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Compressed baryon matter.

v' Equation of State.

Hadrons

2%
}/

v" Quark-gluon plasma.

Temperature T [MeV]

v" Neutron stars

Experimental investigation: relativistic heavy-ion
collisions with stable nuclei

Exotic baryon matter.

v Isospin asymmetric nuclear matter
v" Strange nuclear matter: hypernuclei

v" Baryon resonance matter (AN, N*N,.)
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Subnucleonic degrees of freedom in nuclear matter
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Outline

v" Producing baryon resonance matter.

v" Physics cases.

v" Recent measurements at FRS@GSI.
experimental requirements

v" First model calculations.
characterization of nucleon resonances
probing the neutron-proton abundance at the nuclear periphery

v" Future perspectives at FAIR
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Baryon resonance nuclel

Nuclei with excited subnucleonic states can only be produced in collisions at energies above the
pion production threshold ~ 300 MeV.

.;A\:%s.f:f‘; A

T

7

>

VII

v" Baryon resonances are produced in NN collisions in the participant zone at mid-rapidity

v" Eventually some of these resonances are produced with a velocity compatible with the
velocity of the projectile remnant nucleons and gets attached.

v" These short lived states decays by emitting pions.
v" In-medium AN or N*N interactions can be characterized by determining the mass and width
of the resonance

José Benlliure NUSTAR week, September 2016
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Isobar charge-exchange reactions

Isobar charge-exchange reactions investigated in inverse kinematics allow for the direct
observation of in-medium excitation of the baryon resonances for both (p,n) and (n,p) channels.

C. Bachelier et al. PLB 172 (1986) 23

ZONa
0 E=950 MeV/A 0° b)
\ p,n Tc+,- \n\% 50- 27Al(20Ne,20N0)
20Ne N\g{, [ T3
N “ ~_
20|: N
P p 20
" 1 H‘L‘ -
7 o T
150l E=950 MeV/A O o)
27 20 20
. . . . AL(®Ne, 20F) i
The only missing particle: pion (to preserve the isobar o | r’
character of the reaction). ;
v’ Clean reaction mechanism. = mﬂl
. P P IJ'J A 1 e . .
v" Surface process (low density). ¢ W?cg ‘ 300 00 (MeV)

v" Applicable with RIBs The momentum recoil induced by the pion

emission proves the excitation of the resonance.
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Physics cases

Baryon resonances in ground-state and structural properties of nuclei.

v" Three-body nuclear forces.
role of A(1232) and N*(1440)

20 ~ S0 MeV

Many 2p-2h
Excitations

Cross section

v Gamow-Teller strength quenching.

role of A-h excitations

v" Probing the neutron/proton content at the nuclear periphery. [

— Transmission function
— Pion survival
— Reaction probability

symmetry energy Na

06—

Isobar charge-exchange reactions are ;
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Baryon resonances and EoS

v" The A isobar dynamics in transport models.

In-medium mass shift?
A potential and pion and kaon production

Bao-An Li PRC 92, 034603 (2015)
G. Yong et al.. PRC 92, 044610 (2016)
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v" Role of nucleon excitations in compact and
massive neutron stars.

0.1}

Recent constraints of the symmetry energy

(40 < L< 62 MeV), make A isobars appear at »-
2-3 p, softening neutron star EoS, the

«A puzzle».
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A. Drago et al.. PRC 90, 065809 (2014)
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Physics cases

Probing the AN potential with density and isospin asymmetry

Central collisions induced by relativistic radioactive nuclear beams.
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v" No conclusive results on (p,r) invariant masses in stable heavy-ion collisions .

v" No available information on the isovector component of the A potential.

Isobar charge-exchange reactions could represent a first step forward.

José Benlliure NUSTAR week, September 2016
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Experimental requirements

132
Observables: S‘b\
v’ cross sections for both charge exchange reactions and channels 1325
v’ missing-energy spectra 32
mean energy and width of the A-resonance

= = Location Straggling
------ Angular Straggling
= . Energy Straggling
------ Beam Emittance
—— — Tracking Resolution
Total

Requirements for the setup:

v’ isotopic identification of reaction ejectiles

v precise determination of the energy lost in the reaction

.
aund
""""""
T
ant

magnetic analysis of the reaction ejectiles

__________________________________________________________________

v" best possible resolution.

200 400 'qc')o' g0 '12000
improved position resolution and minimum matter thickness(mg/cn’)
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An exploratory experiment at GSI

Inverse kinematics
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An exploratory experiment

To investigate the feasibility of accurate measurements of nucleon resonances excited in
Isobar charge-exchange reactions induced by stable and unstable projectiles using the
Inverse kinematic technique.

Te B Te Te Te Te
120 BEM 122 123 125 126
sl Sb
\ IZEM 123
Sn | Sn | Sn | Sn . Sn ’
106 | 107 | 108 | 109 119 120

v' 1245n+CH,,C ->1%45h,14In @ 1000 A MeV

v 1245n+Be - 120Sn+CH,,C > 129Sh,'20In @ 1000 A MeV
v 128n+CH,,C,Cu,Pb >%2Sh,*?In @ 400, 700, 1000 A MeV
v 125n+Be - 19Sn+CH,,C - 19Sh,"0In @ 1000 A MeV

José Benlliure NUSTAR week, September 2016



SC

UNIVERSIDADE
DE SANTIAGO
DE COMPOSTELA

Recent measurements with the FRS

Isotopic identification of isobaric charge-exchange residues
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Recent measurements with the FRS

Missing-energy spectra in isobar charge-changing reactions induced by 12Sn

José Benlliure
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Recent measurements with the FRS

Comparison with the Saturne data
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Recent measurements with the FRS

Unfolding the missing-energy with the experimental response function
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Final resolution after deconvolution AE ~ 15 MeV (¥24Sn, 12Sn @ 1000 A MeV)
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Recent measurements with the FRS

Excitation of nucleon resonances

p(o,a)X @ 4.2 GeV
630 1(112Qp 112 G-
A Cu(*4Sn,*2Sh)X ot
< 35 AN D LR R ErT T &°C °F : o
2 A(1230) il R
= 30 P %TON*(1440)
€ 2
~— N*( P 5000 —
Lu S : . 1 s L3
'_g 20 L 8 %42 A Y YRY 02 0
b 7000
- 15 o |
- N* mass distribution
10 ?? -.___.': 45: ;: from o' (7—N)
5 i
IS N ——s = il i el g o j @ i, 2000 |-
foco 800 600 -a00 -200 O _ 200  _ © jl‘
Energy (MeV) i o M

w (GeV)

H.P. Morsch et al., PRL 69, 1336 (1992)
v" The unfolded data show clear structures in the inelastic component

v" The second substructure is tentatively identified as the Roper resonance
José Benlliure NUSTAR week, September 2016



Recent measurements with the FRS

Unfolding the missing-energy with the experimental response function

do/dE(ub/MeV)
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Recent measurements with the FRS

Isobar charge-exchange reactions at relativistic energies

José Benlliure
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v" The excitation probability of the resonances scales with energy as expected

v" A downward shift in the energy of the resonances is also observed with composite targets

NUSTAR week, September 2016
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Characterization of in-medium baryon resonances

Benchmarking with isobar charge-exchange reactions: - . .
Preliminary calculations, 1. Vidafna

p(12Sn,12n)X @ 1A GeV

& ' | I I |

— Total

— A excitation

gl | == N’ excitation (x100)
— s-wave pion production
— Interference *
+  Exp.

112In distribution [ub/MeV]
2

-1000 -800 -600 -400 -200 0
Lostenergy E | -E [MeV]

12, " e

v" The resonance properties used to describe elementary processes do not fully describe
the in-medium production. Different in-medium coupling strengths ?....work on progress.

José Benlliure NUSTAR week, September 2016
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Characterization of in-medium baryon resonances

Projectile and target resonance excitations:

Projectile \\% \\.@{\ %

excitations

Target \\’/r/ \_/ v

excitations />@< /.@< /,@<
n A+ 0

Baryon excitations in the projectile or target nucleus produced a similar effect in the
missing energy spectra.

José Benlliure NUSTAR week, September 2016
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Characterization of in-medium baryon resonances

Projectile and target resonance excitations: Isaac Vidafia, U. Coimbra

target excitations ~ projectile excitations
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Proton/neutron abundance at the nuclear surface

Charge-exchange cross sections
d’c
dEdQ
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Proton/neutron abundance at the surface

I ———
Charge-exchange cross sections

Glnelastic(mb)

v" Cross sections are sensitive to the neutron excess at projectile periphery o(n,p) > o(p,n)
and the projectile size o(124Sh) > o(112Sbh)

v' Simple targets such as protons or carbons seem better suited to link these cross sections to the
relative abundance of protons and neutrons at the projectile periphery

José Benlliure NUSTAR week, September 2016
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Proton/neutron abundance at the nuclear surface

Ratio between isobaric charge-exchange channels

(n’p) A(1232) excitation (p’n) A(1232) excitation
Excitation in the Target Excitation in the Projectile Excitation in the Target Excitation in the Projectile
AAS eppia’ (2/3)  p(n,A°)p=p(n,pa)p (—N2/3) plpamAiieplpuipt’ (2)  p(p.AT)p=p(p.na)p (—2/3)
perepYiimpirp Pt (N2 13) plmtirpirmprein (-2/3)  rpriee——en . (V2/3)  npirm—eyn (V2 /3)
ilbieidmmiiliiidiar” (V2) i mistiinzdn (N2/3) ittt (<2/3) il emiiitiiil) p (213)

v" hydrogen target

v’ pion tagging L S DS,
AN e (o % 1
R - np==>ppx- np np=>ppmx- n Pr n np==ppa- = | ¢
"o N o NOND  NO | o 2
pp—=npa’ rp pp—=npa"* 4 P P pp—=npr* 2 a8l o
" . .
. . o . il o’
Using a hydrogen target and tagging projectile pions, the ratio of = | . ‘
the cross sections for both charge-exchange channels is [ e OE—
proportional to the neutron/proton abundance at the periphery. e e e T T T e

Sa progexctile mass number A
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Next steps at GSI/FAIR

v Anew experimental proposal for FAIR phase 0
- improved momentum resolution with the FRS
- liquid hydrogen target
- exclusive measurements detecting projectile pions in coincidence

Tracking TOF detector e o o .ﬁlfh{/f'//\a»
AE Drift chamber | - Tracking
TOF T~ - " SAE

B TOF

From T. Saito

José Benlliure NUSTAR week, September 2016
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Next steps at GSI/FAIR

v Anew experimental proposal for FAIR phase 0

- improved momentum resolution with the FRS

- liquid hydrogen target

- exclusive measurements detecting projectile pions in coincidence
v" An experimental program for FAIR phase 1

- larger acceptance and resolution at the SuperFRS

- secondary beams: excitation of nucleon resonances in asymmetric nuclear matter
- cylindrical detector (solenoide+tracking) for detecting projectile and target pions (WASA?)

HCAL QUTER

HCAL INNER

José Benlliure “ NUSTAR week, September 2016



Conclusions

v" A high-resolving power magnetic spectrometer has been proven to be an excellent tool to identify
nucleonic excitations in heavy-ion isobaric charge-exchange reactions:

- several baryon resonances were identified in the projectile remnant missing-energy spectra
- Cross sections for elastic and inelastic, (p,n) and (n,p) reactions were also measured

- in-medium properties of these baryons and the relative abundance of protons and neutrons at
the nuclear periphery are being investigated using reliable model calculations

v" The Super-FRS at FAIR will offer unique opportunities for these investigations:
- extremely asymmetric nuclear matter
- improved separation capabilities (pre-separator) and resolution
- exclusive measurements detecting pions in coincidence

- joint effort with the n’-nuclei and hypernuclei physics cases for the Super-FRS
- unique physics case for FAIR

José Benlliure NUSTAR week, September 2016
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Next steps at GSI/FAIR

v Anew experimental proposal at FRS@GSI
- improved momentum resolution with the FRS

500 _C(124XE,124CS) X @ 600A MeV

‘ I I IR IR B L. B
-700 -600 -500 -400 -300 -200 -100 O 100
Missing energy [MeV]

o

José Benlliure HIAF workshop, July 2016
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Recent measurements with the FRS

Unfolding the missing-energy spectrum with the experimental response function

2 F
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Recent measurements with the FRS

Unfolding the missing-energy spectrum with the experimental response function

. . . RV
The most reliable unfolding techniques are based = 60F - =k el
on iterative procedures (Richardson-Lucy) T 5 1)
Npins Y(]') -: A++A++
X™(i)=X""D) Y " H(—i) ———— 5 40
j; Sk HG=kox™ Do 2 “f
: 30 b — T

1
-140-120-100 -80 -60 -40 -20 0 20 40
Velocity (cm/pLs)

500 1000 1500 2000

A stopping condition is needed to determine the NG iaratiors

optimum number of iterations

Mpins I 60 I I l
Conv ;; s Calc 4 ) _
Y@ = Y H(i—j) - X“(j) 14321
=1 £
! 1431 SAF .
Tpin - yConv i\ 2 N ™ e
XZ _ 1 Y(l)_Y (1) = 143 500 1000 1500 2000
red —(n,_ 1) : 1 8(i) Number of iterations
1= 1.129 |- V
J. Vargas, J.B. and M. Caamario NIMA 707 (2013) 16 1128 500 1000 1500 2000

Number of iterations
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Recent measurements with the FRS

Missing-energy spectra with secondary beams 10
1125n

(44
[=]
T T

fission

Primary target
beam
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Atomic number 2
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=]
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£y
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Main difficulties: 30F
- Low statistics 20
- Thick S2 target (1 g/cm? C) 10k
- Important background at S2 -
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Options to isolate individual resonance excitations
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A-resonance identification

(p.n)

(n.p)

A(1232) excitation

A(1232) excitation

excitation the target

excitation in the projectile

plp.n)AT" = p(p.n)pr” [\ﬁ]

p(p.A )p=p(p.nmt)p [-V2/3]

excitation in the target

F"“ ﬁ; QO o “E“ ﬁ)"EO [2 iS]

excitation in the Brol'ectile
p(n,A%)p = p(n,pn~)p [-v2/3]

n(pm)AT =n(p.ntt (V2/3] | n(p. A n=n(pant)n (V2/3] | pln.p)A® = pln.p)pn— [~v/2/3]|plahihiplianzOe L2 /3)
n(p,;m)A* =n(p,n)pr® [-2/3] | n(p,A)p=n(p,nz’)p _ [2/3] n(n,p)A~ =n(n,p)nn~  [-v2] | n(n,A%)n=n(n,pn~)n  [v2/3]
N*(1440) excitation N*(1440) excitation

excitation in the target

excitation in the projectile

excitation in the target

excitation in the projectile

n(p,n)P{; = n(p,n)nw™ [-2v/2]
n(p,m)P; =n(pmpn®  [2]

p(p.Pi)p=p(p.nnt)p [—V2]
n(p, Bln = n(pnain (V3]
n(p,P})p=n(p,nn®)p [-2]

p(n,p)P), = p(n,p)nn’® 2]
p(n.p)PY, = p(n,p)pn~  [2V2]

p(n,PY))p=p(n,pr~)p [-V2]
p(n.Pi)n=p(n,pnn  [2]

n(n,PY)n=n(n,pr)n  [V2]

v Hydrogen target + 400 A MeV (only A excitation)

(n,p) + 7 detection = A° in projectile and target with similar probability (6<60° more projectile than target)

(p,n) + ©* detection = A** in target more probable than A* in projectile (6>90° mostly target)

In both cases the background from quasi-elastic charge-exchange reactions is removed

José Benlliure
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Options to isolate individual resonance excitations

P,,-resonance identification

(p.n) (n,p)
A(1232) excitation A(1232) excitation
excitation the target excitation in the projectile_‘ excitation in the target excitation in the projectile
it mpre—iv| | piper=rirrrer =228l  p(n,p)A° = p(n,p)nn®  [2/3] | p(n,A%)p=p(n,pn~)p [-V2/3]
n(p,n)A* = n(p,n)nn*  [V2/3] | n(p,A")n=n(p,an)n [V2/3]  p(n,p)A° = p(n,p)pm~ [-V2/3]| p(n,A")n=p(n,pa®)n [-2/3]
n(p.mA* =n(pn)pn®  [2/3] | n(p,Ap=n(p.nn®)p [2/3]  nln,p)A” =n(np)nz~ [~v2) | n(n,A)n=n(n,pr)n  [V2/3]
N*(1440) excitation N*(1440) excitation
excitation in the target excitation in the projectile excitation in the target excitation in the projectile
n(p,n)Py = n(p,mnn™  [=2V2 p(p. P{)p = p(p.nn")p [-V2] | p(n,p)P); =p(n,p)nn®  [=2] |p(n,P)p=p(n.pr”)p [-V2]
n(p,n)Pfy =n(p,m)pn® 2] [n(p,Pi)n=n(p,an)n [V2]  p(n,p)P}; = p(n,p)pn= [2v2] | p(n,P)n=p(n,pa®)n 2]
n(p,P)p=n(p,nz’)p  [-2] n(n,P))n=n(npr)n  [V2]

v" Hydrogen target + (p,n) channel + 700 A MeV ( A and P, excitation)

P* decay into n+m*m rejects any A excitation

N(1440) > Nn 55 — 75%
N(1440)- Nme 30 — 40%

Pyy" - nmatn®

= 7° decay into photons m°® = vy
= Measurement of the charged pion momentum —> shift in the total energy spectrum due to the =°.

José Benlliure
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Options to isolate individual resonance excitations

P,,-resonance identification from 7t° > vy

Simulations with six CALIFA petals

20000 ) )
Emitted gammas 15000— Emitted gammas
2
15000/~ 1%
B 210000 o
c =1 =
310000 S 3
8 10k
5000 F
5000—
| 1=
ol ! ‘ . ! ! 002040 60 80 100 120 140 160 180 S ) ‘”ellnﬂvr'l
N .~ SO N S 0 10 20 30 40
0 100 200 300 400 500 600 0 Energy [MeV]

Energy [MeV]

v" Total efficiency for two simultaneous signals above 500 keV ~ 49% (42% above 1000 keV).

v" Detailed simulations of the atomic background required.

José Benlliure
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Options to isolate individual resonance excitations

P,,-resonance identification from missing energy spectra in P* = n+n*n®

- momentum measurement

0.15—

P* > n+rnt

0.05[— P > n+ntn®

Probability (arb. units)

80 100 120 140 160 180
0

L | L | . | ] ! |
300 200 -100 0 100
(E -E,)+E_ [MeV]

L 1
-600 -500 -400

v" The estimated resolution for the pion momentum measurement ~ 10%.
v" Lowest possible threshold and relatively large angular range for pion detection.
v" Detailed simulations with a specific pion detection setup to be done.

José Benlliure
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Kinematical identification of projectile/target pions
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Projectile-like pions at 700A MeV
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v Acut in the pion kinematics bias the
resonance spectrum

Target pions could be tagged in angle
(6>900)

At forward angles ( 6 < 60°) the
contribution of target pions can be
reduced down to 30% in some cases.
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Model calculations

3
Isaac Vidafa, U. Coimbra
2 . . .
- Preliminary calculations
|
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v" Reactions induced on protons are the more selective to the excitation of the Delta and the Roper.

v" Measurements at different energies can also be used to select the Delta and Roper in carbon
José Benlliure Hirschegg Int. Workshop, January 2015



