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Nuclei and hypernuclei

— Projections for nuclei and exotica

— Measurements in pp
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— Statistics requirements for net-proton
— LHCb potential

* Conclusions and next steps
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QCD phase transition

Phase transition: nuclear matter > QGP

Chiral transition, crossover at yg ~ 0
[Y. Aoki, Nature 443 (2006) 675]

Phase transition: QGP - hadron gas

T.= (154 £ 9) MeV from Lattice-QCD

[HotQCD Coll., PRD 90 (2014) 094503]

Chemical freeze-out - hadrochemistry fixed

T, =156 = 2 MeV from fit to ALICE data
JALICE Coll., arXiv:1710.07531]

Identified (light flavour) particles:

—> Probes for thermal properties of the medium,
particle formation mechanisms and collectivity
—> Search for evidence of partial chiral symmetry

restoration at the phase boundary
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|dentitied particles at the LHC Run 142

* A comprehensive set of measurements in Pb-Pb,
span over 9 orders of magnitude in yield

¢ Systematic study of system size dependence of
particle production including pp, p-Pb

 Strangeness production

* Insights on collective dynamics and hadrochemistry
* local thermodynamical equilibrium = chemical equilibrium

*H+ ?'FI SHe

ALICE Coll., arXiv:1710.07531
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|dentitied particles at the LHC Run 142

* A comprehensive set of measurements in Pb-Pb,
span over 9 orders of magnitude in yield

¢ Systematic study of system size dependence of
particle production including pp, p-Pb

* Strangeness production

* Insights on collective dynamics and hadrochemistry
* local thermodynamical equilibrium = chemical equilibrium

* Constraint on QGP parameters with spectra, v, and
higher flow harmonics [e.g. 5. Bass et al, arXiv: 1704.07671]
* Production of nuclei and survival in the fireball
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Physics with light flavour in Run 3+4

Focus on statistics-hungry measurements and searches with L = 10 nb-! min
bias Pb-Pb (100x Run|+2)

Today focus on
— (anti)(hyper)nuclei and (strange) exotica sector

— net-charges, net-proton fluctuations

Depend on complementarity of several detectors and PID techniques

- ALICE PID performance already well exploited in Run|+2

- LHCDb potential with upgraded detector = see dedicated slide
- ATLAS / CMS - to be assessed
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(ANTI-)NUCLEI AND (ANTI-)HYPERNUCLEI



Physics case for (anti-)(hyper-)nuclei

Test coalescence, thermal production
— Good sensitivity to theoretical models parameters
— freeze-out temperature
— equilibrium vs. non equilibrium of strangeness, for hyper-nuclei

Precision measurements of signals rarely produced in Run |+2
— 3, H lifetime and spectrum
— v, of 3He and 3 , H: mass scaling vs. p scaling
— survival of loosely bound states in the collective expansion

Search for rarely produced anti- and hyper-matter
— Insights on the strength of the hyperon-nucleon interaction, relevant for nuclear
physics and nuclear astrophysics (neutron stars)

S
- “AHe
— First observation for anti-hyper-nuclei with A = 4 1
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Production models

2 main models give predictions consistent in order of magnitude but based on different
parameters

Thermal production at chemical freeze-out/phase boundary
* Key parameters are mass and chemical freeze-out temperature: dN/dy ~ exp (-m/T )
* Model provides yields but no p; spectra (no dynamics)

Coalescence of nucleons at kinetic freeze-out
* Key parameters are nuclear wave functions, size of the (hyper)nucleus
* Production probability quantified by coalescence parameter B,

— related to coalescence volume in momentum space p,,

e “Simple” coalescence model limited - source size to be included in modeling

e Model provides spectra A _
P P &N, BN\ g (45T M
E; dp3 =By | Ep A 3 Po A
{

Exemplary case: compare 3He and 3 \H

— Very similar mass but different binding energy and different size



Yield (dN/dy) for 10° events

Production models

THERMAL
dN/dy ~ exp (-m/T_,)
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Production models

dN/[dy/(2J+1)
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Production models

THERMAL
dN/dy ~ exp (-m/T_,)
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Production at the LHC — Run |+l

ALICE Coll., arXiv:1710.07531
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2d/(p +P)

Production at the LHC — Run [+|

* consistency of particle ratios and yields
with thermal model expectations
* no significant Vs dependence at pg = 0
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2d/(p +P)

Production at the LHC — Run |+l

* consistency of particle ratios and yields
with thermal model expectations
* no significant Vs dependence at pg = 0
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2d/(p +P)

Production at the LHC — Run |+l

* consistency of particle ratios and yields * Simple coalescence fails in reproducing
with thermal model expectations the deuteron B, and v,
* no significant Vs dependence at pg = 0
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Production at the LHC — Run [+|

* no significant Vs dependence at pg = 0

2d/(p +P)
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Nuclei yield reach in Run 3+4

Accessible candidates assuming: @ 100 k- ALICE Upgrade projection :
_ . p= Pb-Pb |5y, = 5.5 TeV (0-10%)
* Thermal production (validated by o 10° & — d(0.8-10 GeVic)
* Run 2 efficiencies in | 7 |< 0.9 < 107 ‘He (1.7-10 GeV/c) -
(TPC+TOF) o -
10°
With upgraded detector 10

—> ALICE-GEM TPC tracking performance 10°
similar to MWPC TPC (distortion

2
calibration to restore momentum 10
resolution) 10 ‘
—> impact of upgraded ITS detector 10° 102 10" 1 10
geometry and material to be assessed Min. bias integrated luminosity (nb™)
For ref. 2015 min bias sample ~ 13/pb
= as many d as p in Run [+2 2018 min bias sample ~ 250/ub
—> as many anti-nuclei as nuclei
- What is now measured for A = 2 and A = 3 will be accessible for A = 4
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Hyper-nuclei yield reach in Run 3+4

ALICE ITS upgrade TDR, : CERN-LHCC-2013-024

High statistics sample of min bias Pb-Pb ~ 70000
(&)
Improved tracking resolution from the ALICE ITS > 6OOOOE—ALICE Upgrade
upgrade = g Pb-Pb, S,y =55 TeV
3 H reconstruction feasible in 2-body and 3- g 00007 sl e
body decay with charged products 3 40000,
- Lower background but also lower B.R. for 2-body 30000
B.R. not well known [1,2] 20000
precise evaluation of absorption cross section of 10000}~ 2 < p, < 10 GeVie
3,H and 3He is needed L oMoy
P96 298 3 302 304 306
Invariant Mass(CHe, 1) (GeV/c?)
Mass (GeV/c?) Decay channel (B.R.) dN/dy (SHM)
3 H 2.991 3 H = 3He + m (25% [']) | x 104
S\H—d +p+1 (41% 1)
4 H 3.93 4 H — “He + 1 (50% [1]) 2 x 107
4 He 3.929 4 He = 3He + p + T (32% [2)) 2 x 107

[l1H. Kamada et al., PRC 57, 1595 (1998), [2H.Outa et al., NPA 639 (1998) 251-260
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Hypernuclei with 10/nb

Expected yield (2-10 GeV/c)
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(*) theoretical
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10?

10

102 3, H candidates in

1 IIIIIII
Expected significance (2-10 GeV/c)

§20I55ampl‘e/ :
||||I 1 l'lllll 1 1 lllllli 1 1 1

15

1
L1111l 1 L1 1 (vl 1 1 IllIlll

107 1 10 1 10" 1 10
Min. bias integrated luminosity (nb™) Min. bias integrated luminosity (nb™")

Updated estimates wrt CERN-LHCC-2013-024, include efficiency of Run 2
analysis and upgraded ITS

With the expected 10/nb anti-4 , H, anti-* , He “discovery” in reach
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Nuclei in pp collisions

5 dbar this work

Y = =this work (fit ISR)
——Herms et al (2016)
= Duperray et al (2005)

Searches for dark matter WIMP candidate J T ——Shardomnet et al (1957
decaying in d-bar and anti-3He require estimate 10 i [ this work (it ISR threshold I
of expected secondary astrophysical

background (secondary anti-nuclei produced in
cosmic ray spallation)

.,
.
.
.,

_.
e,

J [1/(m3ssr(GeV/nuc))]

_L
S,

= Precise measurement of coalescence
parameters at the LHC can provide constraints
for models

10°

B, (GeV*/c")

2
. 10
ALICE Coll., arXiv:1709.08522
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=t, ALICE pp Vs =7 TeV F o, ALICEpp Vs=7 TeV ]
e 3He, ALICE pp Vs=7 TeV - o *He, ALICE pp Ys=7 TeV . O\T
t, Bevalac p-A E, = 2.1 GeV -1 EPOS (LHC) i oy .
1025 34e, Bevalac p-A E, = 2.1 GeV = - ‘Fe, EPOS (LHC)* 3 g PO'SSOP pr‘ob. for
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"""""" i ; 101 _3,4 3He eventsin B
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NET-CHARGE, NET-BARYON
FLUCTUATIONS



Physics case for conserved net-charges

Deconfinement transition in the vicinity of the chiral 0.35 HOtQCD CO” PRD 85 (2012) 054503
. . ~ 2

limit (m, ,~0) boundary st 2T e 2
— Higher moments of baryon number related to 0.25 | e

chiral transition

fy scale

— Measurements of event-by-event fluctuations in

linear cont. extrap. =

particle production o N=12 o
' 8 |
— Direct correspondence with the thermodynamic 0.05 6
susceptibilities ( X ) that can be extracted ab initio PR Tmvev
by L-QCD 120 140 160 180 200 220 240
A B. Friman, EPJ C 71 (2011) 1694
P P InZ .= Xy _ 0P L R
= = N = - _
T VT’ T> (/T .
1 __________________________
Iq]
a XN 1 N=B,Q,S
X —2=V—Z"(Nn>+ N-n)) n=1,23

— Net-baryon ~ net-proton [ — H{T=0 |
[P. Braun-Munzinger at al., PLB 747 (2015) 292] -1f ——H/T=0.14 1 4 i
| —. pT=044 - |
— Net-strangeness 9 \)
2706 08__ 1 12
T/Tp
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High order cumulants of net-proton

Measure higher order cumulants of
particle distributions

Ratio of susceptibilities

— Correct to cancel volume fluctuations
[Nucl. Phys.A 960 (2017) | 14—130]

Measurements sensitive to detector
acceptance = global baryon number
conservation

Baryon transport at forward rapidity

Detector performance:
— Low py proton PID

— Discrimination of secondaries

TPC dE/dx (arb. units)

_— 1 .1 5_| T T T ] T T T T I T T T T I T ]
—~|E C - _
Q| @ - ALICE Preliminary, Pb-Pb |s,,, =2.76 TeV -

1 —_— B . __
Q Q1.1 06<p<15GeVic, centrality 0-5% .
gV g.)/ - —e— ratio, stat. uncert. i
- syst. uncert. -
MN 1 05— E b)e;sryon consarv. arXiv:1612.00702 —
- W] syst. uncert. HIJING, AMPT .
1H~H~H -------- -
0.95 ]
0.9 [, Loy 1 L i
0.5 1 1.5
An
200 [ T T T | ]
160 -3 ALICE 7
E g PERFORMANCE
140 18/05/2011
Pb-Pb {Syy=2.76 TeV ]
120 e 3
1008
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Net-proton: statistics requirements

First projection with toy MC

* p, p-bar yield measured in Pb-Pb
2.76 TeV (0-5%)

* pg~0 - p-bar/p =1

* Current ALICE detector,An = 1.6

* TPCPID in 0.4 <p; <0.8 GeV/c

* Same efficiency for p, p-bar

To be estimated:

—> Projections at 5.5 TeV with upgraded
detector acceptance [ongoing]

—> Performance with B=0.2T in
upgraded detector

—> Projections for net strangeness

relative uncertainty

relative uncertainty

§ T
10" ALICE projection
Pb-Pb, |5, =2.76 TeV
(0-5%)

T

T,

10°*
xJx,
107" g f ] 1 i M
10"  10° 10° 10" 10" 10" 10"
n. of Pb-Pb collisions
1| 1 1 1 I 1 1 I_.
i

10’

10°

10°

10"

0" 10% 10
n. of Pb-Pb collisions

relative uncertainty

relative uncertainty

107

107°

107}

107°

-

Gl | 1 1 d d

10" 10° 10° 10" 10" 10 10"
n. of Pb-Pb collisions

102}

A XB/X‘ ‘ |
E.J PEPTETTY B AP BEPErE 7 EEFEPTTTT EEPErTeTT .....-l_E

‘Z

10" 10° 10° 10" 10" 10 10"
n. of Pb-Pb collisions

2018 central sample, Run 3+4 central sample
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LHCb PID capabilities

- Hadron PID in two RICH = Primary particle
PID exploited successfully in fixed target mod
Ay =1.5 down to p+(p) = 0.5 GeVic

-> Potential for net-charge fluctuations
- Forward acceptance as complementary for
longitudinal dynamics and baryon transport

-
)
o
S
£
S
Q
o
c
<
>
[e]
X
c
)
S
)
£
(&)

sk LHCb CollJINST 3 (2008) 08005

- Increased tracker granularity in Run 3+4
—> Need precise estimates from full Run3+4

detector simulation for measurement g i
capabilities S

o 25

— Addition of TOF (TORCH) in LS3 under 2
5

discussion, would enhance capabilities over full *-
7 acceptance down to low p;

4
4
3

10 102
Momentum (GeV/c)

.........

T R
LHCb Coll., LHCb-CONF-2017-002
Proton ID via RICH veto on T,K for p > 10 GeV/c
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LHCb PID capabilities

- Hadron PID in two RICH = Primary particle \ /
PID exploited successfully in fixed target mod ol
Ay =1.5 down to p+(p) = 0.5 GeV/c ?

TN i

-> Potential for net-charge fluctuations 10°
- Forward acceptance as complementary for p-Pb i \ o /
o . P-p
longitudinal dynamics and baryon transport  pb-pb 5 -\ — / :
p-GAS 10° L YF-n(B/m, PESMOB  fy=4in({S/,)
Pb-GAS [ \ / ;
- Increased tracker granularity in Run 3+4 J PR UV T AV N U VA O DO 0

—> Need precise estimates from full Run3+4
detector simulation for measurement
capabilities

p. [GeV/c]

T

— Addition of TOF (TORCH) in LS3 under
discussion, would enhance capabilities over full
7 acceptance down to low p;

—> Fixed target mode (midrapidity coverage at low 20 40 60 I

. LHCb Coll., LHCb-CONF-2017-002
PT) and collider mode (baryon transport) Proton ID via RICH veto on T,K for p > 10 GeV/c
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Nuclei and hypernuclei sector

precision test of thermal model with
feeddown-free signals and strangeness
test/input for coalescence models
A=2>A=4

Potential for discovery for A = 4 anti-
hyper-nuclei

Astrophysical / DM searches application
in pp collisions

Conserved net-charges

Access evidence for chiral transition via
measurements of susceptibilities

Direct link to Lattice-QCD

Information about baryon transport

Further ideas to explore in (LF)
identified particle sector?

Summary and next steps

To do list:

- update estimates for nuclei efficiencies

with upgraded ALICE-ITS

- evaluation of nuclei absorption in
upgraded detector material

—> need dedicated simulation

— Assessment of potentialities in pp

—> need input from theory/astroph.

What’s needed:

- Extend toy MC statistics for Run 3+4
acceptance scenario

- Performance study with B=0.2T

- need dedicated simulation

- Projections for net-strangeness!?

- Assessment from other experiments
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ALICE upgraded detector

TPC coverage:|n| < 0.8 (1.4)
With optimal calibration (with ITS only)

ACORDE | ALICE Cosmic Rays Detector

AD | ALICE Diffractive Detector

1
.

DCal | Di-et Calorimeter

TS TR S /Y ) )
PERRIIR W R0 AT EMCaI|ElectromagnetlcCalorlmeter

HMPID | High Momentum Particle
Identification Detector

IT coverage: |7 |< 1.22
(now |17 [<0.9) - No PID

4 ‘ e 7_ L p iP -
@ e =T . — __,~”" v i P [ L

ITS-IB | Inner Tracking System - Inner Barrel
ITS-OB | Inner Tracking System - Outer Barrel

MCH | Muon Tracking Chambers
MFT | Muon Forward Tracker

MID | Muon Identifier

PHOS / CPV | Photon Spectrometer
TOF | Time Of Flight

TO+A | Tzero + A

T0+C | Tzero + C

TPC | Time Projection Chamber

TRD | Transition Radiation Detector

VO+ | Vzero + Detector

90060 000000000 OOO000O0O

ZDC | zero Degree Calorimeter
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ALICE upgrade - Tracking performance

I, (GEV/O)'

ALICETPC Upgrade TDR > CERN-LHCC-2013-020
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(anti)nuclei — Experimental aspects

Identification at low momenta
with dE/dx in the ALICE TPC

|dentification at high momenta via
time-of-flight in TOF

Knock-out from detector
material is a significant problem at

low p; (only for nuclei not for
anti-nuclei)

Dominating systematics:
knowledge of the material budget
and hadronic absorption cross
section for anti-nuclei

10°

—_
o
N

dE/dx in TPC (arb. units)

Pb-Pb
N [Sw=276TeV

s, _He

-2

@ 4500

c
3 4000 F
8 g

3500 F

3000 F
2500 |

2000 F
1500

I

1000

500 ;—

ALICE, Pb-Pb 0-10%, | s = 2.76 TeV
2.6 GeV/c < p, < 2.8 GeV/c

—@- Data
— Sign. + Backgr.
--- Backgr.

| Pl sl b by

ol bve g by
-15 -1 -05 0

T T
0.5 1 1.5 2
m?-mZ (GeV?/c?)

Counts

-1 0 1 2
p/z (GeV/c)
- ALICE, Pb-Pb 0-10%, |s\ =2.76 TeV
0.9 GeV/c< P, < 1.0 GeV/c
10° |
d
-o- Data
+= Material
=== Primaries

10% |
- — Comb. fit

0.5 1
DCA,, (cm)
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Production at the LHC — Run |l

RUN Il (2015 sample)
Pb-Pb Vs, = 5.02 TeV

AL/CE_PUBLICZOI 7_006 % T T T T T T T T LI s S B B L B B B B B B

T I T T T T I T T T T l T T T T | T T T T I T T T T I T T H H
ALICE Preliminary S 10 ALICE Preliminary —
10 ”Mm% () c ; — 3H 0.5 A
R N vl < 0.5 = = il o e e, ly|<0.5 A
BT i @ r ‘ —— ]
T g Tree———e—— — B ﬁ— = e ]
1 SRR S, %i_ i = s mm i
R S 10°E = E:' E
" "'%% ~~~~~ e, T - = = BRLE o] S ]
10° e S > - e S =
E‘:':‘qf‘:mm e, = “c B T ' N
1073 &= e ey - - —

g e, e e deuterons, Pb-Pb \s, = 5.02 TeV Zq>>
4 e T e 0-5% (x512) o 5-10% (x256) 61— Pb-Pb VS =5.02 TeV S —
10 W 10-20% (x128) 20-30% (x64) = 10 = NN =
30-40% (x32) 40-50% (x16) C -
105 o= 50-60% (x8) o 60-70% (x4) - © 0-10% * 10-40% .
e 70-80% (x2) e 80-90% (x1) B .
10°° --- Individual fit o ppINEL \s =13 TeV = ° 40-90% ----Individual fit .
INEL normalisation uncertainty: 2.55%
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