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Proton Polarizablities

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

150 Baryon Summary Table

Response of internal structure
& dynamics to external EM field

[7] 10P) = 1)

Mass m = 1.00727646681 & 0.00000000009 u

Sensitive to the full excitation 1w <o
SPZCTr'um Of The nUCleon |,f,—ﬁ:|/(,f,—‘f):8.99999999991:’4:0‘00000000009
lap +apl/e < 7x10710, CL = 90% [b]

|ap + ge|/e < 1x 10721 1]
Magnetic moment p = 2.792847356 £ 0.000000023 ppy
(np + 1p) [ mp = (0 £5)x 1078

Accessed experimentally through e e e
Compton Scattering processes TR s o T L T 1

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% [¢]  (p — invisible
mode)

Vi r""ual Comp"'on SCGTTer'ing: Mean life 7 > 103! to 1033 years [¢]  (mode dependent)

Virtuality of photon gives access to the
Generalized Polarizabilities a:(Q?%) & B,,(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



Proton GPs

Intense experimental effort on o (Q?%) & B,(Q?):

- currently facing a puzzle with respect to the electric GP
- new results are coming up

- new experiments are coming up

Spin polarizabilities:

- They have been measured in RCS (A2/MAMI): PRL 114, 112501 (2015)

- VCS: only one measurement (A1/MAMTI) of a structure function that is
a combination of the electric GP and two spin GPs

Pi (GeV~2)

This experiment —15.4 £ 3.3(stat.) T35 (syst.) PRC 92 (2015) 054307
DR model [16] 237 (a) , —87 (b) , —1038 (c)
HBChPT O(p%) [17]  —10.6

Beam-recoil polarization measurement at Q?=0.33 (GeV/c)?



Scalar Polarizablities
Response of internal structure to an applied EM field
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Scalar Polarizablities

Response of internal structure to an applied EM field

A

Lt “stretchability”
++
++
w—> —_ —_
- E dE induced a E

External field deforms
the charge distribution

U

“alignability’
a'M inducedN B §

Bpara >0
Bdiam <0

Paramagnetic: proton spin aligns
with the external magnetic field

ool

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




Virtual Compton Scattering

REACTION PLANE

Bethe-Heitler VCS Born VCS non-Born
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o ] o




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
cross section at each Q° P o= =24 /% GR(Q) - B (Q?) + [Pt pin

Qem

utilize DR

scalar GPs a; and B,,



Virtual Compton Scattering

‘Y 5
Phys. Rev C 86, 015210 (2012) E
Phys. Rev Lett. 93, 122001 (2004) S
6LIJ
3 4
data setl-a (<Q% =0.92 GeV?) 5
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data setI-b  (<Q% =0.92 GeV?)

500

1.0 1.2 1.4 1.6 L?N (Gez‘}()) LEX DR DR

below thres. below thres. above thres.

Sensitivity to the GPs grows with the photon energy



Early Experiments
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a_ (10*m’)

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

Current theoretical calculations not able to
describe the enhancement at low Q2

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

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

o DR
o LEX

L

L] I I | ! | ! I ) I !
00 02 04 06 08 10 12 14 16, 18 ,20
Q" (GeV?)

Bu small €=>cancellation of competing mechanisms
Large uncertainties

Higher precision measurements needed

= Quantify the balance between diamagnetism
and paramagnetism

Current situation unsatisfactory:

- more measurements needed (vs Q?)
- Higher precision measurements needed



o (10*fm’)

Theoretical Landscape

T.R. Hemmert et al Phys. Rev. D 62, 014013 (2000
HBChPT Y 12000

B. Pasquini et al Phys. Rev. C 63, 025205 (2001)
NRQCM .

A. Yu. Korchin and O. Scholten Phys. Rev. C 58, 1098 (1998)
Effective Lagrangian Model A. Metz and D. Drechsel Z. Phys. A 356, 351 (1996)

Linear Sigma Model

B, (107fm°)

All theoretical calculations predict a smooth fall off for a;

None of the models can account for the non trivial structure of o suggested by the data

Lattice QCD Currently: Q?=0 calculations exist but at unphysical quark masses

Near Future: calculations at the physical point for Q?=0
first calculations for Q220



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 | GP Il

by [£m]

-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)

== Induced polarization
along b =0

Phys. Rev. Lett. 104, 112001 (2010)
M. Gorchtein, C. Lorce, B. Pasquini, M. Vanderhaeghen

a_ (107fm?)

0.0 0.2 0.4 0.6 0.8 1.0
Q% (GeV?)



Ongoing Experimental Efforts
MAMI

MAMI A1/1-09 (vcsq2) below threshold

MAMI A1/3-12 (vcsdelta) above threshold

Both experiments utilized
the Al setup at MAMI

Luminosity ¥
Monito %4

Preliminary results were
recently released o op—— - S -\ =L

Analysis is ongoing

Timing
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0.5

~ 1.0 GeV beam
Q% =0.1(6eV/c)?, 0.2 (GeV/c)?,

vcsq2 @ MAMI

and 0.45 (GeV/c)?
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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.

Figure from PhD thesis of L. Correa, Mainz / Cl. Ferrand, 2016

o, _(deg)

-150-100-50 0 50 100 150 -150-100 -50 0 50 100 150 -150-100 -50 O 50 100 150

The curves follow

Polarizability ---
effect

GP effect typically O - 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



For LEX the higher order terms have to be negligible

d50' _ dSO,BH+Born + q:;mqs\IIO + O(qu)

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
cos(6.p,)

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
OPER(g' %) < 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, 2016



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; o ::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)



vcsdelta @ MAMI

Goal 2-fold: 1) Measurement of the electric GP a¢

2) First measurment of N->A transition form factors
through the y channel

1.1 GeV beam

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

Full (Aa=0.7, Ab=0.5)

— 107 ---CMR=0
e R e EMR=0
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MAMI Preliminary Results

Preliminary A1/1-09 (vcsq?2)
Preliminary A1/3-12 (vcsdelta)

0 LEX

SR Data analyzed by 4 PhD students

a_ (10%fm’)

Jure Bericic (Ljubljana Univ.)

Loup Correa (Clermont-Fd Univ.)
Meriem BenAli (Clermont-Fd Univ.)
Adam Blomberg (Temple Univ.)

2 independent measurements at Q2=0.20 (GeV/c)?




MAMI Preliminary Results

Preliminary A1/1-09 (vcsq2)

[

N W LEX minus spi st DR) B
® ® irect DR [{;‘{@ M
N

E® MAMI-A1 Preliminary
|

|
1 1.5 2
Q® (GeV?

(material from H. Fonvieille)



MAMTI Preliminary Results

® photon channel = = MAID ———— PV
O HallA —-=DMT ... GH
> cias T Sereet TTTHOM
@ Bates « =+« SAID Lattice QCD
V Elsneretal =+ = Large-Nc
X Pospischil et al —— DSEM
E
=
(&)
_15IIIIIII|IIIIIIIII|IIIIIIIIIIIIII -
e e 000 005 010 015 020 025
Q’ (GeVic)
First measurement of the Sato Lee
N-A €2 amplitude through Phys. Rev. C 54, 2660 (1996)
9 Phys. Rev. C 63, 055201 (2001)
the photon channel .
quark-core . .-
Important for cross check to the I ety
world data and for cross checking & =
constraining the model uncertainties
) L
0] 1 2 3 4

O (GeV/e)?



Revisiting the Q?=0.33 GeV? data

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

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

E
* Bates (unpublished)
2 ®
GE(Q ) * A VCS-Delta Re-fits at
1 ] MAMI-1, LEX+HOCut 2 LEX and DR
Q2=0.33
h & MAMI-1, DR )
. = MAMI-1, DR+HOCut GeV Updated HO-cut
\ .'A~\ (H.F.)
# JLab

The ag puzzle still holds

Pm(Q?)

(material from H. Fonvieille)



Ongoing Experimental Efforts

JLab
New Experiment Going from € = 0.6 2 0.9 doubles the sensitivity to the GPs
E12-15-001 £=0.97 (Jlab)
(JLab) €=0.62 (MAMI)

Beam energy x 4

Preliminary A1/1-09 Beam current x 5

12 O DR

NNy

g Preliminary A1/3-12 0 LEX

10 4

a_ (10%m’)

Q° (GeV?)



JLab Hall C with 12 GeV upgrade

« Super High Momentum « Well shielded detector huts
SpeGramgler _ « 2 beam line polarimeters
—HB, 3 Quads, Dipole N
_P>2-11 GeV Ideal facility for:
— Resolution: 8 <0.1% — Rosenbluth (L/T) separations
— Acceptance: & >30%, 4 msr — Exclusive reactions
—-5.5°<6<40° — Low cross sections (neutrino Ievel)

— Good e/rvK/p PID
* High Momentum Spectrometer

— 3 Quades, Dipole

—P > 75 GeV

— Resolution: 8 < 0.1%

— Acceptance: & >18%, 6.5 msr

-10.5°< B8 <90°

— Good e/rVK/p PID
* Minimum opening angle ~17?

HMS

Slide Courtesy
of S. Wood




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

* Hodoscopes

* Cerenkovs

* Calorimeter

* All derived from existing |

HMS/SOS detector
designs

Hall C HMS and SHMS

Well-Shielded Detector il

Enclosure

Rigid Support

Structure

* Rapid & Remote
Rotation

* Provides Pointing
Accuracy &
Reproducibility
demonstrated in HMS

3 = Super High Mdgmé‘ntuum Spectromé&ter
S = High Momentum Spectrometer..,

A




E12-15-001 Experimental Setup

HMS o
e & p detection in coincidence
SHMS P
..... 10000 ——————— T
& ' Photon:
L missing mass

5000—

Y B 002 004
£ M 2(GeV?)
3
cross sections
Hall ¢: SHMS, HMS in-plane azimuthal asymmetries
4 4 GeV 4 Oppen=0 — O 5, =180
* =0,7T -
40-85 HA (Py*y ) Term0 I T 150

Liquid hydrogen 15 cm
sensitivity o GPs

suppression of systematic uncertainties



d’c (pb/GeV/sr’)

Projected Measurements

Q2 = 0.43 (6eV/c)?
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avoid BH peaks
stay at 0,.,>120°



Kinematical Settings

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

Part I
Part IT
SHMS: one change of setting through Part I Same beam energy
same position & momentum through out Part IT for all settings
Part I I I IT IT

Q2 0.33 (6eV/c) 043 (6eV/c)? 052 (6eV/c)> 0.65(6eV/c)> 0.75 (6eV/c)?




Phase Space
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= 4k - 14 .
[ ] i 1 Eur. Phys. J. A11 (2001) 185-208
ol 1 o 1 Phys. Rept. 378 (2003) 99-205
WL 1 4L B
03 oa o5 oe s o6 . | o8
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d°s (pb/GeVisr’)

Asymmetry (%)

Projected Measurements

- B .
% N Q? = 0.65 (GeV/c)?
e e b b 178‘/"1 (deg1)80 e e e e 17%Y“/ (deg1)60
Statistical <+1.3%
Beam energy / scat. Angle +1-2.5%
07 Target density +0.5%
35 Detector efficiency +0.5%
Acceptance +0.5%
-30 Target cell backgr. +0.5%
”e | ‘ Target length +0.3%

Beam charge +0.3%
Dead time +0.3%
] S | : Pion contamination in MM +0.3%
54 R “..‘ff.r.\.;:\.\... e INL R Rad Cor!ra i15%
: T \o Other +0.5%
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a_ (107fm?)

¢

Projected Measurements
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Status of E12-15-001

; 5
12 -E& e
{ Projected Measurements < i
104 “’\ Sg . 0
1 % Part I = I
8- % 34 .
- \\ o)
6
| oy Part IT 2 R
‘ . {
S . i
0- 0
0.0 0.2 04 06 08 10 0.0 0.2 0.4 06 08 1.0
Q@ (GeV) Q% (GeV?)

Part I approved in summer 2016 (Jlab PAC 44). (4.4 GeV, 85 nA, Hall €)

Current plan is to take data in June 2019



Other ongoing efforts
EO08-010 (Hall-A/Jlab): y -channel

parasitic access to VCS - data analysis ongoing

Q?=0.04 (6eV/c)? 10 0.13 (GeV/c)?

hpk

Entries 5388525
Mean 0.02049
RMS  0.006125
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Summary

Intense experimental effort focusing on the measurement of the electric and magnetic GPs
* fundamental structure constants
« internal structure and dynamics of the nucleon
 complementary information to elastic & transition FFs, GPDs, TMDs, ...

Puzzle w.r.t. a¢

New results (MAMI) and an upcoming new experiment (Jlab)
in a region very sensitive o the nucleon dynamics

* improve the precision of ag and py, by a factor of 2
* GPs Q? signature
« explore mechanism for the non trivial Q2 dependence of ag

* quantify the balance between paramagnetism and diamagnetism through p,,

* provide, with high precision, the spatial deformation of charge & magnetization
densities under an applied e.m. field (currently a profound structure is suggested in
the region 0.5 fm - 1 fm)

* Lattice QCD results will be emerging in the next few years - very important to
cross check these calculations

* the new measurements will trigger more theoretical activity Thank you!



