Measurement of hypernuclei radius
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Outline

O Two puzzles: Hyperon puzzle and 3LH lifetime puzzle

[ Hypernuclei production and decay, invariant-mass method
O Two-target method . Velardita, ...... YLS, Eur. Phys. J. A, 59:139 (2023)
0 HYDRA TPC in GLAD/R3B

O HYDRA design: field cage, amplification, gas system, laser system, electronics

O Perspectives
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Hyperon puzzle
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Ignazio Bombacl JPS Conf. Proc., 101002 (2017)

> 99% visible mass in the universe p&n

> Experimentally observed bayons (uds quarks)
p,n, A, Z, A E Q (hyperons)

» Existence hyperons in Neutron star?
» Need better constrain on YNN forces

Diego Lonardoni et al., PRL 114, 092301 (2015)
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Hyperon puzzle
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O Baryon-Baryon scattering Voo
v ~5000 NN scattering F RS
v 70 YN scattering NN oN A
i N: First excited state ~300 MeV
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0 T v wves S 0 I H I
100 200 300 400 500 600 700 800 900 500 600 700

P,sp (MeV/c) P,y (MeVric)
J. Haidenbauer et al. / Nuclear Physics A 915 (2013) 24-58.

» More YN scattering data is calling for
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3LH lifetime puzzle

[ Lightest hypernuclei 3LH
dB,=~100keV vs
By=2.2 MeV

‘®
r
neutron ) proton
3LH:d+ A

B, = [102 + 63(stat) £ 67(syst)] keV

Theoretical predictions
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EPJA 56 (2020) 91
. BERa RS s
— e | Nuo. Cim. 21 (1961) 235
——0—1— Nuo. Cim. 26 (1962) 840
: —Te— Nuo. Cim. A 43 (1966) 180
—0;— NPB1 (1967) 105
——! ‘ NPB4 (1968) 511
. PRD1 (1970) 66
o— \ NPB52 (1973) 1
== STAR, Nat. Phys 16 (2020)
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» More high-precision B, experiments will come

Theoretical predictions
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ALICE Collaboration, PRL 131, 102302 (2023) 7 = [253 & 11(stat) = 6(syst)] ps
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Measurment of 3LH radius?

o 1 3LH lifetime
IPEORPEEZET  Three-body puzzle

@I interaction

. . roton
A-hypernuclei B, experiments neutron @°F

* Lattice QCD 3LH: d+ A
* Femtoscopy from HIC
* New Ap scattering experiments
O Mass (Binding energy)

O Lifetime (Decay width)
O Additional constrain on AN and ANN interactions O Charge radius ?

L Additional constrain on B, O Matter radius ?

Two-body YN interaction
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Halo nuclei

Be
Li
He

Mg-

Na
Ne\
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| C? 2 Necessary conditions:
Y
a 6¥_Ie 8He

29F
3INe

4n Halo/Skin

© 2n Halo
O 1nHalo

5

O Small separation energy (< 1 MeV)

O Low orbital angular momenta (/=0 or 1)

O Constrain NN interaction at low density, clustering...
O Challenge ab initio nuclear theories
0 Halo also exist in hypernuclei?

o

37Mg

I. Tanihata ef al., Phys. Rev. Lett. 55, 2676 (1985).
I. Tanihata et al., Phys. Lett. B206, 592 (1988).

12 fm

7 fm

11, .
Li
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: : CAEIF A EL
Halo- Hyperhalo in hypernuclei @) SEERTRIXT

O Halo/skin candidates in hypernuclei 3,H, 6,He and 7,Be  Three-body model by E. Hiyama et al., PRC 53 (1996)

O No data exist about their radii y 20
® 150%
3 H:d+ A %
102 K. Riisager, Phys. Scr. T 152 (2012) r t E i S/l = OlMeV,
He, T T T ] neutron proton o 10— A-d rms distance > 10fm!
. 3AH J: 1/2+: 9 g i -
_ —
) S, ~ 100keV SLH> d+4 sk —
%10 G . |
N U Radial wave function u(r) = R(r)/r:
0\..I.w.\..w\...lw.ylwwwl.
—“—|E-Upr)— ————|R(r) = € [MeV
1 12 hzl: (r) 2 j| (r)=0, [MeV]
1 Ury=—=Vof(r)- 1 s-wave, [=0

1072 10 1
uB R/ £y =11 + exp(:=8)] !
—>How do we measure the radius of 3LH?

et &, AR MEMR KF Workshop on Hyperon Physics, Huizhou, 2024.04.12-2024.04.15 8



Hypernuclei production and decay

A Hypernuclear Chart

(2012)

Hypernuclei chart

Fe Y
0
\A
14N |15
N [IN |1eN
AN LAY fA
G265 113 \14
C |'AxC | AC
A A A
9g |10 \11 12
B |".B |'AB |'iB
A }A \A A
Be| 8Be| %Be|'9Be
—
OLi [ ALi | §Li | SLi mﬁ
- N
éHe °He |SHe | iHe |8He
3 4 6
H | 3H H .
A A A, v spectroscopy emulsion

€
n0) (m,K¥) p

U K/m/e  beam + fixed target. Missing mass method

BNL, KEK, INFN(FINUDA) (K-, -)

u
n+{_

d "~~~
d-"7"="-s
f=23,
u u

BNL, KEK (r+, K+)

S

5
d

—

11 1

e’
K+

A

—Fa
{5

11

Jlab (e, e’K+)

O Heavy ion beam collisions = Invariant mass method

CERN (ALICE). BNL(STAR)
GSI(HypHI)

Heavy-ion beam induced reactions
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0 NN 2> N+ A4+ K" (>=1.58GeV/nucleon)
0 N> A+ K" (>=0.76GeV/nucleon)

Before collision After collision L A has a broad phasespace distribution
. o O Mid-rapidity region: ALICE/STAR
e ety Y Iyl <05
o SO 3 v' Light hypernuclei
T w Bl O Projectile-rapidity region: HypHI@GSI
0.8} ~ / le
o S 1 v Projectile-like (light&heavy) hypernuclei
.( -5 T s 0 05 1 L5 ! 10_5—72 i—lt,S —ll —(i.Syy(l) 0%5 ‘ i 1.15 2

P, vs Rapidity  YLS etal., PRC 98, 024903 (2018)
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The simplest hypernuclei: 3LH

-100kV

=0.5T
B=0.5T
Mesonic decay: MWPC readout P
with 15488 pads
—~ 20% ?\H —¥ 3He + ™ iH — 3H + 7T0 MWPC readout ist-mﬂ
- e with 5692 pads \
40% SH2Htp+r  3H - H4n+ a0 PoPb@VSNN = STeV. prne e
0 . 3 5 PRL 131, 102302 (2023) Au-Au@VSNN = 200GeV
aH—optptnta jHontntpta. L ™ Nature Physics 16, 409-412 (2020)
ALADIN
. % - o S
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NPA 913 (2013) 170-184
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Transmission method

Q Nout = ]vin*EXp('o-I*Nt) . . . .
Qy=N,/N, (y<1) Model the link Raidus with o}, eg:
~ o= (UWlog(ly) oi(p. t) = TI[Ry(p) + Ry(D]?

2R(p) = sqrt(cy/ ™) — Ry(t)
@ R;(12C) =2.61fm

0 O Consider reaction loss on non-target material
- > O y,is the ratio of empty target run

<
<

Interaction cross section: > (Y<70)
proton and/or neutron removal > o1=(1/N)log(yo/ v)

target

]Vin I_I Nout

N =N

A(Z+1)

-> Applicicable to hypernuclei ?

Difficulty: short lifetime (~200ps) y>2
“Transmission method” no hypernuclei beam @ Sseveral tens of em

N
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Two-target method

Target region

lZC 40
2AGgV - .
@ — w/o reaction loss NO' Beam number
30/~ n: target density
E F o, : hypernuclei production cross section
g 20 SLH@15AGeV y=2.5 or . Beam reaction cross section
S p=091 7: hypernuclei lifetime
T =200 ps
10
0 | | I | | | | | |
0 100 200 300 400 500
d decay vertex[mm]
no ,N —( . )z
Ny(z)=—"""=(e7"%* — e b
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Two-target method

Target region

12c 40~ . Ny: Beam number
@2 AGeV i —— w/o reaction loss n targe t densi ty
30/ —— =100 o, : hypernuclei production cross section
gL — 0,z=20b or . Beam reaction cross section
g 20 AN - 0, r. hypernuclei reaction cross section
2 \\ ¥ =25 7: hypernuclei lifetime
ol 3LH@1.5AGe B = 50%1
TSI \T P Two unknowns
N ‘ B ————__| - Two measurements
0 100 200 300 400 00 ywith different target thickness
d decay vertex[mm]
no ,N —( L tno )z

ez TV 4R~ MO

S. Velardita, ...... YLS, Eur. Phys. J. A, 59:139 (2023)
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Two-target method

0 Two measurements with target thickness d1 and d2

SO-AR/O-AR with o= 1.811b’ OR — 888 + 19mb, T=216+19 pPsS, 5N/1: Sqrt(NA)

O 8 days beam time, uncertainty ~15%: Thin target (d1 = Icm) for the 1st measurement
Thick target (d2 = Scm) for the 2nd measurement

R=2.3 fm _ R=4.2 fm _ R=10. fm F R =28fm]
F : - e v R =4.9 [fm]
g 401 v AR =7.9 [fm]
%30~ *
g Q< [ :
—_— o r A :
5 g 200 4Te,
“© L A f ve $%9¢ee,
10- LS
0 5 10 15

beam time [days]

dl +d2 [em]

S. Velardita, ...... YLS, Eur. Phys. J. A, 59:139 (2023)

et &, AR MREMR KT Workshop on Hyperon Physics, Huizhou, 2024.04.12-2024.04.15 15



Two-target method

Glauber Reaction model

Interaction |
Cross section RMS Radius

uncertainty 15% uncertainty ?
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Glauber model

Oreac(P +T) = f db (1 - |eiXPT(”)|2) with elxpr(®) _ (wo‘eiXCT(bC)‘i‘iXNT(bC‘H')|(p0)

ixer(b) =— f dr / dr’ pc(r)pr(r)I'(b+s —s') > NN interaction, density of the core and target

ixnt(b) = — f dr pr(r)I" (b —s). - AN interaction, density of target
Hypernuclei “beam”
x: phase shift function I'e)= anp N (finite range),
. : 1 —i
I': profile function r®) = 1o oxnid (B) (zero range).

B. Abu-Ibrahim et al., CPC 151 (2003) 369-386
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O Density distribution from pionless EFT
[1] F. Hildenbrand and H.-W. Hammer, PRC 100, 034002 (2019)

@) S FRERARS

Glauber model

Separation RMS [fm] Cross section [mb]
AN total cross section energy [keV] pionless EFT [1]  Glauber Model
o(Ap) o(Am) 500 2.5 616
[mb] [mb] 410 2.8 645
= Cavie |5 130 4.9 861
6 —21 GeV/ 34.6(4 34.0(8
cVie ® ® 50 7.9 1062
S. Gjesdal et al. Phys. Lett. B, 40:152-156, (1972)
D. Bassano et al. Phys. Rev., 160:1239-1244, (1967)
80 8 — -
70 7 i Eikonal
60| 3 — 6
= 50 I .‘ o LE‘ - % - == Linear Fit
£ w0 . “. 2 4 —
d 30 |- é - //
O e , " Slop=0.012 fm/mb
ol i Aog = 100mb 2> AR, = 1.2fm
00 - ‘Z(I)OI | ‘4(I)OI | ‘6(|]()I | ‘8(‘)OI ’ ‘IO‘OOI I ‘1200 0 6(;0 I 8(;0 I IOIOO I 12|00 l 14|00
E,,p [MeV]

Oy [mb]
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Uncertainty estimation

3LH + 2C at 1.5GeV/nucleon

Separation RMS [fm] og[mb] Aoy ARMS [fm] ARMS/RMS
energy [1] Glauber 15% [mb]

[keV] Model

500 2.5 616 92 1.1 44%

410 2.8 645 97 1.2 43%

130 4.9 861 129 1.5 31%

50 7.9 1062 159 1.9 24%

[1] pionless EFT, F. Hildenbrand and H.-W. Hammer, PRC 100, 034002 (2019)
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HYDRA (Hypernuclei Decay R*B Apparatus)

Invariant mass method Uniquness:

O R’B spectrometer to measure heavy fragments U High beam intensity (avoid beam at Odeg)

0 ATPC in GLAD(2T) to measure 7- O Neutron-rich hypernuclei production with neutron
rich secondary beam

sof 2000F
9 ETarget Y L B:2 . 2T
3 405 —1500F
e~ P L S i
o Ll=—"f—"_ R 1.5 MeV o
£ 30 0 r
T [ —— £1000-
S 20F . 3
5 f o L
(0] r -
% 10 . 500 2x2mm pad
O:" N T TR T FETEE SRR 07
5 10 15 20 25 30 35 40 45

2950 3000 3050 3100 3150

Decay vertex [cm] Invariant mass @'+ °He [MeV]

. ~ 0
 detection eff ~30% ALICE/STAR: 0.5T

HypHI: ~1T
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HYDRA Prototype

x_initial-x_final/mm

- Drift length: ~260mm

3 Ax<0.5mm | Electron drfit (GARFIELD
e simulation)

I - _ » 250 V/cm

S SITOrs On resistors | 5 96% Ar + 2% iC4H10 + 2% CF4
:/" 0%

B ——0.1%

: L L 1A) L Liancheng Ji @ TUDa

> Double layered wire field cage o 06 11 16 21 26 51 56 41

X/
» TPC chamber > 256x256x88mm "

» Wire gap 3mm . Drift region

» 1 MQ resistor chain B —— Amplification gap 1, - 11aboration with:

O O ONIDENY O 0 O O b

> Anode pad plane — \ - M— S. Ota from CNS (Field cage design)

H. Joerg from GSI (Field cage contruction)
J. Pibernat from CENBG (Pad plane design)
Rui De Oliveira from CERN (pad plane
construction)

Metal-core pad plane
6-mm Al (<50um);
Pitch 2 mm | —

5632 pads (2 *2 mm?) J. Giovinazzo et al., NIMA 892 (2018) 114-121
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HYDRA Prototype

Assembly@GSI clean room

1) Field cage pilars and wired PCBs

2) Field cage in the chamber

3) GEM installation (GEM+MM to reduce IBF)
4) Anode pad plane

5) Kapton window

Fhet &, L RALE MR KF Workshop on Hyperon Physics, Huizhou, 2024.04.12-2024.04.15 22



Gas controller

BROOKS SLAS5800
mass flow and pressure controller

Pressure [bar] [ Q -

Valve to get
the gas from
the bottle

;

O Pre mixed 96% Ar + 2% iC4H10 + 2% CF4

0 Based on R3B/MUSICgas system (CEA/T. Julien)
O Gas flow and pressure regulator

O ~1.01bar

Gas mixture Proportion Drift velocity Transversal diffusion Longitudinal diffusion
[em/ps] [um/ \em] [um/ Nem]
95/1/4 55 110 250
Ar-CF4-iC4H10

96/2/2 7 \ 20 | 225 \
Ar-C3F8-iC4H10 96/1/3 6 105 250
Ar-Xe-iC4H10 92/6/2 55 110 250
Ar-C3F8 98/2 75 80 225
Ar-C2F6-iC4H10 95/1/4 55 105 250
Ar-CF4-CO2 97/1/2 5 125 275
Ar-iC4H10 95/5 4.25 140 275
Ar-neoC5H12 95/5 4.75 130 275

@E=250V/cm and B=2T
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Laser calibration system

O Technique used in ALICE/STAR TPC

O Drift velocity calibration

O TPC stability

L Trajectory distoration due to E/B field non-uniformity

By (T)

LASER BEAMS PATTERN

GLAD magnetic field. Units: cm, T 02 -
B j : i drl ft drlft' each mirror bundle station ;

Laser rod Monitor rod

R By//E a “f B perp. E

-0.15
Ll Rl 50 200 -100 o 100 00 30 400 500

Zm(cmz)w
O Non-uniform B filed
» Pion trajectory distoration

6 RAFTS per Half TPC
6 BUNDLES per Raft
7 MIRRORS per Bundle

» Dirift electron trajectory distoration 5 trom
Wide lassr Beams Central electrode Fig. 1. Conceptual design of the laser system.

Reference track for calibration Laser system for ALICE TPC Laser system for STAR TPC

NIMA 622 (2010) 316-367 NIMA 478 (2002) 163165
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Laser calibration system

UV quartz window -~ 266nm, 9mJ, 20Hz
Field cage 4 100%
. Mirrors for alienment
30% '\\Be.am NEMALI1 Stepper motor x 2
70% Splitter
:t;///’/'
40% - Thorlabs VPCH42/NB1
> Resolution: ~2mrad q\
—— NBi-KA0 21 - 3200 steps %.' L
Mirror ,‘o Je
S7
- 10% _ >
> UV quartz window
= .
> Camera / photon diode
UV converter +
Aluminium Holder located in CMOS camera
the TPC Chamber

Q All coated for reflection or tranparency of 266 nm laser

Fhvt &, LR ME AR KF
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Reacout electronics

Q0 Energy loss of pion in gas ~ 3keV/cm=> ~ 20e/pad

O x 5000 gain = 16fC/channel

Channels/chip
max channel support

Input range
Charge gain
shaping time
Time resolution
ENC

output

readout rate
ADC bit
Triggered

TPC test (with laser)

GET/AGET
64 (256 per AsAd)

1024 with zCoBo (WU)

10pC /1pC / 120 fC
0.2/2/16 mv/fC
50ns — 1us (16 values)
1ns

850 e- at 30pF
waveform

1 kHz

12 bit

yes

O GET/AGET
10~
. Signal Inputs (4x64) : Energy IOSS in
Experiment ; g C 8 pl0 gas at latm
g L
SRS/VMM ; g
64 (128 per Hybrid) i :
no limit T |pi- ~3keV/em
(Jwevkvlcrate) . e b
Inspection VHDCI to CoBo Power Supply 0 200 400 E[MeV] 600 800 1000
2pC — 60fC (8 values) 234 mm
0.5 -16 mv/fC _

U laser: 8 fC/channel

U m: 16 fC/channel

O GET system 1024 ch
multiplexing readout

O SRS system 5632 ch
88 VMM3a chips

1ns
300e- at 30pF.
time/amplitude
4 MHit/ch, 12 MHIVFEC

8bit for time, 10bit for peak
optional

Fhvt &, LR ME AR KF
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HYDRA Collaboration

Hypernuclei studies at R*B with HYDRA
Letter of Intent, G-PAC, 2020

H. Alvarez-Pol,'* T. Aumann,® J. Benlliure,!* M. Bleicher,” A. Botvina,”, A. Corsi,®
D. Cortina-Gil,"! H. Ekawa,* L. Fabbietti,'® R. Gernhaiiser,’® L. Ji,’ D. Korper,® T. Kroll,®
M. Nakagawa,” S. Ota,! A. Obertelli,> E. C. Pollacco,® C. Rappold,® J. L. Rodriguez,™
D. Rossi,® R. Roth,® T. R. Saito,*%® H. Scheit,® H. Simon,® Y. L. Sun,® O. Tengblad,®
S. Velardita,® F. Wienholtz,> R. Wirth,2 S. Zacarias,?> and the R3B collaboration

ICenter for Nuclear Studies (CNS), University of Tokyo, Japan
2Facility for Rare Isotope Beams, Michigan State University, USA
3GSI Helmholtzzentrum fiir Schwerionenforschung, Germany

“High Energy Nuclear Physics Laboratory, Cluster for Pioneering Research, RIKEN, Japan

SInstitut fiir Kernphysik, Technische Universitit Darmstadt, Germany
SInstituto de Estructura de la Materia, CSIC, Spain
TInstitut fiir Theoretische Physik, J.W. Goethe Universitiit, Frankfurt am Mainz, Germany
8 Irfu, CEA Saclay, France
9School of Nuclear Science and Technology, Lanzhou University, China
0Technische Universitit Munchen, Germany

1 Universidade de Santiago de Compostela, Spain

June 10, 2020

Spokespersons: A. Obertelli and Y. L. Sun, TU Darmstadt

LOI submitted in 2020
31 collaborators from 11 institutes

UNIVERSIDADE
DE SANTIAGO
DE COMPOSTELA

2022-10-21, Ranked as A, 34 shifts (11days ) granted!
Interaction cross section of 3LH+C

Laser test in GLAD: 2023-Nov.
Experiment expected: 2025 Feb.

Matter radius of the hyperhalo candidate 3 H
from interaction cross-section measurements
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Perspectives: Hypernuclei study based on HFRS@HIAF @ ILERTARRY

25Tm, world highest energy

25Tm secondary beam line
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YLS et al., PRC 98, 024903 (2018)
[ Possibility to study the production of neutron-rich hypernuclei with neutron-rich beams
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Perspectives: Coulomb breakup of 3LH ?

U E>1.6GeV/u
O Lightest hypernuclei 3LH
0 By, =~ 100 keV vs 400keV

Theoretical predictions
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Lifetime or B, puzzle + . 1
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ALICE Collaboration, PRL 131, 102302 (2023) C.A. Bertulani, PLB 837,137639 (2023)
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Thank you for your attention!
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