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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
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spectrum of the nucleon (contrary 20045 = Sommoman L st
. lap + apl/e < 7x 10710, CL = 90% (2]
to the elastic FFs) vl < Do
Magnetic moment p = 2.792847356 =+ 0.000000023 1y

(np + 1p) [ mp = (0 £5)x 1078
Electric dipole moment d < 0.54 x 10723 ecm

Electric polarizability & = (11.2 + 0.4) x 10~* fm?
1 Magnetic polarizability 8 = (2.5 % 0.4) x 10~% fm3 | (S = 1.2)
A Ccessed exper‘l meanl IY Through Charge radius, jLp Lamb shift — 0.84087 = 0.00039 fm ldl{ ]
M Charge radius, ep CODATA value = 0.8775 =+ 0.0051 fm [@
Compton Scattering processes Magneti radus - 0777 4 0016
Mean life 7 > 2.1 x 102 years, CL = 90% [¢]  (p — invisible

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

Virtual Compton Scattering:

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

= mapping out the spatial distribution of
the polarization densities

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



Physical content of the nucleon polarizabilities

Coupling of the electric and magnetic fields of a photon with the
internal structure of the nucleon

When expanding the RCS amplitude in the energy of the photon:

O™ and 15t order terms are expressed in terms of the charge,
mass, & the anomalous magnetic moment of the nucleon

2"d order terms describe the response of the nucleon's
internal structure to an electric or a magnetic dipole field

Hé?f) - —471'[% ag1 E? + %BMI H? ]

The proportionality coefficients are the electric o; & the
maghnetic scalar dipole polarizabilities B,
alpy = 12.1 £ 0.3 (stat.) F 0.4 (syst.) = 0.3 (mod.)

B = 1.6 = 0.4 (stat.) £ 0.4 (syst.) = 0.4 (mod.).

3rd order terms: internal spin structure of the nucleon

Hé?f) = _47"[%7E1E1 o- (E X E) + %7M1M1 o-(Hx H) E
—TYM1E2 Ez’j UiHj + YE1M2 Hij UiEj], Eij - %(Vz’Ej + VjEi)



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
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Lt “stretchability”
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External field deforms
the charge distribution
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“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
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Experimental Landscape
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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)
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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
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Experimental Landscape

5 <

E
0 LEX 5,
o DR z 7]
o= [ o DR
o LEX
3 4
)
i
24
T—
JLab 1 %
i 0- % ;i
— 7T - T T T T T T 717 ™

T 1
T T T T T T T T T T 1
00 02 04 06 08 10 12 14 16 18 20 00 02 04 06 08 10 12 14 16 20

1.8
Q% (GeV?)

Q* (GeV?)

ag # 103V, (stiffness / relativistic character) By small €=>cancellation of competing mechanisms
Data suggest non-trivial Q? evolution of ag Large uncertainties
Current theoretical calculations not able to Higher precision measurements needed
describe the enhancement at low Q* = Quantify the balance between diamagnetism
Q2% = 0.33 (6eV/c)? measured twice at MAMI: and paramagnetism

* Phys. Rev. Lett 85, 708 (2000)

«  Eur. Phys. J. A37, 1-8 (2008) Current situation unsatisfactory:

- more measurements needed (vs Q?)
- Higher precision measurements needed
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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 in 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
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Virtual Compton Scattering

REACTION PLANE

Bethe-Heitler VCS Born VCS non-Born
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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

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



Virtual Compton Scattering

LEX vs DR
Phys. Rev C 86, 015210 (2012) T 5
Phys. Rev Lett. 93, 122001 (2004) S
2" 1
34
data setl-a (<Q* =0.92 GeV?) 2_-

data set I-b  (<Q* =0.92 GeV?)

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

below thres. below thres. above thres.

Sensitivity to the GPs grows with the photon energy



Ongoing Experimental Efforts

MAMI  A1/1-09 (vcsq2) Fonvieille et al below threshold

MAMI  A1/3-12 (vcsdelta) Sparveris et al above threshold

Both experiments utilized
the Al setup at MAMI

R
Luminosity
/

Preliminary results were i
recently released (LEPP 2016)

Analysis is ongoing




Ongoing Experimental Efforts
vcsq2 @ MAMI

~ 1.0 GeV beam
Q% =0.1(6eV/c)?, 0.2 (6eV/c)?, 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 @, for all the cos(f.,)-bins. The curves follow
the convention of figure 5.6.

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



Ongoing Experimental Efforts

Data taken in fall 2012

1.1 GeV beam at 30 pA

5cm LH2

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

through the y channel

Goal 2-fold:
150001 L%
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0.04

A (%)

10
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vcsdelta @ MAMI

250 hrs of beam time

1) Measurement of the electric GP ag
2) First measurment of N->A transition form factors

Full (Aa=0.7, Ab=0.5)
- - -CMR=0

—-—- 97.5% M1

Full (Aa=0.7, Ab=0.7)
----- Full (Aa=1.2, Ab=0.5)
—--=- Full (Aa=1.7, Ab=0.5)

105



Ongoing Experimental Efforts

MAMI
MAMI

A1/1-09 Fonvieille et al
A1/3-12 Sparveris et al

VCS below threshold
VCS above threshold

data analysis ongoing
data analysis ongoing

new MAMI measurements competitive to the Q?=0.33 (6eV/c)? measurements

MAMTI constraints Q2 < 0.45 (GeV/c)?

Preliminary A1/1-09 (vcsq2)
Preliminary A1/3-12 (vcsdelta)

0 LEX
O DR

a_ (10%fm’)

Preliminary results:
LEPP conference, Mainz, April 2016

Clermont-Fd & Temple groups
4 PhD students

2 independent measurements at Q2=0.20 (GeV)



Revisiting the Q%=0.33 (6eV/c)? measurements

Q2 = 0.33 (6eV/c)? measured twice at MAMI
DR analysis of the data:

Two different experiments - a few years apart
Eur. Phys. J A 28, s1, 117 (2006)

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

Results from both experiments through LEX

Preliminary A1/1-09

_ 1 Preliminary A1/3-12 0 Lex
E 12'bﬁ O DR
VIS \"\
2ol 1l
° 2
5 \ (1) 0.5 1 (12'25((;&7 3) o 0.5 1 ()lz.%Ge\%z)
6 -
7 DR & LEX analysis recently revisited
24 Currently ongoing effort
0_- (%Q%] ----- Results so far still point out to an
' . . . ' ' enhanced ag value at Q?=0.33 (GeV/c)?
0.0 0.2 0.4 0.6 0.8 1.0



Ongoing Experimental Efforts

JLab

E12-15-001
(JLab)

Preliminary A1/1-09
g Preliminary A1/3-12 0 LEX
120

e

O DR

a_ (10%m’)

10 4

Q° (GeV?)

Will double the sensitivity to the GPs

additional + :

Beam energy x 4
Beam current x 5




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 asymmetries



Hall € Overview

SHMS shielding
“hutch

22 meters
Total Length

Dipole

18.4 Degree Bend
Max. Field: 45T
EFL: 3.0m

Max Gradient: 12.7 T/m
EFL: 1.84m Max Gradient: 8.9 Tim
EFL: 214m




Alternative Experimental Setup

HRS Hall A (?)

HRS min. angle = 12.5 deg
Can not run Part I with 4.4 GeV

Run Part I with a lower beam energy

Part I with 3.3 GeV:

* Reduced sensitivity to GPs
« Smaller cross section

= da increased by 16.5%
(still very competitive measurement)

beam

Hall A: HRS(e), HRS(p) Will not be able to allow for the
3.36eV 6.5 days maximum beam energy to another
4.4 GeV 10.5 days Hall during Part I (6.5 days)

The high Q? Jlab measurements (E93-050) were done in Hall A
with the two HRSs, a 15 cm LH2 target, and a 4 GeV beam



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 position & momentum through out Part II

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)?




Kinematical Settings

HMS singles rates

Kinematical| HMS singles rates

Setting (kHz)

Kin Ia 163

Kin Ib 43

Kin Ila 244

Kin IIb 31

Kin IIla 300

Kin IIIb 21

Part I| Kin IVa 213

Kin IVb 91

Kin Va 290

Kin Vb 68

Kin VIa 300

Kin VIb 34

Kin VIIa 102

Kin VIIb 37

Part II| Kin VIIIa 122

Kin VIIIb 31

Kin IXa 244

Kin IXb 16

HMS Tracking Efficiency
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HMS singles rates kept below 300 kHz

KinI, I, IIT,VIa = 40-50pA
All other settings & 85 pA



Phase Space

Part I Part IT
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Measurements

Plus for systematics:

« Electron momentum & angle: one change during Part T

« Electron momentum & angle stays fixed through out Part IT

* Proton momentum stays fixed for the asymmetry pair (¢,.,=0°,180°) measurements
« No beam energy changes

p(e,e'’p)T° measured for free

« High statistics
« Cross section very well known in this region
« Additional normalization per setting



Asymmetry (%)

d°s (pb/GeVisr’)

Measurements

T Q? = 0.65 (6eV/c)?
e e b b 173‘/*'1 (d391)80 e e e e 17?”’“/ (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%
| ‘ 3 | Target length +0.3%
BTNy Beam charge +0.3%
204 e NG Dead time +0.3%
: - | | Pion contamination in MM +0.3%
as4 o T R Rad. Corr. +15%
1 T N\ Other +0.5%
Xe= 15 10 fm o <+1.3% (stat) <+3.3% (syst)
0 i . - . - A x+0.7% (stat) = +£1.1% (syst)
130 140 150 160 170 180

0y*y (deg)



a_ (107fm?)

B, (10*fm°)

Projected
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Status of E12-15-001
(arbitrarlily projected points)
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Part I approved in summer 2016 (Jlab PAC 44). (4.4 GeV, 85 nA, Hall €)
Scheduling request will be submitted in spring 2017

Beamtime request for Part IT will follow the first results of Part I



Summary

Electric and Magnetic GPs
 fundamental structure constants
« internal structure and dynamics of the nucleon
 complementary to elastic & transition FFs, GPDs, TMDs, ...

Puzzle w.r.t. ag

New measurements in a region very sensitive tfo the nucleon dynamics

* moving fowards improving the precision of az and p,, by a factor of 2
* high precision mapping vs Q? - cross check of measurements from different labs
- explore non trivial Q% dependence of ag (mesonic cloud, something else ... ?)

* 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!



