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Agenda:

Peripheral quasi-elastic and inelastic heavy ion reactions

The excited nucleon in nuclear matter

Reaction theory of peripheral heavy ion charge exchange reactions
Nuclear response functions with resonances: N*RPA

Applications to the recent FRS-data

Perspectivies on decay spectroscopy at WASA@(Super)FRS

Astrophysics: resonances in neutron stars

Experiment and Theory:
Rodriguez et al.,
Phys. Lett. B 807, 135565 (2020) & Physical Review C 106:014618 (2022)
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Peripheral
Charge Exchange
Heavy lon Reactions
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Characteristics of Peripheral Heavy lon Charge Exchange Reactions

* Grazing collisions and selective excitations leaving the reacting nuclei intact
* Quasi-elastic and (deep-)inelastic reactions under controlled conditions

* Nuclear spectroscopy at large momentum and energy transfers
* Probing N*N-! modes in n=1 single charge exchange (SCE) reactions
* Decay spectroscopy with WASA@(Super)FRS as an exciting new perspective

* Probing double-beta decay in n=2 double charge exchange (DCE) reactions
(H. Lenske, F. Cappuzzello, M. Cavallaro, M. Colonna, Prog.Part.Nucl.Phys. 109 (2019) 103716)
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Theory of Peripheral
Heavy lon

Charge Exchange Reactions:
Cross Sections
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Separability Hypothesis:
Quasi-Elastic and Inelastic Processes do not Interfere

do do do

d_Eb B d_Eb qe dEb in

...implying the incoherent superposition of cross sections.
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Quasi-elastic Cross Section — Target N"'N-! SCE transitions

,,Collision Number”

-> Glauber Theory

n,p =>AS=1 Gamow-Teller modes, 7,=(-)"*!
8~[nn]; = AS=0 Fermi modes, 7,=(-)’

(Meel” =

2|ﬁb|

Target Response Function

do M 2 NN isovector-SCE Amplitude
(Neprr ) M el
dE[) ge

n24 dq) dQ[;r

Cr WG D) | Gy By RN S = B Df(Mae @)
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Inelastic Cross Section - N*N-1 SCE transitions

p(l 12,124Sn, ll2.124Sb)X

Quasielastic

p(n, p)n |

Inelastic (target)

Inelastic (projectile)

p(n, p)A° = p(n, pynm®
p(n, p)A° — p(n, p)pr~
p(n, p)n? (s wave)
p(n, p)pt~ (s wave)

AZ (l 12.124an l|2.124Sb)X

p(n, A®)p — p(n, pr™);
p(n, AHHn — p(n, pr°)n
p(n, pt~)p (s wave)
p(n, pr®)n (s wave)

Quasielastic

p(n, p)n

Inelastic (target)

Inelastic (projectile)

p(n, p)A° — p(n, p)n°
p(n, p)A°’ — p(n, p)pr]
p(n, p)nm? (s wave)
p(n, p)pmr~ (s wave)

n(n, p)A~ — n(n, p)nm’
n(n, p)nt— (s wave)

p(n, A®)p — p(n, pt=)p
p(n, A" )n — p(n, pr°)n
p(n, pt~)p (s wave)
p(n, pt®)n (s wave)

n(n, A°)n — n(n, pt=)n
n(n, pt~)n (s wave)

Inelastic cross sections — see PRC 106:014618 (2022)
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Theory of Peripheral

Heavy lon

Charge Exchange Reactions:

Spectral Distributions and Response Functions
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N* Self-Energies in Nuclear Matter

N*
A
N +
A
N*
Diffractive Self-Energy Polarization Self-Energy
- Hartree-Potential —> dispersive (optical) potential
* N - Z
U =Uy+ Uty 1y o) ~ 2 42t — =
N-Z

1

UY ~ Uy + Ut i
N 0 1 20,1 = VO,l - |W0,1 : W0,1 — Ero,l

...for the dispersive part see e.g.:
E. Oset, L.L. Salcedo, NPA 468 (1987) 631; G.E. Brown, W. Weise, Phys. Rept. 22 (1975) 279
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N* Spectral Distributions in Nuclear Matter

180 o
p: —
160 | p=pe@/10 —— 1
- 140 | P33(1232) p:p_quZ ]
> P=PEQ ——
O 120} p=pgqx1.5 —— |
* 100}
o
= 80}
 Mean-field potentials ¥
. Effec.tlve M.asses " 03 04 o5 I ...with increasing density:
. P.aUII-BIOCkln.g w=s12.512, [GeV] e Downward mass shift
* Pion A-bsorptlon 20 « Reduction of width
* Coupling to NN modes 18| oo — { T "
o P,,(1440)  roeen ...if a pre-formed N
§ —ove2 | | resonance would be
T 2 1 | captured by a nucleus!
9 10t
'g 8l |
E °l \
/7]
4 ]
2 .
0

0 0.1 0.2 0.3 0.4 0.5

o=s12512, [Gev]

Theory of Spectral functions: Nucl.Phys.A 632 (1998) 109; Nucl.Phys.A 642 (1998) 506
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Substitutional N*N-1 Excitations in Nuclei - ,, N*RPA”
=1 +I°VII

Oyy Tna \__ (O%y O +(H?VN 0 ) VNn Vna Inny Ina
Iany Haa 0 MQa 0 TAn Van Vaa IIan Iaa

Coupled N‘N1 <> AN Dyson Equation including N and N* self-energies

Vi by pion, rho, delta/a, - meson exchange and ,short range” g

Polarization Tensor and Nuclear Response (H=N,A...)
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N*N-1 Spectral Distributions for 12C — P;,(1232) and P,,(1440)
Longitudinal Response@q=300 MeV/c

140
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100 [ ;'

7, operator : pn~* —type
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3

60 [
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100 [ |
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80 [ |
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N*N-1 Spectral Distributions for 2°2Pb — P;,(1232) and P,,(1440)
Longitudinal Response@q=300 MeV/c

1800
1600 [
1400 [

S 1200 [ |
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N*N-1 Spectral Distributions for 202Pb—> 208Bj

Longitudinal and Transversal Response@q=300 MeV/c
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Comparison
to the
FRS-Data
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Theoretical Results for 112Sn on Pb, Cu, 12C, and Proton Targets

Rodriguez et al., PHYSICAL REVIEW C 106, 014618 (2022)

11261 (0+)-> 112Sh(3+) 11261(0+)=> 112In(1+)
S(Srt)): 2.I954<85|(VI()2'V R s I R S(p)= 6.027 MeV
bt v et States E, <S(p):
1< J* <12 i 0*< J*<18*
50250

3 — Cu('"?sn,""?In)X
2.2
q 5

[Ppn;] = 05 [nppp]
[np;7] 5 [P 7]

5
0
-0.5
3
2.5
2
1.5
1
0.5
0

&

-0.5

200 0
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H. Lenske, EMMI@Kitzbihel 2022 18



do/dE [ub/MeV]

1126nh@1AGeV on 12C
Quasi-elastic, Projectile, and Target Excitations

X =12C(np'1) ~ ”128“ X = 12C(pn'1) ~ ”].ZN"

120(“28n,“28b))( 120(”28n,”2In)X

200 —200

Interference Effect?
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Perspectives of Resonance Studies
at
WASA@(Super)FRS

H. Lenske, EMMI@Kitzbihel 2022 20



Invariant Nt/N7wtrt Mass Spectroscopy at the SynchroPhasotron@DUBNA

b
// """ npo..
a. / /
et o
- ". 800 |
= 3
T?\-;"“' ﬁZ \ o - _
E":J‘“ [ +\ E_i‘ g —‘:: 500
E wan J E, % % 500
El £ vy g 2
; N E; E % 300
50| § g 200
e
¢ T . Feo ] 1 N ¥ |
Invariant (p,n") Moss (Mev,/c”) e s ko 1w

T3
invariant (p.n") Mass (MeV,/c)

D. Krpic et al., Phys. Rev. C 65 (2002) 034909

Reconstruction of the Delta-resonance from A** = prt*
(right) and A% pnt— (left) mass spectroscopy

Invariant (p,7, ") Mass (MeV/c®)

(pm) pair

ant (p,n,n*) Mass rM-Wc",‘

s to be in the A-resonance mass region

N#* - pri+n- two-pion spectroscopy.
Expected N* states are indicated (left).

D. Krpic et al.,, Eur. Phys. J. A 20 (2004) 351

see: H. Lenske et al. / PPNP 98 (2018) 119
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Summary and Outlook

Resonance excitations in peripheral heavy ion collisions
Resonance reaction dynamics and (semi-)quantal reaction theory
Resonance spectral functions in nuclear matter

Resonances in nuclei and N*N-1 response functions

Resonances for astrophysics: N* in neutron stars

Next steps:

 Resonance tagging on WASA@FRS — experiment and theory
* Resonances beyond A(1232) and P,,(1440) — coupled channel schemes

Credits to
Jose Luis Rodriguez and the experiment team
and
Isaac Vidana for modelling the reaction

Supported by DFG, AvH, and HFHF



Backups
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N* Resonances
in
Neutron Stars
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A’‘s in Neutron Stars

2.5 25
iU 1608-52
4 EXO 1745-24%
4 40U 1820-30
] J1614-2230 .
Baryon Octet: 2 Baryon Decuplet:
] _ e
d, %})1 @ﬁ} u‘}l

| - ]
l3n dgd -m(uéi 12 (uu lan
b o 1,

Mass[solar masses]
n
1

GNw .

0,54 -0.5
—T  r ~ r - T "~ T " T "~ T " T

9 0 1l 12 13 14

Radius[km]

Mass-Radius-relationship of Neutron stars for various

couplings of the A resonances, starting from r, = 1 (upper

line) to 0.8 (lowest line). Also included are the 1-0 errorbars

for measured neutron stars . The black diamond on

each curve represents the maximum stable configuration

—

Schirhoff, Schramm,Dexheimer, Astrophys.J.Lett. 724 (2010) L74
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A~ and X" in Neutron Star Matter

npepA- matter
in beta-equilibrium:
onset at p ~ pPgpr

Ol.6 0..8
p [1/fm°]
npeu” matter
in beta-equilibrium:
onset at p ~2p,;

06 08
o [1/fm7]
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1

1

Sp) [1/GeV]

Spin-Scalar $S=0 vs. Spin-Vector S=1 Response Functions

Longitudinal Response@q=300 MeV/c
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Structure of the Inelastic Cross Sections

— PATT np—ppr ) |2 f?—>}'1'02
Jo (Naa) | MO P71 e (N [ MEP PP 2  (N) [ M7 (n, p)-type

dE,

i — +y12 +312 s
in Npp |M(PP npw )| an |M(pn—>nnn )| an |M(pn npn) (p,n)—type

4

‘M(TPfT_’TprJT) _ l |ﬁb| m

S 2m)> AV2(s, m?, m?)

dg dp-dQ R
) (tptr—T0T,) , o - 2
(27)3 ERE, (Vs = Ex.q— p”)(|Mm” PTG = o))

»Collision Numbers” by Glauber-Model

( ﬁ'p) (Ap — Zp)—, Opr)y = / dl;(] —[1 - TP(T)(b)O'NN]AP(T))’

Tpiry(b) = [dZPP(T)(b,Z),

opr = j db(1 — [1 = Tpp (b)oyy 147),

Tor (b) = ] d5Tp(I5 — BTy (s).
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,Collision Numbers” by Glauber-Theory

opr) = / db(1 — [1 — Tpry(b)oyn 1)

Tpry(b) = f‘-’f:ﬁP:T}(hti)-

Opr = / (!E(] —_ [I — ?}-’T(I';?](T:\,..-:\.- ].J’”.,-h }.

Tor (b) = / 5Ty ([5 — BTy ().

= Nuclear form factors and elementary NN-cross sections
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,Collision Numbers” by Glauber-Theory

opr) = / db(1 — [1 — Tpry(b)oyn 1)

Tpry(b) = f‘-’f:ﬁP:T}(hti)-

Opr = / (!E(] —_ [I — ?}-’T(I';?](T:\,..-:\.- ].J’”.,-h }.

Tor (b) = / 5Ty ([5 — BTy ().

= Nuclear form factors and elementary NN-cross sections
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Discussion



Prelude: Early Resonance Studies with Heavy lons

Central Heavy lon Collisions Peripheral Charge Exchange Collisions
FOPI@GSI DIOGENE@SATURNE
0.2 T T T ™ T T 1.60 S—
0.175 | Au+Au 1.06 AGeV - | Ni+Ni 1.06 AGeV | 12
0.15 | +r++ 1F I? 1.40- ﬂi C( 3He ' t )
oazsf Tl | 4 F N d 4 =
0.1 * i* 1F ﬂ = 1.20 T’u.' 2 GaV — Correlated )
0075 | i '+ 1 F L f g - 00
_ oo0s |- _* : i i § 1.00- — = Uncorreloted )
% .O'Z e (S f 0.80— Data Longitudinal
% 0.175 1F Ni+Ni 1.93 AGeV _ g 0.60 — - Transverse
.18 : = {
01:? | w‘ 1 "3 0.40-
e 1t i i* i 0.20|
R e 0 100 200 300 400 500 600 700
m, (GeV/c?) @ | (MeY)
Filled symbols: transverse momentum spectra of nt*. Theory: T. Udagawa et al., Phys. Rev. C 49 (1994) 3162
Filled circles: measured pnt* pairs. Data: D. Contardo, et al., Phys. Lett. B 168 (1986) 331

Arrows: Centroid of the free A(1232) mass distribution
M. Eskef, et al., Eur. Phys. J. A 3 (1998) 335

See also: EOS@BEVALAC: E.L. Hjort, et al., PRL. 79 (1997) 4345 ; ES14@AGS, J. Barrette et al., PLB 351,
93 (1995) ; Synchro-Phasotron@Dubna: D. Krpic et al., PRC 65 (2002) 034909...
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Photo-Excitation of Resonances in Inclusive (e,e‘) Scattering

Oca, E=500 MeV, 6=60

- ) 'RPA —
quasi-elastic Experiment =+

—
82
L]

-
o
T

—
3
=

5

| I—

3
S
S

O

S

Theory (GIiEDF): NN & N*N-1 Longitudinal Response Functions by ,, N*-RPA”
Data (Bates): Williamson et al., Phys.Rev.C 56 (1997) 3152
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Cross Section for SCE Reactions at Relativistic Energies

...at AGeV properly treated by Eikonal or Glauber Theory

Hadronic Tensor € Nuclear Response and Interactions:

R;”(w,q’)bilm( > F,(Vs.a)ms (w,q)j

T a=LT

(X=ab;AB)
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Composition of N*N-! Spectral Distributions — P,;(1232) and P,,(1440)

1200

1000 [

BOO
5
r, operator: pn— —type | ¢ 600 |
external probe: [1Gep| =
wl
200

7.modes : np~* —type
external probe: [ Gep

S{o) [1/GeV]

Longitudinal@g=300 MeV/c

0 0.1 0.2 0.3 0.4 0.5 0.8 o7 o.e

o [Gev]
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Spin-Scalar S=0 vs. Spin-Vector S=1 Modes
Longitudinal@g=300 MeV/c
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Spin-Scalar S=0 vs. Spin-Vector S=1 Modes

7, operator : pn~" —type
external probes: 1 Gepand 1

r.modes: np~ —type
external probes: 1 Gepand 1
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Spin-Scalar S=0 vs. Spin-Vector S=1 Modes
Longitudinal@g=300 MeV/c

140
12 12
120 | c->"2N
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1

1

1
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Spin-Scalar S=0 vs. Spin-Vector S=1 Modes
Longitudinal@g=300 MeV/c
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N*N-1 Spectral Distributions — P;;(1232) and P,,(1440)

r.modes: np™ —type

external probes: [ Gepand 1

z, operator : pn~ —type
external probes: [ Gepand 1
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Polarization Tensor and Nuclear Response
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Polarization Tensor and Nuclear Response

Via = (Ver'N QS A .q+VpGN XQ @Sy, xq+ g‘NAGN ° SNA)TN *Tha
ViR

=(V7ro-N (o .q+Vpo-N xq‘o-qu+g;\lRo-N .GNR+Up+U6)TN *7T:
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Example: Elementary Modes in pn-i-type (*Sn,ASb) Reactions

p(112124gy 112.124g)x
Quasielastic p(n, p)n
Inelastic (target) Inelastic (projectile)

p(n. p)A® — p(n, p)n’ pn, A)p — p(n, pt~)p
p(n. p)A’ — p(n, p)pm~ p(n. AT)n — p(n, pr*n
p(n, pinm® (s wave) p(n, pr~)p (s wave)
p(n, p)pm~ (s wave) p(n, prn (s wave)

Az (12124g, 112.124gh)x
Quasielastic p(n, p)n

Inelastic (target) Inelastic (projectile)

p(n. p)A® — p(n, pynr’ p(n, A%)p — p(n, pr~)p
p(n, p)AY — p(n, p)pm~ p(n, AH)n — p(n, prn
p(n, pn® (s wave) p(n, pt~)p (s wave)
p(n, p)pm~ (s wave) p(n, pr°)n (s wave)
n(n, p)A=~ — n(n, pynmw™~ nn, AYn — n(n, pt~)n
n(n, p)ynm— (s wave) n(n, pt— )n (s wave)
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