The chronicles of MESA:
Precision, perplexities
and uncertain tales




The scene features a blend of scientific and fantastical elements. On one side, there's a detailed,

realistic

depiction of the MESA accelerator with beams of light and particles symbolizing high precision nuclear studies.

In the background, a majestic neutron star is visible, hinting at the physics of neutron stars and the Equation of
State of nuclear matter. On the other side, elements of a mystical forest are subtly incorporated, inspired by the
Chronicles of Narnia, with an ancient book partially open, showing diagrams of atomic nuclei and equations. The
overall color scheme is a mix of deep blues and purples, creating an atmosphere of mystery and exploration. The
|mage should evoke a sense of wonder and scientific cur|05|ty seamlessly bIendlng the reaI and the fantastlcal
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The “Realistic Depiction “
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The “Realistic Depiction “
| 2 ‘ "‘ » R

MESA - Mainz Energy-Recovering Superconducting Accelerator

Pb Glass
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The “Realistic Depiction “

MESA - Mainz Energy-Recovering Superconducting Accelerator

-
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https://www.youtube.com/watch?v=RrfiGatx9_4

...the “Chronicles of MESA"
AR ~= o

new NO background, energy loss or multiple scattering from

‘4r9¢t target foils and ice layer and re-scattering from frame, and
target length acceptance issues!

Quadrupole
Dipoles

Shielding

electrons

“target nucler”

iIndowless,
thin, point-like
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...the “Chronicles of MESA”

A =
PV-Asymmetry

long.
polarized

unpolarized
target

Y, Z°

PVES

> External-beam mode for
high polarisation (P2)
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Shielding , P |

~ Beam current 150 yA
> Polarisation > 85%
> High precision polarimetry

iquid Hydrogen Target
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...precision, perplexities and uncertain
tales

¢ Rebellious skins
¢ The 4 -horsemen of the Apocalypse
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Rebellious skins
p -
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Pressure forces neutrons
out against surface tension
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E+M charge

—— Weak charge The neutron skin measures how
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....... Neutron much neutrons stick out past protons
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Rebellious skins
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s out against surface tension
Q " —— E+M charge :
e Weakcharge The neutron skin measures how
....... Neutron much neutrons stick out past protons

' 6
r(fm)

Credit: NSF/LIGO Neutron star merger

X. Roca-Maza, at al. Phys. Rev. Lett. 106, 252501 (2011)
i ! ! ! ! | ! ! ! ! | ! ! !
[ —— Linear Fit, r =0.979

- 0 Nonrelativistic models z
03[ o Relativistic models L
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0.25 . ‘ e = v Measurements
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The stairway to heaven

(or the highway to hell, depending on your level of optimism)
> }

PV-Asymmetry (Personal selection)

Resonance

Cross-section

Collective
Excitation °o— %

Hadronic EM Probes
Probes
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The stairway to heaven

(or the highway to hell, depending on your level of optimism)
a——

PV-Asymmetry (Personal selection)

long. 3
polarized €

unpolarized
target

V> Z° Resonance

PVES Strength
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Excitation o— @ PG
P s Dl
(X | = & Hadronic EM Probes
Probes
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The stairway to heaven

(or the highway to hell, depending on your level of optimism)

(Personal selection)

| PV-Asymnl_etry

unpolarized
target

V> Z° Resonance

PVES Strength

27722..»

Cross-section

i) G
Collective
Excitation  ©— % B
Hadronic EM Probes
Probes

Experimental Challenges
(in unit of frustration)
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How hellish is hell?

Neutron Skin of ?®Pb from Coherent Pion Photoproduction

C. M. Tarbert et al. (Crystal Ball at MAMI and A2 Collaboration)
Phys. Rev. Lett. 112, 242502 — Published 18 June 2014

P
Ph)’SICS See Synopsis: Neutron Skin Turns Out to Be Soft

tagger at the MAMI electron beam facility. On exploitation of an interpolated fit of a theoretical model
to the measured cross sections, the half-height radius and diffuseness of the neutron distribution are

found to be ¢, = 6.70 + 0.03(stat.) fm and a,, = 0.55 = 0.01(stat.) "0+ (sys.) fm, respectively,

corresponding to a neutron skin thickness Ar,;, = 0.15 + 0.03(stat.)f8:g;(sys.) fm. The results give the
first successful extraction of a neutron skin thickness with an electromagnetic probe and indicate that
the skin of >”*Pb has a halo character. The measurement provides valuable new constraints on both

the structure of nuclei and the equation of state for neutron-rich matter.

27722..»

Cross-section

Hadronic EM Probes
Probes
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How hellish is hell?
‘ - 1

Neutron Skin of ?®Pb from Coherent Pion Photoproduction

C. M. Tarbert et al. (Crystal Ball at MAMI and A2 Collaboration)
Phys. Rev. Lett. 112, 242502 — Published 18 June 2014

e )
Ph)’SICS See Synopsis: Neutron Skin Turns Out to Be Soft

tagger at the MAMI electron beam facility. On exploitation of an interpolated fit of a theoretical model
to the measured cross sections, the half-height radius and diffuseness of the neutron distribution are

found to be ¢, = 6.70 + 0.03(stat.) fm and a,, = 0.55 = 0.01(stat.) "0+ (sys.) fm, respectively,

corresponding to a neutron skin thickness Ar,;, = 0.15 + 0.03(stat.)f8:gé(sys.) fm. The results give the
first successful extraction of a neutron skin thickness with an electromagnetic probe and indicate that
the skin of >”*Pb has a halo character. The measurement provides valuable new constraints on both

the structure of nuclei and the equation of state for neutron-rich matter.
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How hellish is hell?
| ' -

Theoretical analysis of the extraction of neutron skin thickness
from coherent m photoproduction off nuclei

F. Colomer, P. Capel, M. Ferretti, J. Piekarewicz, C. Sfienti, M. Thiel, V. Tsaran, and M. Vanderhaeghen
Phys. Rev. C 106, 044318 — Published 18 October 2022
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How hellish is hell?
| ' -

Theoretical analysis of the extraction of neutron skin thickness
from coherent m photoproduction off nuclei

F. Colomer, P. Capel, M. Ferretti, J. Piekarewicz, C. Sfienti, M. Thiel, V. Tsaran, and M. Vanderhaeghen
Phys. Rev. C 106, 044318 — Published 18 October 2022
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How hellish is hell?
| ) "‘ R -

Theoretical analysis of the extraction of neutron skin thickness
from coherent m photoproduction off nuclei

F. Colomer, P. Capel, M. Ferretti, J. Piekarewicz, C. Sfienti, M. Thiel, V. Tsaran, and M. Vanderhaeghen
Phys. Rev. C 106, 044318 — Published 18 October 2022

Nuclear Physics Long Range Plan 2024
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The shortest of the roads...

E
PV-Asymmetry
e
Li’iféizede._%mm electric charge 1 |0
Y, ZO target
weak charge =0.07| 1
PVES .

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

IbCONCETTINASFIENTI THE CHRONICLES_ A4
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The shortest of the roads...
R
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e 2
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The shortest of the roads...
| R

PV-Asymmetry
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The shortest of the roads...

PV. Asymmetry < measured APV>
© v

long.
polarized

, : known charge
unpolarized
terget Coulomb corrections e form factor ., (Q2)

PVES '
weak form factor F,(Q?)
; | weak density p,(Q?)
e (Generation | T

10_4'@ e Generation II
assume surface thickness

Y, Z°

e Generation III
e Generation [V

1075- good ;o 25%
10—6_g Qak radiusD
E 10—7 _ l
% : corrections for
G.", G, MEC

v

neutron radius R,

10_8‘5

known
charge radius R,
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The shortest of the roads...

PV-Asymmetry

long.
polarized

unpolarized
target

Y, Z°

PVES

- Essentially means 1.5% on A,

- A, is 40 parts per billion

+ O(A,,) is 0.6 parts per billion

5(14]3\/) X ﬁ

THE CHRONICLESJ < 5

< measured APV>

Coulomb corrections -—

¢

weak form factor F,(Q?)
weak density p,(Q?)

assume surface thickness
good to 25%

]

corrections for
G.", G, MEC

v

neutron radius R,

known charge
form factor F ,(Q?)

known
charge radius R,
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...the “Chronicles of MESA”
a4 i
PV-Asymmetry need a few N=1018 electrons!

e ... ClOSe to 1011 electrons/s

polarized
target

J. Piekarewicz
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The shortest of the roads...

PV-Asymmetry

long.
polarized

unpolarized
target

Y, Z°

PVES

Brendan T. Reed, Z. Jaffe, C. J. Horowitz, CS PRC 102, 064308
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A =
< measured Apv>
v

Coulomb corrections -—

known charge
form factor F ,(Q?)

weak form factor F,(Q?)
weak densnty pw(Q@?)

assume surface thickness
good to 25%

:

<Weak radiusD J. Phys. G: Nucl. Part. Phys. 46

_4?' I # I I I I I ]
L PREX — 0.12fm _
| 0.051 o™ -
— 0.20

S 0.04 — 022
= = — 0.28 .
T 0.031- 032 |
\SA - i
5 0.02 —
[l - i
g oot~ -
2 0 _
-0.01 -
B | I | l | I | i

00 05 10 15 20

q(fm™)
#MakeHumansSmartAgain



...precision, perplexities and uncertain
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¢ Rebellious skins
¢ The 4 -horsemen of the Apocalypse
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P.CONCETTINASFIENTI
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Mean Field Models
Density Functional

Effective

10 E Microscopic Interactions J
e ADb Initio 4 4
é XEFT, EFT(#) |

3 4

= Qcb He "He ﬁ
- B = ,‘
§ |
— - Vo 37 5 = ~ |
g.f B W4 { |
¥ > Quark-Gluon ! ,.
aco ,n. - Interaction (‘

Vacuum . -

22l 1 g 3-p snaal 1 3 g B yixeed

j 5 10 50 100
Neutron Number
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"8 UNEDF SciDAC Collaboration

& Universal Nuclear Energy Density Functional
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A scientific... TM@D

| 2 v NG el

a.linking QCD to many-body systems
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- Mean Field Models
Density Functional
Shell Model(s) ,
Ly - h Effective A 1
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A scientific... TM@O

Fy 3 R

 Exact calculations both for bound and scattering states
- Energy and momentum transfer MUST be consistent with ChEFT predictions!

1 T T T T T T T T T T T T I T T T T 5 ' ' ' ' I ' ' ' ' I ' ' ' I ' ' ' '
L i O Koebschall et al.
A
¢ Frosch et al < %ng;eit al.
0.8 i — AVI8+UIX ] 4+ - Hiyamaetal -
i — NN(NLO+3N(N'LO) ] — AVIS®UIX |
-- AVI18+UIX Viviani et al. < _ = NNN 12_,0) +
i o
0.6 S 3b 3NF(N'LO) |
— i *
SR = Y A 2 i |
= i NE
04 2+
I [y
0.21 1F
0 | | | | v I ,
0 1 2 3 4 % 1 2 3 4

g [fm”] 7 [
[SCONCET- S. Bacca et al, PRL110, 042503 (2013) ansSmartAgain



The four horsemen of the Apocalypse

Theory and experiment disagree on alpha particles

Electron-scattering
experiments on excited
helium nuclei open questions
about the accuracy and

ter. The researchers’ calculations of a
quantity related to how the nucleons
are arranged in the alpha particle’s first
excited state didn’t match the values
inferred from jelectron-scattering ex-
periments. Th experlments were pr1-

tween theory and expe
and her colleagues deci
and improved experime
tion was warranted. Now
theory collaborators hav
disagreement and char

sensitivity of state-of-the-art
nuclear models.

Although the helium nucleus has just

marily from
the uncertaint
intervening d
and technolo
tor sensitivity
ically, but that

S. Kegel et al, PRL130, 152502 (2023)

ﬂ This experlment
Model confid. band
B EFT (N°LO + N2LO)
1 1

four nucleons—two neutrons and
two protons—theoretical models
fail to replicate some of its properties.

——————————————————————————————————————————————————

14 PHYSICS TODAY | JUNE 2023
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The four horsemen of the Apocalypse

107 [
| — Data

; | | | |
10° 4o R ittt 11 =4
1 27p] g.s I I
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I s CONCETTINASFIENTI
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21.01 020
20.21

19.8158

7

o*o

4He

K

The trans. form factor describes the dynamics of
excitation between resonance and ground state
depending on Q?2

20.578

Q*0 3He+n ‘ .
2

$

“HE TRANSITION FORM FACTOR

Fmo+(Q?) o | < 05 IM(Q?)0F > |

do
dQ

> x |Fypo+ (Q?)]° x Events
exp

o
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Determination of a form factor

E

%

:
|9’~( QZ)|2 = g—g / g—g depends on

exp Mott

do N~ Nog
dQ)

@ Target density and length
@ beam current

@ time of the measured setup

Lint " Eeff Q — monitored parameters

v

DETECTOR EFFICIENCY

depends on

exp

@ Deadtime
@ Trigger

@ VDC parameters (e.g. drift gas density,
timing offsets)

— calibrated parameters

v

PHASE SPACE

depends on

@ Size of Collimator
@ central momentum peent

@ scat. angle 0

— simulated parameters
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Determination of a form factor

BACKGROUND SUBTRACTED EVENTS

d do\”~
T 2\12 9 9 N—Nps depends on
FN =5 /|35 o |
dO 910) @ Ny : € scattering on Target cell
€xp e Material 27 Al
do N — Nbg @ Ny, : Elastic and Quasi Elastic e
e — scattering on *He
dQ) Lint + €eff - Q
€Xp e eff @ N : Resonance Model

107 -
{ — Data

1 === Simulation “He el.
] —.-= Simulation ?’Al cell

106 E

£ » Aluminum target walls
i Semi-empirical model of elastic, quasi-elastic, inelastic
4_ scattering. Check with empty cell runs!
o - Radiative tail of 4He elastic line
10° Elastic Form Factor + radiative corrections
—s5
o - L &[4 oF MESA #MakeHumansSmartaAgain
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Determination of a form factor

*
TP = (L) /(%
dQ) exp dQ J viott
do N — Nbg
dQ eXp Llnt * €eff ¢ Q
400 - S 1 T
| —+— Data w. stat. error
| —— BG2
350 I —— Simulation and background
i —— Simulation
100 1 A —— T I
250 J-mnmrnmmenneeae . R R e M —
Fl
200 ;Iqu‘m&\‘j; S R S
; by ,‘
y "‘l’ﬂx . Tk At
150 -y N . Tk S B TC 298 )12 T ‘j'”%"
& agn! l.l At e s 4, LG R T U '
ool AT I xR
50 T "1 "4 ’ _____ E ___________ ‘_;‘_;T,%_‘{_‘_/_‘_ _‘: _______________________________________
v
0 - __._/_'_TIE_________________i_________________i _________________________________
19.5 20.0 20.5 21.0

CONCETTINASFIENTI

BACKGROUND SUBTRACTED EVENTS

N—Nps depends on

@ Ny, : e~ scattering on Target cell
Material 27 Al

@ Ny, : Elastic and Quasi Elastic e
scattering on “He

@ N : Resonance Model

* 4He continuum

Model includes quasi-elastic processes and
other resonances (two background models)

« 4He monopole resonance

Parameterisation to simulate the resonance in
the spectra (two line shapes)

#MakeHumansSmartAgain



Results for the transition FF
A -~

- Transition form factor fitted with B-Splines and Polynomial x Exp.

* Dependence of background and resonance models embedded by repeating analysis
for all combinations of BG1/BG2 and 01/02
— model confidence band

- At MAGIX we can reduced the uncertainties and measure at lower Q2

3.0 )
+ B-spline fit
— = P(x) - exp(—ax)
2.5 Data, spec. A
TH Data, spec. B
= Model confid. band
< 2.0 4 : : -
i s s
— E E TABLE II. Contributions to the systematic uncertainties of the
— 1.51 0. 5 T transition form factor and the model dependencies.
o 1 1
(:‘O?? : E E Source AlFpo+ (0 (%)
5 1.0 1+----- AU VSIS SRS . "V TS WSS— Sw—, Background +1
S l l l “He ground state form factor +0.5
(S : i \;\ ! AT, +4
0.5 r__l.___________T______________ﬂ_______________E_______________:f___ql________ﬂ: _______ Model uncertainties
s ! ! *'-\L BG1-BG2 +3.2
f E | S~ 01— 0) -5.8
0.0 E :
0 1 2 3 4 5
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The four horsemen of the Apocalypse
|

- Transition form factor fitted with B-Splines and Polynomial x Exp.

* Dependence of background and resonance models embedded by repeating analysis
for all combinations of BG1/BG2 and 01/02
— model confidence band

- At MAGIX we can reduced the uncertainties and measure at lower Q2

1 i
B This experiment
Model confid. band
I EFT (N®LO + N2LO)
1 1

<3
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...precision, perplexities and uncertain
tales

¢ Resonance position -
Viviani et al, Phys. Rev. C 102, 034007 (2020) 300 '
Interaction Er (MeV) T (MeV) ; | '
N3LO500 0.126 0.556 5 200 g SR T R L [
N3LO600 0.134 0.588 - 3 ; ; ;
N3LO500/N2LO500 | 0.118 0.484 1 e A R —
N3LO600/N2LO600 0.130 0.989 N BPZN = T Ejézoffj:b-)
N4L0450/N2L0450 0.126 0.400 o T -] | | | - Cont. model 2 -
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...precision, perplexities and uncertain
tales

¢ Resonance position ¢ More calculations
Viviani et al, Phys. Rev. C 102, 034007 (2020) Michel et al., PRL 131, 242502(2023)
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