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Neutron Skin for beginner
%
Nuclear charge radii

Pn / kgm™
|
2.3 x 10"
/ 1
J \
h ) \
f \
""" ' "“
";...,' ; -L ;0...'.
l 1.2A3Im
l'.’..
/
-.-'/ ] 2 2
{0 0.5 1.0 1.5

1
r(A"3)/m

Where do the neutrons go?
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Neutron Skin for beginner

Where do the neutrons go?

@ %
()
----- Neutron Rich
%_:' [letron san Nuclets
% 6He, Bic, 32N
((’ ucigus 11eal e
Pressure forces neutrons [T— Neshon byl
out against surface tension : i T
D stancs from the center

iy
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“The Search for the Nuclear Symmetry

g | neutron
[ matter \
10 ,,
O - —
10 R _
stable nuclei ]
N/Z=1-1.5 -
20 [ | A T
0 0.1 0.2 0.3 0.4
ISCONCETTINASFIENTI p (fm'3)

Energy” (HW)




“The Search for the Nuclear Symmetry
Energy” (HW)

E slope parameter
" 59 [ neutron
matter \ I — 3/0() aEsym (p)
10 , 8,0
48 - 0
o [ dnp-ling nuclel - curvature parameter
3 2
10 | _ K L 9 28 Esym (p)
I stable nuclei ] sym — P 0 a 2
- N/Z=1-15 1 P
17 N S E U R B B P0

0 0.1 0.2 0.3 0.4
LSCONCETTINASFIENTI P (fm-3)



...the (blind!?) search for the

Nuclear Symmetry Energ
| 2 v N . T

g | neutron
matter\
10 _
O -
-10 .
stable nuclei ]
N/Z=1-1.5 1
Y ) N AU RIS RS BRI
0 0.1 0.2 0.3 04

[SCONCETTINASFIENTI P (fm-3)



...the (blind!?) search for the

Nuclear Symmetry Energy

X. Roca-Maza, at al. Phys. Rev. Lett. 106, 252501 (2011)

i . ' I I ¢(
[ —— Linear Fit, r =0.979 z
- 0 Nonrelativistic models DA -
0.3F o Relativistic models 3 , ~
g 025FT T TTTOTG -
N i
N -
3 02 5
0.15 {
0.1

0 50 100 150

>
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The answer to the ultimate question
=

LI | L L I | I A B | I L B D ] | I A B A A D D A D D A A B j

What do these data points have in common?
0.45

0.4

AR, [fm]
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0.3
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0.2

0.15
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Jllllllllllllllllllllllllllllll
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The answer to the ultimate questio

: | 1 l 1 | | | | I | 1 | | I | 1 1 1 ] | | | | | 1 | | 1 1 || | 1 | | | | Tj

— 0.5 . .

= - What do these data points have in common?
“— . -
. 0451 . -
¢ - NONE of the experiments -
c — il —
g 04 measured neutron skin!!! —
0351 =
- @ .
0.3 .
0.25F -
0.2} ¢ + =
- ® + .
015 : + —
0.1 _l | l ) I T — l L1 1 1 l A 1 1 ] l | | l | . 1 L 1 1 1l l ] :
1 2 3 4 5 6 7/
method
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WHY?

....do we produce these plots in the first place?!?! B "
T PHYSICAL REVIEW C88, 034325 (2013) T T T T T T T T T 73
- 1! | | | | | | T _
T °F ] e 1: PREX -
R = : 0.8 ® PREX — 208 :
o 045 oo\ N i 2: ““Pb(p,p) E
- el : . 0 -
T oaf Zoa oo - 3: coherent n° -
0 35 :_ 0_2__ ZOSPb «———qCREX __ 4: -p- - atoms j
- @ o 5:m-atoms -
03 :_ 0 | 0!4 | 0.8 | 1.2 | 1.6 . _:
: " o 6: EDP -
025 7: PDR .
0.2 ¢ + =
- o + .
015 : + =
0.1 _l 1 ) — l | I | l L l | I | l | S — 1 L1l 1 1 l 1 :

|
1 2 3 4 5 6 7
method
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WHAT?

‘

]

| I | B | T LI L I |

= 08 1: PREX :
"';é 0.45 2: “°pp(B,p) 4 ISI + FSI
T 04 3: coherent i° (SYST) tugo??

4:p - atoms
9. - atoms
6: EDP
7. PDR

f : + ! ¢ !

lllllllllllllllllllllllllllllll

|
1 2 3 4 5 6 7
method
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WHAT?

&
- 1 l T 1 1 n‘_\es | T I LA B B A B B B I 7T :
T °F 1: PREX -
., - . 208 .
o 0451 2: ““°Pb(p,p) E
- : 0 -
T oaf 3: coherent n° -
ossf $:p-aloms 3 ot neor?
“E ¢ 5:7 -atoms - THEOT
0.3 6: EDP E
0.25 7: PDR :
0.21 g + -
- O + .
015 ! + =
0.1 —1 1 pa o d e by by e by s b 1y L——:

|
1 2 3 4 5 6 7
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WHAT?
o | el e,

III1|TT]lTTIITIITIIITIIT‘IIII1IT1IIT

1: PREX

2:*pp(B,P)
3: coherent x°

4:p - atoms
o 5:m - atoms
6: EDP
7: PDR

: * T ¢ !
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method
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E11- . pacillation of neutron skin
: against oore?

g rf'tr':——‘\\ .’—-:." \’
) : -~ oote I -
Low-Lymg R 4 O e1s4ran <kin id

Dipole Strength PDR?

g.8. ) F’JJ

"muf i

0 / /8 12 16
S, 3, Excitation Energy (MeV)

IVGDR “Pb

he jcrm Jrr — 8 J-dB(El)
ad,, = h o =

27t 9 '0)
A. Tamii et al., Phys. Rev. Lett. 107, 062502 (2001)
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oscillation between
ncutrons and protons
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WHAT?
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3: coherent n°
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The long winding road ....
R

D FOM MEASURBLE
7 N . e | | o |
I LA oRSERVARLES T0 T

e All observables are equal, but

ST some observables are more equal
than others ... Pedigree!

B
‘; 1tp Neutron Skins of Nuclei: from laboratory to stars

I - CRNEETTINFIENT] C. Horowitz, J. Piekarewicz, CS (to appear JPG)

Mainz Institute B!
Theoretical Physics



The long winding road ....
k"

Official Florida Presidential Ballot . ‘FQOM N\\EASU@A&LE

Follow the arrow and Punch the appropriate dot.

e | OBSEKVABLES TO THE
NEUTRON SKIN

Bush

Cross section, asymmetry, spin

observables, ...

(<3 2000 Mk Colling, Talersnmns.com

Impulse approximation, off-shell
ambiguities, distortion effects, ...
© R — S ————— e p——— S——

1tp Neutron Skins of Nuclei: from laboratory to stars

Mainz Institute C. Horowitz, J. Piekarewicz, CS (to appear JPG)
Theorotical Physics
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The shortest of the roads...
T

- e
‘ long. -
) o polgrizede Measured APV
; unpolarized - 4
‘Y, ZO target
Correct for Coulomb }
2 Distortions
2 Fn (Q ) . J
6, - .
F,(0%)

Weak densig at one Q?

—

o A—IAS\l-minl __ 2\ Smallncorrsctions for
ol o R Y Gy G} MEC
06 ‘ Neutron density at one Q2
=S T k . y
S 0.4
5 Assume surface thickness
0.2~ good to 25% (MFT)
i 0.7 i B o ’
i oo £ ) |]l
0 04 0.8 1.2 1.6 0 02 04 06 08 1.0 1.2 1.4 16
q(fm1) q (fm)

PHYSICAL REVIEW C88, 034325 (2013)



Neutron S!(in@Mainz

R B ol ,
MESA -

e 1.3 GHz c.w. beam

e normal conducting injector LINAC

® superconducting cavities in recirculation beamline

e ERL-mode:
100 MeV @ 10mA (unpol.)

e EB-mode:
155 MeV @ 150 uA (pol.)
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Neutron S!(in@Mainz

R B ol ,
MESA -

e 1.3 GHz c.w. beam

e normal conducting injector LINAC

® superconducting cavities in recirculation beamline

e ERL-mode:
100 MeV @ 10mA (unpol.)

e EB-mode:
155 MeV @ 150 uA (pol.)

LSCONCETTINASFIENTI



Superconducting solenoid

| Tracking detectors
| Lead shielding

Quartz bars
(Cherenkov)

________________
e I 2 T ol

e- beam,
E =155 MeV, .
| =150 pA J A (D. Rodriguez)

-

60 cm liquid hydrogen target

Full azimuthal coverage<4xstat

-y
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SenSItIVIty... — LANNL N L Y I L L B L L B B I
IO § 1 . ]
¢ | uncertainty
0.8 ]
0 0.8 .
- * *
0.6_— v ¥ =
I A T Ao
L A
0.4+ -
i At =2500h
0.21- At =1440h ]
i At=720h _
—I 1 | | 11 | | 11 1 | 11 | I L1 1 I 1 1 I_
26 28 30 32 34 36 38
0 [degree]

Michaela Thiel

ADO=4° : expected rate = 8.25 GHz, A, = 0.66 ppm, P = 85%, Q = 86 MeV
1440h — SR /R, = 0.52% (2°%Pb @ 155 MeV)
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I b CONCETTINASFIENTI



2! | T [ T | T =
i — T T T T = A—A SV-min |
- —— Linear Fit, 7 = 0.979 08l % e
- O Skyrme, Gogny
I ] > PREX-II & CREX
E 023 s | Results needed
. it 0.4 -
5 0.2 B .
0.2 —
0.15 B = > 6Rn/Rn — 0.5%
L4 TR IR N R R S T _’ L i 20 Mev
O'10 50 100 150 . ’
X. Vinas et al., EPJA 50 (2014) 27 L (MeV)
P.-G. Reinhard et al.. Phvs. Rev. C 88 (2013) 034325

PREX-II CREX

“Ca @ MREX

208Ph @ MREX

155 MeV /105 MeV 155 MeV /105 MeV ~1 GeV 2.2 GeV

Q 86 MeV / 58 MeV 143 MeV/ 75 MeV 86 MeV 154 MeV
0.44 fm1/0.29 fm? 0.73 fm / 0.38 fm- 0.44 fm 0.78 fm

SApy/Apy 1.3% 1.3% 3.6% 2.4%

5R./R. 0.52% 0.38% 1.0% 0.5%

S ]
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The long winding road ....
-~

J. Lattimer Ann. Rev. Nucl. Part. 62 (2012) 485
' =) SRS

L | s
o
100

0 g
604 o
'-g; 'V e :
= -
— 1
20
0
-20 .
24 26 28 30 32 34 36

S, (MeV)
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L (MeV

i

J. Latti

-~ o~

CONC

mer Ann. R

ev. Nucl. Part. 62 (2012) 485
T (PR RS &
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i
|

TINASFIENTI

.... could not lead to Rome...

The long winding road ....
T

0 rillor

F T T N IR ELELEL L B
T 0-5;— 1: PREX E
"‘:;0.45;— 2:2%pp(p,p) =
T o4f 3: coherent 7% -
s 4:p -atoms -
0351 =
- o 5:n-atoms
03 6: EDP E
025f- 7: PDR =
0.22— + + —z
015 + + -
| T T B B T B T

1 3 4 5 6 7

method

US spending on science, space, and Llechnology
correlates wilh

Suicides by hanging, strangulation and sutfocation
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One MZ-Example
k-

Coherent t° photoproduction: easy and quick (a2 coli. Phys. Rev. Lett. 112, 242502

50 \ 208 82

JIITHES l” Pb
= |\_=

Blej
Zinn ej

/

<
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One MZ-Example
Bl

Coherent t° photoproduction: easy and quick (a2 coli. Phys. Rev. Lett. 112, 242502

Nickel Zinn Zinn

- e |\

Ir — 50
58 24 ’ \ ™ 12 50, | \208 % ’
Ni [ “om ! “Sm "9 | Pb
I i Blej

Photon probe interaction well understood: No ISI

1® meson produced with = probability on p AND n

TO DO: Reconstruct t° from n®*—2y decay

-y
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One MZ-Example
y ol

Coherent t° photoproduction: easy and quick (a2 coli. Phys. Rev. Lett. 112, 242502

B A &2 Mev
108 ysec'' ™
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One MZ-Example
Bl

Coherent t° photoproduction: easy and quick (a2 coli. Phys. Rev. Lett. 112, 242502

= — 50

58 24 ’ \ ™ 12 S, \208 % ’
Ni [ “om ! “Sm "9 | Pb
Nicke] Zinn Zinn I )““ . Blej

I.Il 1
[
”"‘Sn: E-{ =200 to 210 MeV ]2~"-5n: 7. =200 to 210 MeV
é z:: HJL ! i FJufl
‘g’ 1800 J H ‘E 3000 - r ]
8 . rlL g 2500 l
1300 J l © : |
1200 r ! 2000- , %
1000 b J I
800 ] 1 . 1500 J_ I
600 rr ]1 [L. I oo0— | L " My,
400 |J ] H._I‘ ..-'].1 ll L B !
200 o 22 | 500 -
%2 s o5  oa 1 ‘:'z'h o .i'::"'"mn 15 L I : . M, 0
a1 b2 04 0.6 08 1 12 14 q‘[% -

-y
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One MZ-Example

P. Capel, F. Colomer, S. Tsaran, M. Vanderhagen

B Working code for PWIA amplitudes for photoproduction Vﬂ(i‘) (kr, k)

B Working code for scattering matrix F4 of m°

e Resolution of the Lippmann-Schwinger equation
o Singularity of Coulomb solved : better constrains on UN"!(k’ k)

[1 DWIA amplitudes calculation
o Off-shell photoproduction amplitudes VW(;\) (k.. ky)
[J Devise a better form for UNul(k/ k)

+ Treatment of Resonances,
i + Use Effective Potentials (J. Piekarewicz)
Vi TE| + Sensitivity of Geonerent to Neutron density
+ Benchmark theory with A/Z and Z variation

...it is a long way till Rome ...
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Good...

¢

L B B

PRSI B

1: PREX
2:2%pp(3,8)
3: coherent n°
4:p-atoms ]
5:n - atoms
6: EDP

7: PDR

b
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56th International Winter Meeting on Nuclear Physics

22-26 January 2018 Bormio, Italy

General Information NEWS 2018 Edition! Proceedings Registration Previous Conferences

‘ Long-standing conference bringing together
researchers and students from various fields
of subatomic physics.

The conference location is Bormio, a beautiful
mountain resort in the Italian Alps.

b N DEADLINES

October 29: Student’s fellowship application

e — October 29: Registration and abstract submission

December 1 : Notification of abstract acceptance and accommodation
. , 3
e wissed vow . (& rrisma
_
4 SFBE JG|U

-y
THE LOW-ENERGY FRONTIER
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Trivial? It is a long winding road ...

' b

W .’

e

i v R Rutherford Scattering
Rutt;:::grd scattering of charged particles
" _,% g:ﬁnvery " ‘/ a (1_;0«,-,» do __Eegzgaz( e )“ -
." ,.,_d:us d cost ' d cos® 2 KE) (1 —cosf))f

large ecnsp  SmMall
angle

angle

+ relativistic electrons
+ nuclear recoil
+ magnetic moments

= Mott Scattering

Hofstadter's electron scattering

!xponential
data dropped below that expected

10
dN
gaussian dcos 10 2
Scale
roit
arbitrary el for a point nucleus, indicating
s structure of the nucleus.
sphere with .
diffuse edge 1 dU dG
10_' M N | 1 L L 1 |
-1 _O -0,5 0-0 0‘5 1 0

radius r — cos 6 dQ dQ Moit

Fofstacter, R, et al,, Fhys Rev. 92 €78 (19353).

charge density p(r) —

|G|
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Trivial? It is a long winding road ...
a—

e-

long.
polarized

unpolarized electric charge 1 o
target

Y, Z°

weak charge =0.07| 1

Non-PV e-scattering
Electron scattering y exchange provides R, through nucleus FFs

PV e-scattering

Electron also exchange Z, which is parity violating
Primarily couples to neutron



Trivial? It is a long winding road ...

e
long.
polarized
o unpolarized electric charge 1 o
'Y, Z target
weak charge =0.07| 1
2
O X M + >Z rrrrr - < ...t0 measure ... > “““ o < ....construct ....
e N e N e- N
) o, o
dg * dg — = : N : N= GFQ 1—4Sin2 HW — n(Q )

F (@) == [d'r jy(ar) p,,)



Form factor parametrizations: P. Larin and S, Baunack Beam ene rgy: 155 MeV
y-Z-box according to: Gorchtein, Horowitz, Ramsey-Musolf 1102.3910 [nucl-th]

Beam current: 150 pA
Polarization: (85+0.5)%

Target: 60 cm 1H2

Acceptance: 2m-(35°%10°)

10+ ol Rate: 0.5 THz
1 Runtime: 10000 h
AA®P?: 0.1 ppb
10° >
0 30 40 50 60
6/deg

3.1e-4 2.6e-4 9.7e-5 7.0e-5 1.4e-4 6e-5

(0.13%) | (0.11 %) (0.04 %) (0.03%) | (0.04 %) | (0.03 %)

0.44 0.38 . 0.10
(15%) | (1.34 %) . 0.35 %)

Dominik Becker AA(syS) 0 80/0 E
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Theory informing experiment
k"

— = FROM. MEASURABLE
. SR a8 SARRR =
& 4 - a2 ﬁzgfc'/ )
_: | ‘\' / Y i 1 !
o % g .I/Jl{’ e » ’ -

As precisely as “humanly possible” - fundamental
nuclear structure property
To strongly impact Astrophysics?

. A2 5 : : What astrophysical observables to benchmark?
Uncertainty quantification and covariance analysis

(theoretical errors & correlations)

m

Radius and diffuseness ... the whole form factor? >
N pe— 1tp Neutron Skins of Nuclei: from laboratory to stars

i‘i,
I s CONCETTINASFIENTI C. Horowitz, J. Piekarewicz, CS (to appear JPG)

Mainz Institute
Theoretical Physics
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o\:. : [ | I. |

09 uncertainty :

0.8 -

(' :

“0.7F k
0.6F E
e E
0.4F E
0.3F E

- At = 2500h .
0.25  At=1440n =
0_15_ At =720h _f

: 1 1 I 1 1 | 1 1 I 1 1 | 1 1 I 1 1 :

82 34 36 38 40 42 44

0 [degree]

Chuck Horowitz Michaela Thiel

AO=4° : expected rate = 0.87 GHz, A, = 2.14 ppm, P = 85%, Q = 143 MeV

1440h — SR, /R, = 0.38% (**Ca @ 200 MeV)
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