Measurement of the proton scalar polarizabilities at MAMI

Edoardo Mornacchi

Johannes Gutenberg - Universitdt Mainz

SFB1044 school 2016
Boppard 06.10.2016

if"}\\z L i
~r
= Jormes GUTENBERG

UNIVERSITAT MAINZ

Edoardo Mornacchi (Uni-Mainz) Scalar polarizabilities Boppard 06.10.2016 1/21



Proton scalar polarizabilities

Main goal

Measurement of the scalar polarizabilities g1 and By of the proton,using
a linearly polarized photon beam

o Fundamental properties of the nucleon

@ Closely related to nucleon internal structure

@ Important for nuclear physics, atomic physics, astrophysics, spin
polarizabilities measurements, etc.
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Electric scalar polarizability - ocgq
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e Describes the response of a

proton to an applied electric
e «gp: electric polarizability field: "stretchability" of the
proton

e Electric dipole moment: § = agE
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Magnetic scalar polarizability - B
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Paramagnetic
A(1232)

e Magnetic dipole moment: m = Bu;H  ® Describes the response of a
_ o proton to an applied magnetic
® Pwm1: magnetic polarizability field: "alignability" of the
proton

Edoardo Mornacchi (Uni-Mainz) Scalar polarizabilities Boppard 06.10.2016 4/21



Compton scattering

@ Internal structure can be accessed via Compton scattering J
Scattered
Photon
Photon
J\/\/\/\/\/\/\>‘ _I > |
\\
Proton AN

Recoil Proton b

v(k) + P(p) — v(k') + P(p’)
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Compton scattering

Born term

Under the assumption of NO proton internal structure, the effective
Hamiltonian can be written in terms of mass, electric charge and
anomalous magnetic moment

@ Zeroth order: mass and electric charge

Hégf) = % +ep (where 7@ =p— eA)

o First order: anomalous magnetic moment

HEP = Gtk g elizh g, Exﬁ—ﬁxE‘]
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Compton scattering

Scalar polarizabilities

Effective Hamiltonian at the second order includes scalar polarizabilities,
which are related to the proton internal structure

@ Second order: scalar polarizabilities og; and Bz
2 - —
Héff) = —A4r %O&E]_Ez + %/BMle

ag; and Bmi quantify the response of the proton to a static applied
electric or magnetic field

@ Third order: spin polarizabilities Ye1g1, YMiM1, YMmiE2 and YE1m2
3 R — — R — —
He(ﬂ:) = —4r [%’yElEla- (E X E) + %'YI\/IlI\/Il(T' (H X H)

—yme2EjjoiH; + veim2 Hijoi E;
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Existing data

e Highest statistics published data: “

V. Olmos de Leon et al. Eur. Phys. J. zow

A 10, 207-2015 (2001)

e 200 hours of Compton scattering " J

e Epeam = 180 MeV
e E, = 55 — 165 MeV, 0, = 59° — 155°
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Triangles: P.S. Baranov et al.(1974)
P.S. Baranov et al.(1975)
Open circles: F.J. Federspiel et al.(1991)
Squares B.E. MacGibbon et al.(1995)
Curve: RA. Arndt et al.(1996)
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Existing data
PDG (2012) values:
8

% 4 g1 = (12.0 £ 0.6) 104 fm?
op % 1 Bmi1 = (1.9+0.5) 1074 fm?

New PDG (2013) values:

ogy = (11.2 +0.4) 104 fm3
Bmi = (2.5 +0.4) 104 fm3

Bu1® [10% fm3)

» . ) ) . Significant change between reviews
without new experimental data
= New high quality data needed!

ag1® [104 fmd)

At low energy (and in certain phase-space regions) Y3 is mainly

dependent on Bm1
Krupina and Pascalutsa, PRL 110, 262001 (2013

Edoardo Mornacchi (Uni-Mainz) Scalar polarizabilities Boppard 06.10.2016 9/21



e Linearly polarized beam & unpolarized target
Z _ dUL_dU‘l /(\)’\I\/ % /(\[J\,
3 = do, +doy J\M —W—.
e Circularly polarized beam & transversely polarized target
R R
_ T4 xT%x /\)’\r/ ] /(\,r\j\/
Yox = ok ok, T\'A/\‘ W‘

e Circularly polarized beam & longitudinally polarized target

R _ L
Yo, = ol ,—o5,
2 ol 4ot -G ~ -
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Beam asymmetry Y3 and measurement of Bu1

At low energy, Bm1 can be extracted from the beam asymmetry Y3 using a
linearly polarized photon beam and an unpolarized proton target:

do do do | —do
d_Q(H’ }) = d—Q(G) [1 + py23cos(2¢)] where | 3= #era::

E =100 MeV E =135 MeV

1wl

1 sk

Y] S R B R . A
01 2 3 4 5 6 0

B, (107 fm) By (107 fm)

Krupina and Pascalutsa, PRL 110, 262001 (2013)
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Experimental setup

High intensity beam of linearly
polarized tagged photons:

E, = Ey — E.-

@ Injector = 3.5 MeV
o RTM1 = 14.9 MeV
o RTM2 = 180 MeV
)
°

/ Primary Beam

_T; Focal Plane

< . \ |
FoulPIdneA{ 1] o

RTM2
ETT N
— Tagging
llg:;:‘ | Spectrometer
——

Target
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Experimental setup

Crystal Ball
@ 672 Nal(Tl) crystals

o Particle Identification
Detector (PID):
24 scintillator paddles

@ 2 Multiwire Proportional
Chambers ( )

TAPS

@ 366 BaF, and
72 PbWOy crystals

@ 384 veto paddles
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Analysis conditions

= The beam asymmetry 33 is an alternative way to extract Bms:

do) —do)

23 = dO’J_#’dO’H

= We selected Compton scattering Yp — y(p) events:

oE, .. =79—139 MeV

® 0y, =30°—155°

e Events with 1 y in the final state

e Random background subtraction

e Subtraction of empty target contribution
e Missing mass cut

= More than 200,000 Compton scattering events
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Example of missing mass distribution

x10°

sl E,=79-98 MeV

Entries

8, = 30°-155°

[ T P - T
880 900 920 940 o 960 980
Missing Mass [MeV]

Good agreement between PARA, PERP and Monte carlo simulation
= Low background dataset J
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Unpolarized cross-section

do/dQ (nb/sr)
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n New DATA

® V. Olmos de Leon et al., EPJ A 10 (2001)
=== Born contribution
= N. Krupina and V. Pascalutsa, PRL 110, 262001 (2013)

= B. Pasquini, D. Drechsel, and M. Vanderhaeghen,
Phys. Rev. C 76 (2007)

e Agreement with Olmos et al.

e Compatible (or better) statistics in
the new data

e Significant deviation from Born
contribution

e Extension of the angular coverage
in the forward direction
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Example of ¢ distribution

¢ distribution for PARA and
PERP data

cos(2¢) modulation clearly geooof—
seen i
do_ 4000_=
“Z (0 _ [
gg( ’ (I)) 2000_—
- 2
) (0) [1 + py23cos(2¢)] 2 o5t

B P |
-150 -100 -50 O 50 100 150
o

0
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Y 3 results

Ts b ———— ChPT: u=10.65 p=3.15
ok + | —— Dispersion relations: 0=10.65 $=3.15
ook N HBChPT: =10.65 p=3.15
_04b Y R Born contribution
Yy —e— DATA
08 —=—— Systematic errors
:._._._‘_.L—_—-_‘_._._._

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

=m B. Pasquini, D. Drechsel, and M. Vanderhaeghen,
Phys. Rev. C 76 (2007)

== J. McGovern, D. Phillips, H. GrieBhammer,
EPJA 49, 12 (2013)

02- Fit on our X3 results using Baldin sum rule
0 constrain gives
-02
0.4 BChPT framework: HBChPT framework:
-0.6 - o .
ok Bmi = (2.8733) 1074 fm3 Bmi1 = (3.7733) 104 fm®

07720 40 60 80 100120 140 160
0, [7]
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New experiment @ MAMI

e Proposed experiment: 600 hours of Compton scattering on proton:
— Measurement of the beam asymmetry Y3 and unpolarized cross-section
— 10 cm LH; target and a polarized photon beam with E.- = 883 MeV

e Improvement in statistics:

Diamond (both sets) Copper radiator
Experiment | Full target | Empty target | Full target | Empty target
Pilot 116 h 110 h 42 h 39 h
Proposed 500 h 70 h 30 h -

e Tagger upgrade — improvement in rate ~5 times

‘:> Decrease of the statistical error ~3.5 times

e Improvement in systematics:

— Stable linear polarization with the new setup

— Improvement in tagger performance

— Continuous tagging efficiency monitor with pair spectrometer

= Smaller systematic errors
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Achieved and expected precision

[BCHPT fis from P Martsl] |y e )
Experiment | Compton ev. Y3 j—g ):3,5% 33 j% 23.5%
Pilot ~200000 [R5 | 13| 11 gl
Proposed | =~ 4000000 |-20€L1 07 | 04 | 03 oo 0i—

= Highest statistic data set: Olmos et al. (~ 50% of the existing data):

with Baldin | without Baldin
oxgp | 12.1+£1.08 11.9£1.39
Ber | 1.6£0.89 1.2£0.76

= Word data errors (without double counting):
| g1 [ 0.76 | Bex | 0.69 |

= Precision improved compared to the existing data based on a
single measurement!
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Summary and outlook

e Successful pilot experiment!

— Low background data set in the range 79 — 139 MeV

— First measurement of the beam asymmetry Y3 below pion threshold

— Alternative extraction of Byy using ChPT and HBChPT frameworks

— Preliminary measurement of the unpolarized cross-section in agreement
with theoretical calculations and existing data

e Proposed experiment:

— New measurement of the proton scalar polarizabilities with an
unprecedently high precision

— Simultaneous measurement of the unpolarized cross-section and beam
asymmetry

— Increased of the statistics and reduced of the systematic effects
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THANK YOU FOR YOUR ATTENTION! ]
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Analysis conditions

= The best way to extract 3 is the beam asymmetry X 3:

Z o dO’J_*dO'H
3= PHdUJ_+PJ_d(7”

= We selected Compton scattering Yp — y(p) events:

oE, .. =79—139 MeV

® 0y, =30°—155°

e Events with 1 -y in the final state

e Random background subtraction

e Subtraction of empty target contribution
e Missing mass cut

= More than 200,000 Compton scattering events
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Measurement of v and 3

4 ‘Uw- COS 9 sin? 9
Yia = X0 ,3 O(w?* 6

(B) . . . .
where ¥, is the pure Born contribution, while

M2

w = e J[,+§t, f = arccos (1-4-‘ ! ) (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 is valid for w and # being the energy
and angle in the lab or center-of-mass frame.
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Proton scalar polarizabilities

e Electric dipole moment: 5 = agE
e oy electric polarizability
e Describes the response of a

proton to an applied electric

field: "stretchability" of the
proton

e Magnetic dipole moment:
m = BuiH
e (um1: magnetic polarizability

e Describes the response of a
proton to an applied magnetic
field: "alignability" of the
proton
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