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Our mission: Explain how the proton emerges from
the dynamics of the quark & gluon constituents

How to accomplish: Measure and understand the emergence
of the fundamental properties of the proton's bound state

Only composite building
block of matter that is
stable in nature

Mass

Spin Polarizabilities

Size Shape



Proton Polarizablities

Fundamental structure constants PDG
(SUCh QS mGSS, Size, Shape, ...) 150 Baryon Summary Table

Response of the nucleon to external EM field

[7] 10P) = 33%)
Mass m = 100727646681 + voooooooo?tig u
e : : M = 938.272046 + 0.000021 MeV 2
Sensitive to the full excitation spectrum s T M
|$—Fﬁ| /(,Z—‘;) = 0.99999999991 = 0.00000000009
lap +apl/e < 7x 10710, CL = 90% (2]

|gp + ge|/e < 1x 1072 1]
Magnetic moment p = 2.792847356 £ 0.000000023 sy

. . (np + mp) [ mp = (0 £5)x 1076

Accessed experimentally through Compton Scattering Gt ol oy 32 08 107
Electric polarizability o = (11.2 + 0.4) x 10~* fm?
Magnetic polarizability § = (2.5 + 0.4) x 10~ fm3 | (S = 1.2)
harge radius, f1p Lamb shift — 0.84087 = 0.00039 fm 19!

Charge radius, ep CODATA value = 0.8775 =+ 0.0051 fm [7]
Magnetic radius = 0.777 + 0.016 fm
Mean life 7 > 2.1 x 102 years, CL = 90% &  (p — invisible

RCS: static polarizabilities > net effect on the nucleon o)

Mean life 7 > 103! to 1033 years [e]  (mode dependent)

Virtual Compton Scattering:

Virtuality of photon gives access to the GPs : a:(Q?) & Bu(Q?) + spin GPs
> mapping out the spatial distribution of the polarization densities

Fourier transform of densities of electric charges and
magnetization of a nucleon deformed by an applied EM field



Scalar Polarizablities
Response of internal structure to an applied EM field
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Interaction of the EM field with the
internal structure of the nucleon
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Scalar Polarizablities

Response of internal structure to an applied EM field

Interaction of the EM field with the
internal structure of the nucleon
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“stretchability”
a’E induced aE

External field deforms
the charge distribution

“alignability”
a>M induced ﬁ g

Bpar‘a >0
Bdiam <0

Paramagnetic: proton spin aligns
with the external magnetic field

Diamagnetic: m-cloud induction
produces field counter to the
external perturbation



Virtual Compton Scattering

REACTION PLANE

SCATTERING PLANE

Bethe-Heitler Born VCS non-Born VCS

Elastic FFs GPs




Virtual Compton Scattering

valid only below
Pion threshold

v

Response functions

valid below & above
Pion threshold

Dispersive integrals
for Non Born amplitudes

d50' _ d5O_BH+Born + qém¢\110 + O(C]gn)

1
Spin GPs are fixed Vo = vy (Ppr — ZPTT) + vy Pprr

Scalar GPs have

an unconstrained part .
Subtract the spin part

Fit to the experimental

cross sections at each Q? >
qégl : G%(QQ) : ﬁM(QQ) + [PLT spin]

utilize DR

v v

scalar GPs a; and B,
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Virtual Compton Scattering

valid below & above
Pion threshold

Dispersive integrals
for Non Born amplitudes

data setl-a (<Q% =0.92 GeV?)
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Early Experiments
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Early Experiments

Q? = 0.33 (6eV/c)? measured twice at MAMI:
*  Phys. Rev. Lett 85, 708 (2000)

12 « Eur.Phys. J. A37, 1-8 (2008) P
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ag ® 103 V), (stiffness / relativistic character) E
.. ?_, HBChPT T.R. Hemmert et al
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. . i Effective Lagrangian Model A. Yu. Korchin and O. Scholten
Theory: monotonic fall-off ?

Linear Sigma Model A. Metz and D. Drechsel

Bw small €=>cancellation of competing mechanisms

Large uncertainties e
Higher precision measurements needed °]
> Quantify balance between dia/para-magnetism ° ° o ° o "

Q* (GeV))



Recent Experiments



Counts

Recent Measurements: MAMI

MAMI  A1/1-09 (vcsq2) below threshold

MAMI A1/3-12 (vcsdelta) above threshold

Both experiments utilized
the Al setup at MAMI
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A1/1-09 @ MAMI
For LEX the higher order terms have to be kept small / under control
d’oc = &P 4 gl 9Ty + O(d,)

Refined analysis procedure / phase space masking to keep these
terms smaller than ~ 2%-3% level
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Figure 3.13: (Left) behavior of OPR(¢., ?) in the (cos(0em).Pem)-plane at ¢, =
87.5 MeV /cand (right) two-dimensional representation of the angular region where

OPER(¢' %) < 2% (blue), the red squares correspond to the two areas of interest to
perform the GP extraction.

Figure from PhD thesis of L. Correa, Mainz / Cl. Ferrand



Blue bins = where the higher-order estimator is < 3%
(LEX truncation « valid »)

¢
A VCS expt : Bates MAMI MAMI MAMI MAMI _JLab
: Q2 (GeV2) = 0.06 0.10 0.20 0.33 0.45 0.92
qdem”™ ?
100 =
MeV/ic
—— :
Cosecm ’ ' z:”"cu ' n:"”ocu‘ ::osﬂc.: b :alowc_‘ » ' eosi“'

New « vcsqg2 » data:
- OOP kinematics (to access the blue region)
-LEX Fit done with bin selection at Q2= 0.1 and 0.2 GeV2.

- was found not necessary at Q2 = 0.45 GeV2,

= i

In-plane 8.5 deg OOP

(material from H. Fonvieille)



0.5

~ 1.0 GeV beam
Q2 =0.1(6eV/c)?, 0.2 (6eV/c)?, and 0.45 (GeV/c)?

A1/1-09 @ MAMI
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Figure 5.8: Setting INP: measured ep — epy cross section at fixed ¢,
112.5 MeV /e with respect to g, for all the cos(f.,,)-bins.

the convention of figure 5.6.
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Figure from PhD thesis of L. Correa, Mainz / Cl. Ferrand
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The curves follow

Polarizability ---
effect

GP effect typically 5% - 15%
of the cross section

Polarizability fits:

DR fit:
DR calculation includes full dependency in q'¢,

LEX fit:
truncated in g'cm. Suppress contribution
from higher order terms



MAMI Results
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Al/1-09 @ MAMI
Al/3-12 @ MAMI

The ag puzzle
still holds

Byt

Phys. Rev. Lett 123, 192302
Phys. Rev. € 103, 025205
Eur. Phys. J. AB5, 182
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PhD students: OLEX

ODR

Jure Bericic (Ljubljana Univ.)
Loup Correa (Clermont-Fd Univ.)
Meriem BenAli (Clermont-Fd Un
Adam Blomberg (Temple Univ.)

1 0

Q2 (GeV)?

Revisiting the Q?=0.33 GeV? data
Analysis revisited (unpublished):

(unpublished)

A VCS-Delta

MAMI-1, LEX+HOCut

MAMI-1, DR

MAMI-1, DR+HOCut

Re-fits at

Q2=0.33
GeV?

(H.F)

LEX and DR
Updated HO-cut

v.)



Jlab : VCS-I Experiment (E12-15-001) in Hall C

High precision measurements targeting
explicitly the kinematics of interest for ag

ODR
OLEX




The experiment

Photon identification

(on
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Hall C: SHMS HMS cross sections & azimuthal asymmetries
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20 pA sensitivity to GPs
Liquid hydrogen 10 cm suppression of systematic asymmetries
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Q2=0.27 6

eV?

VCS-I results:
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VCS-I results: GPs
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Experimental cross sections are compared to the DR model
predictions for all possible values for the GPs

> de(Q?) and pu(Q?) are fitted by a x? minimization
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Electric GP (Q?)

Is there a non-trivial structure?

MAMI-I re-analysis (unpublished)
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Electric GP

En
e H
Data-driven techniques: 5 %

no underlying functional
form is assumed S

1% coincidental

% Traditional fits e
- —— 1/pol2+gaus
—— 1/pol3+gaus

I

£
© 10

T

e 3

o
] 1 M PR 5
0 0.2 0.4 0.6

0

of T rrrr[rrr 7

Rasmussen, C. E., and Williams, C. K. I. Gaussian
Processes for Machine Learning the MIT Press, Cam-
bridge Massachusetts, 2006, ISBN 026218253X, ©2006
I\dassachgcns Institute of Technology.

Magnetic GP
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discrepancies &
large uncertainties

Q@ (GeV)
Is the observed ag structure coincidental or not?
If true: Measure the shape precisely = input to theory
If not: We are able to show it with more measurements

Strong tension between world data (?)

Things we do not yet understand well?
Underestimated uncertainties? ...

Magnetic GP: Large uncertainties & discrepancies

Needed to disentangle diamagnetism vs
paramagnetism in the proton

Ability to measure ag and py with superb precision
and with consistent systematics across Q2



Theory: BxPT

BxPT calculation to NLO
in the 3-counting scheme

DR calculation

Phys. Rep. 378,99 (2003)

Theory: Lattice QCD

Lattice QCD results for
the static polarizabilities

Next step: Lattice QCD
calculations for the GPs

D. Drechsel, B. Pasquini, M. Vanderhaeghen,

oy [107m ?]

Eur. Phys. J. C (2017) 77:119
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Spatial dependence of induced polarizations

Nucleon form factor data = light-front quark charge densities

Formalism extended to the deformation of these quark densities
when applying an external e.m. field:

GPs =» spatial deformation of charge & magnetization densities
under an applied e.m. field

Induced polarization in a proton
when submitted to an e.m. field

GP | GP Il

“T0.00 o5 1.0

by [£m]

-1.0 " -0.5

Light (dark) regions =» largest (smaller) values

(photon polarization along x-axis, as indicated)

= = INnduced polarization
along b =0

Phys. Rev. Lett. 104, 112001 (2010)
M. Gorchtein, C. Lorce, B. Pasquini, M. Vanderhaeghen
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Spatial dependence of induced polarizations

Nucleon form factor data = light-front quark charge densities
Formalism extended to the deformation of these quark densities
when applying an external e.m. field:

GPs =» spatial deformation of charge & magnetization densities
under an applied e.m. field

Induced polarization in a proton
when submitted to an e.m. field
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x-y defines the fransverse plane with
the z-axis being the direction of the
fast-moving proton
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Polarizability radii
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Static Polarizabilities
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Static Polarizabilities
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PHYSICAL REVIEW LETTERS 129, 102501 (2022)

First Concurrent Extraction of the Leading-Order Scalar and Spin Proton Polarizabilities

E. Momacchi®,"" S. Rodini®,” B. Pasquini®,** and P. Pedroni®*

'Institut fiir Kemphysik, Johannes Gutenberg-Universitit Mainz, D-55099 Mainz,Germany
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We performed the first simultaneous extraction of the six leading-order proton polarizabilities. We
reached this milestone thanks to both new high-quality experimental data and an innovative bootstrap-
based fitting method. These new results provide a self-consistent and fundamental benchmark for all fumre
theoretical and experimental polanizability estimates.

agp, = [12.7 £ 0.8(fit) = 0.1(model)] x 10~* fm?,
Bar = [2.4 + 0.6(fit) = 0.1(model)] x 10~ fm?,

veer = [=3.0 +0.6(fit) +0.4(model)] x 10~ fm®,
Yo = [3.7 £ 0.5(fit) £ 0.1(model)] x 10~ fm,

Yen = [=1.2 + 1.0(fit) +0.3(model)] x 10~ fm®,
Yanies = [2.0 % 0.7(fit) % 0.4(model)] x 10~ fm®,




Proton spin structure and generalized polarizabilities

E08-027 (g2p) experiment at JLab
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Inclusive measurement at the forward angles — .
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Material adopted from K. Slifer / D. Ruth



Proton spin structure and generalized polarizabilities
g2p results: Structure Functions

SFFs extracted from the polarized cross section differences, i.e.
target proton spin parallel and perpendicular to the incoming electron spin

electron

— A"_

—

U =1 &(x. Q) =K, [AaII (1 + L tan Q)] s 2g2Kt:yn§

d.QdE’ K> 2

/k fo, = d (== 1=) £x,Q) = K_iy [A"l (Kz +tan g)] -5

2

Proton

03] @ =013GV _§
02 /3 ks

ol R imww 3 H»fﬁ L*‘ ¢ 9

0.0 {Q*‘

04l 2 _
Q® =0.09 GeV? _,,* }

Sk a ;ﬁ gt

Nature Phys. 18, 1441 (2022) oo/ n#

Q@ =0.02 GeV*

-1.0 . L .
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

Material adopted from K. Slifer / D. Ruth W (MeV)



Proton spin structure and generalized polarizabilities

g2p results: spin polarizabilities: higher moments of spin SFs

Nature Phys. 18, 1441 (2022)
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Moving Forward



VCS-II (E12-23-001) @ JLab
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VCS-IT Projected Measurements

High precision measurements Targeted measurements to fully
combined with a fine mapping in Q2 exploit the sensitivity to the GPs
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Can we measure with a different method ?
Yes: positrons and/or beam spin asymmetries

Positrons allow for an independent path to access experimentally the GPs

Eur. Phys. J. A 57 (2021) 11, 316

Virtual Compton scattering at low energies with a positron
beam

Barbara Pasquini*~'2, Marc Vanderhaeghen®-

!Dipartimento di Fisica, Universith degli Studi di Pavia, 27100 Pavia, Italy
ZIstituto Nazionale di Fisica Nucleare, Sezione di Pavia, 27100 Pavia, Italy

SInstitut fiir Kernphysik and PRISMA* Cluster of Excell Joh G berg Universitit, D-55099 Mainz, Germany
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BCA (electrons & positrons)
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LOI 23-12-001 : PAC 51 Report Summary
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Summary
Progress measuring proton’'s fundamental properties

Insight to spatial deformation of the nucleon densities under an applied EM field,
interplay of para/dia-magnetic mechanisms in the proton, spin-dependent response to

an EM field, polarizability radii, ...

— possibility for a non-trivial (hon-monotonic) behavior in ag(Q?)
(albeit with a smaller magnitude than originally suggested)
Electric GP: — or

_ at minimum: strong tension between world data

Experiment ahead of theory:
Stringent constraints to theoretical predictions

High precision benchmark data for upcoming LQCD calculations

Future measurements:

Pin down precisely the shape of the ag structure
(if it exists) - important input for the theory

Independent cross-check
Measure via a different channel (BS asymmetries & positrons)

Thank youl



