant)nucleus wave function
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e Run 3 and Run 4 will allow us to measure in details the production of even 4He and hyper nuclel
® Decisive test for probing the interplay between system size and (hyper)(antijnucleus wave function

But... Run 2 harvest is still not finished: new results are coming up for summer conferences
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Origin of nuclear clusters in hadronic collisions

19-20 May 2020 Search... jo
CERN

Europe/Zurich timezone

verview The goal of this mini-workshop is to solve the question of the origin of loosely-bound nuclei formed in

Organizing committee hadronic collisions. This is a well defined question, the solution of which could shed light on the
puzzling feature of seemingly thermal statistics in the yields of different hadrons at the LHC and other
experiments. The main discussion is theoretical, but there will be strong interplay with experimentalists
Participant List working on relevant analyses.

Registration

The format consists of invited talks, geared towards an audience of experts in the field, as well as
working group discussions structured around a number of currently on-going analyses.

VIDYO connection will be available.

Registration is open at https://indico.cern.ch/event/893621/
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