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Proton Polarizablities

Fundamental structure constants
i PDG
(such as mass, size, shape, ...)

150 Baryon Summary Table

Response of internal structure
& dynamics to external EM field

[7] 10P) = 3G

Sensitive fo the full excitation e o
|mp — mp|/m, < 7x10710, CL = 90% [}
SpeCTr‘Uﬂ'\ Of The nUCIQOH |,‘,’,—2|/(,’,’,—‘;) = 0.99999999991 + 0.00000000009

lap +apl/e < 7x 10710, CL = 90% (2]
|ap + ge|/e < 1x 10721 1]
Magnetic moment p = 2.792847356 £ 0.000000023 ppy

Accessed experimentally through G e D
Compton Scattering processes agnaicpoaabity 3 (35 5 0.4) 104 m | (5~ 1.2)
Charge radius, j.p Lamb shift — 0.84087 = 0.00039 fm L]

Charge radius, ep CODATA value = 0.8775 % 0.0051 fm 19!
Magnetic radius = 0.777 + 0.016 fm
Mean life 7 > 2.1 x 102 years, CL = 90% &l (p — invisible

RCS: STaTiC pOIGr‘izabi“Ties Mea:"\)i?ee)r > 103! to 1033 years [¢]  (mode dependent)
- net effect on the nucleon

Virtual Compton Scattering:

Virtuality of photon gives access to the GPs : a:(Q?) & Bu(Q?) (+ 4 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

Compton scattering amplitude
expanded in the photon energy:

2nd order contribution

Hg{) = —4n (% ap E* + %,BMI Hz)

treeeeetee200414
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“stretchability”

— —
dEinduced ~a E

External field deforms
the charge distribution

“alignability”
a'M induced B g

Bpara >0
Bdiam <0

Paramagnetic: proton spin aligns
with the external magnetic field

oo}

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



Virtual Compton Scattering

REACTION PLANE
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Bethe-Heitler Born VCS non-Born VCS

Elastic FFs GPs




Virtual Compton Scattering

valid below & above valid only below
Pion threshold Pion threshold

Structure functions

Dispersive integrals

1
Yy = 'Ul'(PLL—EPI’T) + vy Prp

Spin GPs are fixed

Scalar GPs have

an unconstrained part
Subtract the spin part

Fit to the experimental Prr = [Prr pin]
cross sections at each Q2 Pir = — 30 B GR(QY) - B (@) + (Pur ]

Qem

utilize DR

scalar GPs o and By,



Virtual Compton Scattering
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Sensitivity to the GPs grows as we measure above pion threshold



Early Experiments
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Early Experiments
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ag # 103 V), (stiffness / relativistic character)
Data suggest non-trivial Q2 evolution of ag

Current theoretical calculations not able to
describe the enhancement at low Q?2

Q2 = 0.33 (6eV/c)? measured twice at MAMI:

* Phys. Rev. Lett 85, 708 (2000)
« Eur.Phys. J. A37, 1-8 (2008)

0 o DR
o LEX

Bm small €=>cancellation of competing mechanisms
Large uncertainties

Higher precision measurements needed

= Quantify the balance between diamagnetism
and paramaghetism



Theory

HBChPT

NRQCM

Effective Lagrangian Model
Linear Sigma Model

0.0 0.2 04 0.6 0.8 1.0
Q* (GeV?)

B, (107fm°)

T.R. Hemmert et al

B. Pasquini et al

A. Yu. Korchin and O. Scholten
A. Metz and D. Drechsel

Phys. Rev. D 62, 014013 (2000)
Phys. Rev. C 63, 025205 (2001)
Phys. Rev. C 58, 1098 (1998)

Z. Phys. A 356, 351 (1996)

Theoretical calculations predict a smooth fall off for ag

Can not account for the non-trivial structure of az suggested by the data

Lattice QCD: No calculations for the GPs yet



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 negligible

d50' _ dSUBH+Bor'n. + q;,nqs\IJO + O(Qfm)

A phase space masking has to be applied to keep these terms
smaller than the 2%-3% level

-1 08 -06 -04 -02 0 02 04 06 08 1
c0s(6.pm)

Figure 3.13: (Left) behavior of OPR(g., ?) in the (cos(0em)Pem)-plane at ¢, =
87.5 MeV/cand (right) two-dimensional representation of the angular region where
OPR(¢' %) < 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
dem”™ ?
100 z
MeVic
— ,
Cosecm ’ ’ ::”"cll ' n:‘“"cu‘ ::osﬂc; e ::losac_‘ » ' eosic,:

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,

il

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.

o, _(deg)

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
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Al/3-12 @ MAMI

Goal 2-fold:

1) Measurement of the electric GP ag

2) First measurement of N->A transition form factors

through the y channel

1.1 GeV beam, 5cm LH,, spectrometers A & B in coinc.

Measurement at Q2 = 0.2 (6eV/c)?

0 . | x10*
0 o 20 40
M2 (MeV?)

Fig. 1. The missing mass spectrum. The two peaks corre-
sponding to the photon and to the 7° are very well separated.
The photon peak has been multiplied by a factor of 10 so that
it can be clearly seen in the figure. The inserted panel shows
the center of the photon missing mass peak before (gray circle)
and after (black box) the momentum calibration as a function
of the different run numbers.
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Al/3-12 Results
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MAMTI Results

PhD students:

Phys. Rev. Lett 123, 192302 Jure Bericic (Ljubljana Univ.)

Phys. Rev. € 103, 025205 Loup Correa (Clermont-Fd Univ.)
Meriem BenAli (Clermont-Fd Univ.)

Eur. Phys. J. A55, 182 Adam Blomberg (Temple Univ.)
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Revisiting the Q%=0.33 GeV? data

Q2 = 0.33 (6eV/c)? measured twice at MAMI - two different experiments

Phys. Rev. Lett 85, 708 (2000)

Eur. Phys. J. A37, 1.8 (2008) Analysis revisited (unpublished):

#,
2 * Bates (unpublished)
GE(Q ) T A VCS-Delta Re-fits at

5 MAMI-1, LEX+HOCut Q2=0.33 LEX and DR

I MAMI-1, DR 2'
R I MAMI-1, DR+HOCut GeV Updated HO-cut
A (H.F.)

# JLab

~~~~~~~~~~~~ tuk

The ag puzzle still holds

Pm(Q?)

(material from H. Fonvieille)



Experiment E12-15-001: JLab / Hall-C

Conduct measurements with high precision targeting
explicitly the kinematical regime of interest

Measure above pion threshold
- enhanced sensitivity o the GPs

ODR
OLEX




SHMS:

*11-GeV Spectrometer

* Partner of existing 6-
GeV HMS

MAGNETIC OPTICS:

* Point-to Point QQQD
for easy calibration and
wide acceptance.

* Horizontal bend magnet
allows acceptance at
forward angles (5.5°)

Detector Package:
* Drift Chambers

Hall C HMS and SHMS

« All derived from existing  “Xeg

HMS/SOS detector
designs

« Super High Momentum
Spectrometer

—HB, 3 Quads, Dipole
-P>2-11GeV
— Resolution: 6 <0.1%
— Acceptance: & >30%, 4 msr
-55°<8<40°
—Good e/r/K/p PID

« High Momentum Spectrometer
—3 Quads, Dipole
-P>75GeV
— Resolution: < 0.1%
— Acceptance: & >18%, 6.5 msr
-10.5°< 6 <90°
—Good e/rvK/p PID

mentum Spectromé&ter

am Spectrometer ..,

I




The experiment

Photon identification

(on

:_Simulation H
i Data

N

Counts x 103
=
()]

[ Simul (1r°
osk imul (10)

i

N | 1

-0.01 0 0.01 0.02
(Missing Mass)? (GeV?)

C Polarizability measurement

o (nb/GeV/sr?)

_\ Cross section with fitted
A polarizability effect

120 140 160

Hall C: SHMS HMS cross sections & azimuthal asymmetries
O ey =0 ~ O, =180

456 GeV Agyen=0m) = Gom 0+ o 1m0
20 pA sensitivity to GPs
Liquid hydrogen 10 cm suppression of systematic asymmetries
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Projected Measurements
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Kinematical Settings

Kinematical|0.-,°| 6.° P.(MeV/c)| 6,° P;(M eV/c)|S/N|beam time
Setting

Part I
Q2=0.25-0.4 GeV?

!

acquired data in 2019
(results follow in this talk)

Part IT

Add more statistics and extend
measurements further in Q?

a, (10*m?)

B, (107m°)

00 02 04 08 08 0 00 02 04 06 08 0
P
Q’ (GeV?) Q (GeVY)
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N->A TFFs

1 This experiment
World data
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- normalization control in real-time
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spectrometer acceptance
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o (nb/GeV/sr)

o (nb/GeV/sr?)

New results: VCS cross sections

Q2=0.27 GeV?
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New results: GPs

10k a W=1230 MeV W=1240 MeV W=1250 MeV W-=1260 MeV W=1270 MeV

: ——

O sf \H%\;\\\"ﬁ

N S SRR R SR L S

cE + -+ -4+ -+ - -

10] W=1280 MeV
5 L/}/"*'\_/’/_I—L\
.
C 120_ 1_4 N@ 0 Fa ‘W=1230 MeV W=1240 MeV ‘W=1250 MeV ‘W=1260 MeV ‘W=1270 MeV
E L
™ 59 dyry=140° F— et
N\«? 8Eb LS RS S SR N S A SOV S

Seb—t1° - Z 3 - u!

& 1o0p W=1280 MeV

= 4F \*_[’_/ i

o St S SR

g2 __ -4 o g i = —— [

P =28 e |
8| b~ - B _k K i -
6 ~— 10
4 e S S B
oh 5 S T
ok - byy=38° 1

20 14 M- _ ] —— ] e o M ] b - b ]
e Bertba
02740 760 20 740 160 20 140 160 50740 160 50140 160 20 140 160
COF . w 6, (deg)
2
i I~

E 4 / '\‘5 8 b W=1210 MeV ‘W=1220 MeV W=1230 MeV W=1240 MeV ‘W=1250 MeV

S of 26— b—1 1T —F 1|

£ [ RO o L B e S

- E 3 Byry=150°

T < 2 - - - - _ o= Fo--=-==-_ === - fF----=- - DR (fitted ate By)
L —
af! 8 — = = BH+Born
oF ‘\ i\r—r*/\k—./*/‘\l—f—-*’/\;_f,r_’
o N—
. ok dyy=30° |
] olos-n-- - e Sioo oo O B SCIC TS Nk JE TSI
20 140 160 20 140 160 T20 140 161 720 140 160 720 140 160
6, (deg)
‘\é 6F c W=1190 MeV ‘W=1200 MeV ‘W=1210 MeV ‘W=1220 MeV ‘W=1230 MeV W=1240 MeV
S
B S, S I
3 ¢ i S L S Se—
=P $yy=152
o - T A T R T b i
ar \!\_L_/\{\f/\};"/
| R T
N R R N
4
S B e e . T I
|
2L bS50 [ L_ L L L
055540 160 20140160 120 140 160 120140 160 50140 160 20 740 160
6, (deg)

DR fit

(10 fm®)

B

Experimental cross sections are compared to the DR model
predictions for all possible values for the GPs
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MAMI-I re-analysis (unpublished)

e,
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-,
t-,,

Paper under review

Ruonan Li (Temple Univ.)
Hamza Atac (Temple Univ.)
Mark Jones (JLab.)
Michael Paolone (NMSU)



Q? dependence of the electric GP

Traditional fits using
predefined functional forms

| Fits: World data
da b iment:
. y experiment:
Dipole
10 Dipole+gauss MIT-Bates
MAMI-I
MAMI-IV
MAMI-V
MAMI-VI

JLab-I
This work

0.2 0.4 06 08 1
Q% (GeV)?

OI_IIIIIIIIIII

Dipole (?)  (x%,=3.7)
Systematically overestimates MAMI-VI
Systematically underestimates MAMI-I & IV

Cuts grossly through the new measurements

Data-driven techniques

no direct underlying functional
form is assumed

02 04 06 0.8 1
Q? (GeV)?

OI_IIIIIIIIIII

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



Spatial dependence of induced polarizations on an external EM field

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 Il

-1.0  -0.5 0.0 0.5 1.0
by [£fm]

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 on an external EM field

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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Moving forward

VCS-II at JLab (Hall-C): new JLab proposal for JLab PAC51 (summer 2023):

targeted measurements in the area of interest, higher & lower in Q?

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

Virtual Compton scattering at low energies with a positron
beam

Barbara Pasquini~'?, Marc Vanderhaeghen®?

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

SInstitut fiir Kernphysik and PRISMA+ Cluster of Excell Gutenberg Universitit, D-55099 Mainz, Germany
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Challenges for the theory - in particular for ag(Q?)



Summary

New high precision measurements of fundamental system properties (GPs)

Insight to spatial deformation of the nucleon densities under an applied e.m. field,
interplay of paramagnetism-diamagnetism in the proton, polarizability radii

A non-trivial behavior in ag(Q?) is confirmed albeit with a smaller magnitude
than originally suggested

Challenge for the theory with respect to ag(Q?)

High precision benchmark data for theory - strong constraints to the
theoretical predictions

Future experimental measurements can explore in more detail -
pinning down precisely the shape of the structure is important input for the theory

Future LQCD calculations will be of great interest

Thank you!



