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Scalar polarizabilities

Proton Electric Polarizability

E) s 0. electric polarizability
™ » Proton between charged parallel plates:
> “stretchability”
Proton Magnetic Polarizability
R & » B, - magnetic polarizability
B
> or @9@’@9@’ » Proton between poles of a magnet:
il “alignability”
Diamagnetism Paramagnetism
Baa <0 Boaa>0

@ Fundamental properties of the proton

@ Important to atomic physics (e.g. proton radius measurement in muonic hydrogen)

@ Spin polarizability measurements etc 5



Existing data and model predictions (without recently published data)

© & PDG (2012) values:
a = (12.0 £ 0.6) x 1074 fm?3

B =(1.9 £ 0.5) x 104 fm?

New (2014-2018) PDG values:

. o =(11.2 +£ 0.4) x 1074 fm?

B1® [1074 fm¥

B =(2.5+0.4) x10™*fm?

@ Significant change between reviews
without introducing new experimental data
5 ry ‘0 12 12 s ° Global database not entirely consistent

ag'® [107% fm3]
Goal: high-precision measurement of the scalar polarizabilities of the proton

+ New high-precision unpolarized cross-sections

- New high-quality data on the beam asymmetry z

-~ New single data set with small statistical and systematic errors 3




Spin polarizabilities

@ These parameters describe the response of the proton spin to an applied electric
or magnetic field

@ Nucleon has 4 spin or vector polarizabilities: y__ -y, .y, Y.

@ Fundamental properties of the proton!

@ Low sensitivity at low energies - measurements at higher energies (A region)

1. Beam: circular, Target: longitudinal
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3. Beam: linear, parallel and perpendicular to scattering plane

Target: unpolarized -

N ::T” —I—{TJ‘

— Extractions of spin polarizabilities with small statistical, systematic, and model-
dependent errors
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Experiments with Crystal/Ball TAPS + TPC at MAMI

Crystal Ball/TAPS setup



Crystal Ball/TAPS setup
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@ High-Flux, Tagged, Bremsstrahlung Photon Beam:

@ Unpolarized, Linear, and Circular
@ Polarized and Unpolarized Targets

-+ Development of active targets in progress



Crystal Ball/TAPS setup

Crystal Ball:
@ 672 Nal Crystals TAPS:
» 24 Particle Identification Detector Paddles © 360 BaF, and 72 PbWO, Crystals
@ 2 Multiwire Proportional Chambers @ 384 Veto Detectors



Compton scattering event

Compton Event

Crystal Ball

scintillators

cylindrical WC



New measurement of the unpolarized cross section and X,

Data analysis:

@ Selection of events with one photon at 85-140 MeV and 30° -

@ Sampling and subtraction of the random background

@ Subtraction of the empty target contribution

150°

@ Acceptance correction, flux normalization, estimates for the remaining background,...
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E. Mornacchi et al. [A2 Collaboration] Phys. Rev. Lett. 128, 132503

— 140 MeV):

1.2x10° events: Highest statistics data set for Compton scattering below pion threshold



New measurement of the beam asymmetry X, at MAMI
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New measurement of the unpolarized cross section at MAMI

do/d€2 [nb/sr]

25

]
4
;z

o, = 86.3 - 98.2 MeV o, =98.1-108.4 MeV

(]
LA

do/d€2 [nb/sr]
]
=

—
LA
T

5— 5
nf— h———-h o:— s
g oggs e 0 I e T
019 Oy 1ab [°]
- W, = 118.7 - 130.2 MeV % F W, = 130.3 - 140.4 MeV
25 5 25
C E
20 G 20
- =
o =]
15F 915
mf:

..,.. .l..‘l
%
“‘"\j\ﬁ

5
L | 1 l L L. L TR TR [N T TN T TN [ TN TR | L L
0 50 100 150 0 50 100 150
o o
Oy 1ab [°] Oy 1ap [°]

do/dQ [nb/sr]

®,. = 108.5 - 118.7 MeV

A2: Phys. Rev. Lett. 128 (2022)
A2 systematic errors

TAPS: Eur Phys ) A 10, 207 (2001)
Born contribution

[ Pl | 76, 015203 (20C

HBxPT: Eur. Phys. J. A 49, 12 (2013)

B PT: Eur. Phys. J. C 65, 195 (2010)

E. Mornacchi et al. [A2 Collaboration] Phys. Rev. Lett. 128, 132503 11



New measurement of the unpolarized cross section at MAMI
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Extraction of the scalar polarizabilites of the proton

Bm1[10™4fm?3]

E. Mornacchi et al. [A2 Collaboration] Phys. Rev. Lett. 128, 132503

I BYPT (3]
oI HBYPT [42] g = 10994+ 010 £ 0.4/ £+ 017 0.34
1 HDPV [48,49]
4- S Bwi =3.14021 102410201035
BN These results i (stat)  (syst) (spinpol.) (model dep.)J
3 ] . . . .
@ Highest precision Compton scattering
dataset below pion photoproduction
5 - threshold
@ Most precise extraction of the proton scalar
1 polarizabilities from a single dataset
O T T T T
9 10 11 12 13 14
a51[10'4fm3]
HDPV ByPT HB\PT
QaE1 11.23 £0.16 = 0.46 £ 0.02|10.65 £0.16 = 0.47 £ 0.04{11.10 = 0.16 & 0.47 = 0.17
Bari 2.794+0.20£0.23+0.11 | 3.28 :0.21 =0.24 £ 0.09 | 3.36 = 0.21 == 0.24 £ 0.20
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Spin polarizabilities

Ey =273 — 303 MeV
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Phys. Rev. C 102, 035205 (2020)

Y., Yop, and LEFES data fits

HDPV BxPT Weighted average
ve1e1 |—3.18 £+ 0.52|-2.65 + 0.43|—2.87 £+ 0.52
ymima | 298 £ 0.43| 2.43 £+ 0.42( 2.70 £ 0.43
Yeimz |—0.44 £ 0.67|-1.32 &+ 0.72(-0.85 £ 0.72
Yaiez | 1.58 £ 0.43| 2.47 £ 0.42( 2.04 £ 0.43
X2 /dof| 1.14 1.36

The data sets in the A region suffer from the contamination with pion background:

y+popt+top+y) +y

—Development of Machine Learning-based methods for the selection of Compton events 3



Separation of pion and Compton events in the A region with AI (ML)
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Input MC for model training:
—295 - 305 MeV, y + p events

— Notable overlap in 1D

— Complex shapes in 2D with
opportunity of separation

Processing the data:

—Mix Compton and pion events
— Reshuffle the (labeled) data

— Split the data into training
and validation data sets

—Train and evaluate the model

Blue: Compton MC
Red: Pion MC
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Separation of pion and Compton events in the A region with AI (ML)

Predicted distributions for
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Separation of pion and Compton events in the A region with AI (ML)
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Neutron polarizabilities

Compton Event
Crystal Ball TAPS

scintillators =

cylindrical WC

Detection of low-energy recoil particles with high energy resolution in
combination with the scattered photon

@ Simultaneous detection of the scattered photon and recoil nucleus
@ Measurement of neutron polarizabilities via elastic scattering on light nuclei
(y + *He—»y + *He,y + 'He—»y + ™He,y + d—>y + d)
@ Measurement of form factors via dilepton photoproduction, lepton universality test

17



TPC properties (to be constructed)

Segmented anode

Possible parameters (based on prototype TPC performance and MC):
@ Small size (diameter = 200 mm) in A2
@ Length of the active volume: ~20 cm
@ Pressure up to 25 bar, mixture of helium and hydrogen (~10%), pure hydrogen, ...
@ Energy resolution: 20-30 keV, resolution in polar angle: 2-3°, azimuthal angle
measurement possible if the anode is segmented in phi
@ Vertex reconstruction (Z with resolution better than 0.5 mm)

18



Separation of recoil fragments with TPC

Ring2: Energy [MeV]

N W~ 010 N

Anode structure of
the prototype TPC 1
(ACTAF2)

A I N |

b 1 2 3 4 5 6 7
Ring1: Energy [MeV]
(Curves: Simulation by Alexander Inglessi (PNPI))

@ Data taken with MAMI electron beam and a protype TPC at 10 bar
@ Contributions corresponding to different recoil fragments clearly visible!

19



Expected accuracy for measurements with 3He
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Feasibility studies (Monte Carlo simulations) for the measurement of nucleon
polarizabilities with TPC filled with *He (20 bar) in combination with the A2 setup:
— Fitting done with theoretical framework for *He from H. GrieBhammer et al.
—Improvement in the uncertainties of the neutron polarizabilities by factor of 2

20



Measuring proton radius via dilepton photoproduction with TPC@A2
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FIG. 4: Linear photon asymmetry 4., of the vp — (I {7 ) p pro-
cess. The dashed (blue) curve corresponds with e ¢™ production;
the dashed-dotted (red) curve corresponds with ™~ ™ production.
The solid (black) curve is the asymmetry corresponding with the sum
of the e"e™ + p~ p™ channels according to Eq. (12).

V. Pauk and M. Vanderhaeghen Phys.Rev.Lett. 115, 221804 (2015)

+ Range in Q® for the recoil proton corresponds to the coverage of the (potential) TPC
+ Measurements possible for the proton, deuteron, helium,...
+~ Systematic studies + MC required
-+ The feasibility of the lepton universality test to be studied
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PRES experiment: Measurements with active TPC at MAMI

Proton radius measurement with a completely different systematics:

- Electron scattering with detection of both recoil proton and scattered electron
-~ Measurement of polarizabilities, dilepton photoproduction, (A2 + small TPC)

Hydrogen Forward
TPC 100 kV tracker
/r v 20 bar \

Beam detector

@ Measurements a low Q? (0.001 GeV* < Q® < 0.02 (0.04) GeV?)
@ TPC and Forward Tracker constructed at PNPI
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@ Hydrogen, deuterium, helium gas filling possible
@ Close synergy with PRM@AMBER (lepton universality, input from TPC@MAMI ...)

The experiment is presently on hold ...

-

:

Beam detector
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Summary

Measurement of nucleon polarizabilities with the A2 setup:
@ High-statistics data set acquired: 1.2 * 10° Compton scattering events at 85 — 140 MeV

@ Determination of scalar polarizabilities of the proton with unprecedented high precision
from a single data set!

@ Extraction of spin polarizabilities using Compton scattering data in the A region (AI-
based analysis methods under development)

— Measurement of neutron polarizabilities with TPC as an active target

Measurement of the proton radius in the A2 Hall:
— Measurement of the proton radius with PRES experiment presently on hold

— Measurement of the proton radius via dilepton photoproduction with the CB/TAPS + TPC
possible (detailed feasibility studies required)

23



Summary

Measurement of nucleon polarizabilities with the A2 setup:
@ High-statistics data set acquired: 1.2 * 10° Compton scattering events at 85 — 140 MeV

@ Determination of scalar polarizabilities of the proton with unprecedented high precision
from a single data set!

@ Extraction of spin polarizabilities using Compton scattering data in the A region (AI-
based analysis methods under development)

— Measurement of neutron polarizabilities with TPC as an active target

Measurement of the proton radius in the A2 Hall:
— Measurement of the proton radius with PRES experiment presently on hold

— Measurement of the proton radius via dilepton photoproduction with the CB/TAPS + TPC
possible (detailed feasibility studies required)

Thank you for your attention!
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Proton: PDG status (2023)

P ELECTRIC POLARIZABILITY a,

P MAGNETIC POLARIZABILITY ﬁp

VALUE (10~ fm?)

11.2 + 0.4 OUR AVERAGE
10.65 £0.35 +0.36

12.1 £1.1 +0.5

11.82 40.98 *p-32

11.9 £0.5 +£1.3

12.1 £0.8 +£0.5

VALUE (10~ fm?)

DOCUMENT ID

MCGOVERN
! BEANE
2 BLANPIED
3 OLMOSDELEO..
4 MACGIBBON

DOCUMENT ID

2.5+0.4 OUR AVERAGE Error includes scale factor of 1.2.

3.15 +0.35 +0.36
3.441.140.1
1.43 +£0.98 022
1.2 £0.7 +£0.5
2.1 +0.8 +0.5

MCGOVERN
1 BEANE
2 BLANPIED
3 OLMOSDELEOQ..
4 MACGIBBON

0.00112 + 0.00004 fm?

(2.5 +£0.4) x 107*fm?(5=1.2) v
TECN COMMENT
2013  RVUE xEFT + Compton scattering
2003 EFT + vp
2001 LEGS p(3,7), p(7,7°), p(7,7*)
2001 CNIR ~p Compton scattering
1995  RVUE global average
TECN COMMENT
2013  RVUE xEFT + Compton scattering
2003 EFT + vp
2001 LEGS (3>, p(3,7°), p(F, )
2001  CNIR ~p Compton scattering
1995  RVUE global average



Neutron: PDG status (2023)

N ELECTRIC POLARIZABILITY oy,

1 MAGNETIC POLARIZABILITY B,

VALUE (10~ fm3)

11.8 +1.1 OUR AVERAGE
11.55 +1.25 +0.8

12.5 +1.8 18

12.0 +£1.5 £2.0

3.3
[

VALUE (10 * fm3)

3.7+1.2 OUR AVERAGE
3.65 +1.25 +0.8

2.7 +1.8 13

6.5 +2.4 +3.0

0.00118 + 0.00011 fm?
(3.7 +1.2) x 10~*fm?

DOCUMENT ID TECN
MYERS 2014 CNIR
1 KOSSERT 2003 CNIR
SCHMIEDMAY.. 1991  CNIR
ROSE 19908  CNIR
DOCUMENT ID

MYERS 2014

1 KOSSERT 2003

2 LUNDIN 2003

TECN

CNIR
CNIR
CNIR

COMMENT

vd—vd
v d—ypn
nPb fransmission

v d— ynp

COMMENT

vd—~d
v d— ypn
vd—~d



Dilepton photoproduction

dr= ¥ a? 48 1 with o = €2/4r ~ 1/137, where § = /1 — 42 is the

———— = . : . g

dt dM7 (s —M?2)2 t2(Mj—t)* 147  lepton velocity in the I=IT c.m. frame, with m the lepton
% {CE r%p +C TG - mass, and where the proton FFs G, and G, are functions

of ¢. The weighting coefficients multiplying the FFs in Eq. (4)
have the following general structure :

p p’ p p’

FIG. 1: Bethe-Heitler mechanismto the vp — [ [T p process, where
the four-momenta of the external particles are: k for the photon,
p(p") for initial (final) protons, and [_, [ for the lepton pair.

V. Pauk and M. Vanderhaeghen Phys.Rev.Lett. 115, 221804 (2015)



New approach: Beam asymmetry measurement

At low energies, the measurement of the beam asymmetry, >, is an alternative way to
extract BMl (N. Krupina and V. Pascalutsa [PRL 110, 262001 (2013)])
- Measurements with linearly polarized photons and liquid hydrogen target

O'|| =l |
M3 = Onsl = 0 1+0;32cos?2
o+ 01 pol unpol( [ ~3 Cb)
Eyz 100 MeV
'50_ L DL L L
60°

— == Born
- Enm+G{m3J

— NNLO

4. 3
B,y (10 fm’)



New ideas and developments

Options:
- Experiments with liquid helium target
= Active helium gas target (in prototyping phase)

Ard Mavemizer 2014
Dimansions mm

. FTFE Shessl PTFE Sheal
& A1 e 1%

Sigralvhias i Al-Mylar
‘ Conrecior - 5 micon
Be ‘; Photon Baam

z
g &
o =
i

= Pressune Vessel
Mataral Al Alloy

@ Acting as a target: access to the reaction:

y + 3/4He -y + 3/4He
@ Detection of the recoil nuclei in the active target
and scattered photon in the Crystal Ball/TAPS
@ Higher cross section and greater sensitivity
compared to deuteron
@ First prototype under development

J .R. M Annand (Glasgow), J. Hillebrand (Mainz)



New ideas and developments

Options:
= Experiments with liquid helium target
= Active helium gas target (in prototyping phase)

Initial design used at MAX-lab

Window Retaining Ring Auxil.ia_ry Cells

Phatocathode

Gas Volume

¥ - . " Quartz Window
Mylar Foil

Flanged Bewllium_Winduw

@ Acting as a target: access to the reaction:

y + 3/4He -y + 3/4He
@ Detection of the recoil nuclei in the active target
and scattered photon in the Crystal Ball/TAPS
@ Higher cross section and greater sensitivity
compared to deuteron
@ Inhomogeneity in the detection of the scattered
photon (!?)

J .R. M Annand (Glasgow)

o
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New ideas and developments

Options:
- Experiments with liquid helium target
= Active helium gas target (in prototyping phase)

Active Target
J.R.M. Annand

Ard Movember 2014
Dimansions mm
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7 1im L]

_z
Signalvoias i Al-Bylar
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Phalon Beam

z
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@ Acting as a target: access to the reaction:
y + 3/4He -y + 3/4He
@ Detection of the recoil nuclei in the active target
and scattered photon in the Crystal Ball/TAPS
@ Higher cross section and greater sensitivity
compared to deuteron
@ First prototype under development
J .R. M Annand (Glasgow), J. Hillebrand (Mainz)

Active polarized target

*He-"He-Mixture

| Light Guide Tube, Vacuum Inside
A

Outer Vacuum Seal
SiPM Detector Board

Inner Vacuum Seal Target Head

@ Identification of the Compton
scattering events using scattered
photon in combination with a recoil
proton candidate

@ Suppression of the backgrounds and
access to the low energy range

@ First prototype tested, data under
analysis

M . Biroth, et al. (Mainz)
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Application of Machine Learning for Compton analysis

@ Multiple (pre) analyzed data sets present for Compton scattering above pion threshold —
improved background identification

@ Separation of 7~ background is very challenging, in particular on an event-by event basis

@ Presence of random timing background limits the accuracy of the measurements
(as in most for most of the other analyses at A2 and tagged photon facilities in general)

500 x10°
a E 0 i : : :
g —— S+ o i
© 100} s
[ Compton scatiering 10 il
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300 8-
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100} 44—
ok r
: . - o P N \ I
850 900 950 1000 1050 1100 0 i
Missing mass [MeV] -400 -200 0 200 400
. . . time difference (z° - tagger hit) [ns]
(¢) # = 90° to 100° Figures from PhD thesis of C. C-oﬁzhcott

— Separation of 7° background from Compton events with Machine Learning

— New method for time background handling without random subtraction
— Qutlook for the analysis of Compton scattering data with Machine Learning



Machine Learning approach for handling random background

Counts

x
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@ Handle timing background needed for
ML-based data analysis

@ Limits precision of many experiments due to

subtraction of the background in the classical

method

Separation of the prompt (signal) events
with Machine Learning:

— Multidimensional clustering without labels
(purely statistical approach)

—MC-based approach using the simulation of
the known reaction and measured background
for training ML models (requires agreement
between data and MC)



Event selection below pion theshold

Ey = 79-98 MeV and @y = 30°-155°

Selection of yp - vyp:

Counts

=79 — 139 MeV

@ Ey(beam) 5000

@ Selecting events with 1 y
@ Missing mass cut

@ Subtraction of random timing background

@ Subtraction of empty target contribution _ o

1 1 1 1 L 1 1 I 1 1 I. 1 1
880 900 920 940 960 980

Missing Mass [MeV]

Different orientation of the polarization plane:
Parallel to the horizontal plane: PARA, perpedicular: PERP
Black curve : Monte Carlo

Pilot experiment:

- More than 200,000 Compton scattering events (Ey = 79 - 139 MeV and @y = 30°-155°)

-~ Low background contamination in all energy bins

+ Good agreement between PARA and PERP for the unpolarized component

10



Pilot experiment: Data quality

Opol = Ounpol(l 1 (51 23 COS 2¢)

Degree of linear polarization (averaged)

:

I A | N sl By fomey pa ¥
d 60 80 100 120 140
E, [MeV]

s s - Improved systematics: Event by event
R Y ¥ determination of the degree of linear

PARA and PERP, Asymmetry polarization




Pilot experiment: Beam asymmetry

0.2
_0.4f
0.6
0.8

|
=
®

Ey = 98-119 MeV

F 1 R i— ' | ¢ i
0 20 40 60 80 100 120 140 160
6, [°]

Fit result
;; 1 Fit uncertainty
—@— DATA
—=— Systematic errors

Fit on our 3 results using Baldin sum rule
constraint gives:

BChPT framework: HBChPT framework:

Bmi = 2.8723 x 104 fm’
x?/ndf =19.2/20

2 = 3
Bl 2l < L0 fm
x2/ndf = 17.1/20

V. S., E.J. Downie, E. Mornacchi, J.A. McGovern, N. Krupina, et al.,
[A2 Collaboration], Eur.Phys.J. A53 (2017) no.1, 14
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Compton scattering on the proton: Existing data

@ Highest statistics data set:
V. Olmos de Leon et al. Eur. Phys. J. A 10, 207-215 (2001) [ cacea, , e
@ 1/3 acceptance of CB System!

F

5 i

1l

b~

5 4

—

= & Target

—~=

y
//

Crystal Ball/ TAPS Nearly 4J'[ coverage

UAL =

L=

JAALELE
TELLLT

(5]

defd i} (nhisr)
=
| -
L&\

0™ % 90 120 150 180
w (MeV)

Triangles: P.S. Baranov et al., Phys. Lett. B 52, 22 (1974);

P.S. Baranov et al., Sov. J. Nucl. Phys. 21, 355 (1975)

Open circles: F.J. Federspiel et al., Phys. Rev. Lett. 67, 1511 (1991)

Squares B.E. MacGibbon et al., Phys. Rev. C 52, 2097 (1995)
Curve: R.A. Arndt et al., Phys. Rev. C 53, 430 (1996)



Electric Dipole Polarizability

» Apply an electric field to a
composite system

» Separation of Charge, or
“Stretchability”

» Proportionality constant between

| electric dipole moment and electric
= fleld is the electric dipole
polarizability, agq.

%
Do

P=0

Provides information on force holding system together.



Scalar Polarizabilities — Conceptual

Magnetic Dipole Polarizability

» Apply a magnetic field to a
composite system

» Alignment of dipoles or
“Alignability”

» Proportionality constant between
magnetic dipole moment and
magnetic field is the magnetic
dipole polarizability, 7.

» Two contributions, paramagnetic
and diamagnetic, and they cancel

partially, giving Fp1 < afgq.

Provides information on force holding system together.



Real Compton Scattering — Hamiltonian

Expand the Hamiltonian in incident-photon energy.

Oth order ——  charge, mass
Ist order ——  magnetic moment

2nd order ——  scalar polarizabilities:

1 - 1 -
Hé?f) — —4ﬂ' {QHELEE -+ 5-;M1H2

3rd order ——  spin (or vector) polarizabilities:

He(?f) = —47 Eﬁ;glglﬁ : (E X E) — %"‘.:-Mmﬁ- (Fl X Fl)

—YM1E?2 E&'G’;‘ H; -+ YE1M?2 HU'GFI EJ]



:L :. quantity | incident v | scattered
L’La,» _:xilxl (YEq El El
El, M1 =y Jﬁ El, M1, E2, M? B M1 M1
YE1E1 El El
P\ YMIM1 M1 M1
. v YMI1E2 M1 E2
N . YE1M? E1l M?2

1T

ra

Nucleon has J™ . Photons have parity given by

EL:7=(—1)t
ML: 7= (-1

The usual QM selection rules for angular momentum and parity apply.



Compton scattering: Polarisabilities

The polarisabilities can be defined in terms of the angular
momentum and parity of the incident and scattered photon.

A photon with total angular momentum L, is said to be electric
(EL) or magnetic (ML) if its parity satisfies:

meL = (1)t L = (—1)F

The vmie2 polarisability, for example, can now be described in
terms of the incoming and outgoing photon properties. In this
case, the incoming and outgoing photons carry total angular
momentum and parity given by 27 and 17 respectively.



Polarized Target

Dynamical Nucleon Polarization
Target material is butanol, C4H100

Dilution cryostat with bath of liquid *He/*He, T < 30 mK
P, ~ 90% with a relaxation time of 7 > 1000 hours.



Frozen Spin Target

Polarizing protons through Dynamic Nuclear Polarization (DNP):

Cool target to 0.2 Kelvin.
Use 2.5 Tesla magnet to align electron spins.

Pump ~ 70 GHz microwaves (just above, or below, the
Electron Spin Resonance frequency), causing spin-flips
between the electrons and protons.

Cool target to 0.025 Kelvin, ‘freezing' proton spins in place.
Remove polarizing magnet.

Energize 0.6 Tesla ‘holding’ coil in the cryostat to maintain
the polarization.

Relaxation times > 1000 hours.
Polarizations up to 90%.




Elimination of ° background

® Main background source for Compton scattering: y p — pm°
@ Background production mechanism: 1 y lost
@ Kinematics similar to Compton scattering
@ Significantly (~100 times) higher cross-section
Low energy range:

+~ Can be removed at ~ 150 MeV (e.g. 145 — 150 MeV)

- Cuton E
Y
0
Yp > P YP— 1P
o 180¢ ) 240 e 8 500
Y 160~ 220 ¥ 160}
C —200 C Iy
140 140— - —400
- —180 - i
120 —160 120 %
C | - [ —300
140 l
100— 1001 L
: iz [4
80 o
C =100 - -f. —200
60— —{80 60— g,
L = [ B ]
- 50 - iy
40F 400 i 100
F 10 C "
r 20
20 20 - Ii
_||||||||||| LK T ||||||||||||||||| Coovavlv v bvv e b bvay I | ' N
0 ~"20""20 60 80 100 120 140 460 480 200 % 20 40 60 80 100 120 140 160 180 200
Y Y
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Elimination of ° background

@ Main background source for Compton scattering: y p — pm°

® Background production mechanism: 1 y lost
@ Kinematics similar to Compton scattering

@ Significantly higher cross-section

® Higher energies: 1 y can take the largest part of the 1° energy

YP— pTT’ _YP—> P
6 i a0 [
N -
Up to ~ 250 MeV: "";‘ : :: anz—
2D (E, e) Cut! 4!1(5 b : 41}(:'H-5|uu N
Ey = 245-255 MeV IS :

L Y . : &7
anl Wk 1, g aplieo b e o
b 50 10D 150 200 250 300 b 50 100 150 200 250 300
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Spin polarizabilities

Theory = .

7| p*HB | 3SSE | NNLO | DRs | Kmatrix xperiment
E1E1 | —1.4 —5.4 —4.5 —4.3 —-5.0 no data
MIM1 | 33 1.4 3.7 2.9 3.4 no data
E1M2 | 02 1.0 | —0.9 0.0 ~1.8 no data
M1E2 | 18 1.0 2.2 21 1.1 no data

0 | —30 20 | —0.7 | —0.7 23 | —1.01 £0.08+£0.13

. 63 | 68 | 113 0.3 11.3 8.0+ 1.8

@ Proton spin polarizability predictions and measurements in units of 10™ fm*
@ Note the large absolute error on Y.

-~ Forward spin polarizability has been determined by a “GDH-type” of sum rule

70 = —YE1E1 — "YM1M1 — YE1M2 — TYM1E?2

-~ Backward spin polarizability has been determined from a dispersive analysis of
backward-angle Compton scattering

Yo = —YE1E1 + YM1M1 — YE1M2 + YM1E?2




Backup

Slit for cooling and NMR caoil

Spacers / PMMA Wavelength-shifting head
Ox 0.5mmthickness  © @26mm /i 220mm /L 20mm

=) =

¢
Polarizable scintillator Inner vacuum window Light guide tube / PMMA
10x 220mm / 1mm thickness PMMA 1mm thickness 0 @26mm /i 220mm /L 1.5m
Doping: 1.5-10-"¥%cm-3

Maik Biroth, Institut fir Kernphysik, Mainz, Germany mbiroth@uni-mainz.de
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Measurement of o and 8

AMw? cosfsin® #

T =T ey O O, ()

‘B) . . . -
where £} is the pure Born contribution, while

s—M?* 4 3t t
w = =t E=E.I’EEU-H(1—|—E) (7)

are the photon energy and scattering angle in the Breit

(brick-wall) reference frame. In fact, to this order in the
LEX the formula i1s valid for w and # being the energy
and angle i the lab or center-of-mass frame.

N. Krupina and V. Pascalutsa [PRL 110, 262001 (2013)]



Crystal Ball/TAPS (slide taken from M. Unverzagt)

Crystal Ball:

672 Nal(Tl) crystals

93,3% of total solid angle

Each crystal equipped with PMT
LIV . R (R g
E, (EJGev)" 2° g9
At=25nsFWHM  Old)= S (0)
TAPS:

Up to 510 BaF  crystals

Polar acceptance: 4-20°

At =0.5 ns FWHM

i
i:—lm&"" I,B“,."'Iﬂ
E, JE,IGeV




> : Experimental challenges

2X

@ Small Compton scattering cross sections
@ Large backgrounds
@ Butanol target (C4H90H): Coherent and incoherent reactions off C, O and He

@ Proton tracks are required to suppress backgrounds, but energy losses e.g. in the
target are considerable.

'E""
o s xo©
-‘ﬂ' = %
Q._I = " ?_.- AW A
ﬁ‘}‘ ! oA ‘1\}
WaVaY ?ﬁ}@ e g.:'iy l".“t"
Coherent Compton Coherent n° on 2C o A
12 3/4 15 P, <0
on 12C [/ **He / Onﬂo CS‘ .ai'.-ﬂ WVV\K
“,,‘_{a . o‘aﬂ 0
oa‘-"*r, P ot v 7~ on the proton
‘bg I_.r- (AT {“
Incoherent ® on 2C

Incoherant Combton on 12C

P. Martel (UMass, KPH Mainz)
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2, at higher energies: Preliminary results

L, Asymmetry

=
un

=
+a

=
L

Ey =277.1 £ 10.1 MeV

[—=— = (Dec. 2012)
| —e— LEGS 2001
| —— HDPV (Nominal)

Pascalutsa

Preliminary

20 40 60 80 100 120 140 160 180
Polar lab angle (8) of v [7]

Cristina Collicott, et al. [A2 Collaboration]
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Scalar polarizabilities

Proton Electric Polarizability Proton Magnetic Polarizability

| SSSSSSSSSSSSSSSSS/
‘ B
B

++++++++++++++/ | NNNNNNNNNNNNN/

* o electric polarizabilty * 3: magnetic polarizability

* Proton between charged parallel plates: @ Proton between poles of a magnet:

“stretchability” “alignability” o



First look in December 2012 data

Proton magnetic polarizability

| SSSS5S555S5SS55SSS /
Diamagnetic + ‘
9 o B

Paramagnetic 1

pion cloud
Paramagnetic
| NNNNNNNNNNN /

A(1232)
Magnetic polarizability: proton between poles of a magnetic

Rory Miskimen (Bosen 2009)



Spin polarizabilites

E, = 267 — 282 MeV E, = 286 — 307 MeV
oy L
0.3 — HDPV
0.25) — ByPT

""D TR T (S O (Y LI N Y | Logecpe o Jowsop o g o e el i M B | ""D TR T I (G O Y LI N Y | { T AR TN T e PO N N AN OO () PO SN | NI B |
0 200 a0 60 80 100 120 140 160 180 0 20 a0 60 B0 100 120 140 160 180
Compton 6, (deg) Compton 0, (deg)

@ Recent data (MAMI) and older data (LEGS) are shown along with
Dispersion Relation (HDPV) and ChPT (ByPT) predictions.

G. M. Huber, C. Collicott, arXiv:1508.07919 (2015)
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