Proton scalar and spin polarisabilities
from Compton scattering data

Timon Esser In collaboration with
Franziska Hagelstein, Vadim Lensky J G|U
and Vladimir Pascalutsa (JGU)
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Electromagnetic Polarizabilities

Proton is 1000 times “stiffer” than naive expectation

o Electric dipole polarizability:
& P=ap &

iInduced electric dipole

polarization (linear dielectric)
======= ¥
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Electromagnetic Polarizabilities

Proton is 1000 times “stiffer” than naive expectation
- Electric dipole polarizabllity:

—_ — .
. quantum atom: ay; ~ SV
A l ) E '
E — (XF1 proton: az; ~ 107> fm’

iInduced electric dipole

polarization (linear dielectric)
======= ¥
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Electromagnetic Polarizabilities

Proton is 1000 times “stiffer” than naive expectation

Electric dipole polarizability:

—

P:aElﬁ

iInduced electric dipole
polarization (linear dielectric)

Magnetic dipole polarizability:

P = by H
for polarization induced by
magnetic field

Timon Esser (JGU Mainz)

quantum atom: ay; ~ SV
proton: az; ~ 1073 fm?
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Electromagnetic Polarizabilities

Proton is 1000 times “stiffer” than naive expectation

Electric dipole polarizability:

—

P:aElﬁ

iInduced electric dipole
polarization (linear dielectric)

Magnetic dipole polarizability:

P = by H
for polarization induced by
magnetic field

Timon Esser (JGU Mainz)

quantum atom: ay; ~ SV
proton: az; ~ 1073 fm?

diamagnetic: f;;; < 0
paramagnetic: f,; > 0
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Proton Magnetic Dipole Polarizability

Dia- or paramagnetic ? 4 <0orpy, >0

5
BxPT [3]
.= HBxPT [42]
HDPV [48,49]
4 - —1 PDG [50]
TAPS [16]
These results
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a51[10‘4fm3]
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Proton Magnetic Dipole Polarizability

Dia- or paramagnetic ? 4 <0orpy, >0
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5 HIGS (2022)

/
/ dv’ Tiot (V) ~ 14 x 10~ *fm?>

U’2

Timon Esser (JGU Mainz)

Py (ChPT) = 3.9(0.7) X 10~ fm?
Bui (DR) = 2.4(0.6) X 10~*fm?
Bt MAMI) = 3.14(0.51) X 10~*fm>

By (HIGS) = 0.2(1.2) x 10~*fm’
Eur. Phys. J. C75 (2015) 604
Phys. Rev. Lett. 129 (2022) 10, 102501

Phys. Rev. Lett. 128 (2022) 13, 132502
Phys. Rev. Lett. 128 (2022) 13, 132503
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Proton Magnetic Dipole Polarizability

Relevant input in atomic spectroscopy

» Extractions of f,;; have varied in the past PDG '20- e Bu, [10-4 fm?]

Experiment

. MAMI-A2 '22 A : o
* Relevant input for proton structure okhovan etal 16 (3. HIES 221 —s )
Sokhoygn etal.'16 (23,3I’-|B§((PT fit) 1 : @

corrections in yH, in particular, for

Mornacchi etal.'22
Schumacher '19 -

subtraction function contribution Pasquini etal. 19
[V. BI|OShytSkyI on ThU] Krupina etal. '18 -

Bignell etal.'20 A

HBYPT fit

McGovern etal.'13 A b <
BxPT fit
Lensky-McGovern '14 A I o

HBYPT p*
Bernard etal. '94 A ; ®

BxPT p*/A
Lensky etal.'15 - : @

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv
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Proton Magnetic Dipole Polarizability

Relevant input in atomic spectroscopy

» Extractions of fj,,; have varied in the past PDG 20- —e—

Experiment
" MAMI-A2 '22 - I ®
 Relevant input for proton structure cchovan etal 16 (5. HGS 221 ——— )
Sokhoygn etal.'16 (23,3I’-|B§((PT fit) 1 : @

.BMlp [10_4 fm3]

corrections in yH, in particular, for

Mornacchi etal.'22
Schumacher '19 -

subtraction function contribution P etar 191
[V. Biloshytskyi on ThU] Krupina etal.'18 -
 Our Aim: Model-independent extraction Bignell etal. 20-

HBXPT fit

McGovern etal.'13 b o

of polarizabilities through partial wave 8P fit

Lensky-McGovern '14 I o
I HBYPT p*
anaIySIS Bernard etal. '94 - | =

BxPT p*/A
Lensky etal.'15 - : @

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv
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Compton Scattering

Low-energy expansion in terms of polarizabilities

* Low-energy (low-momentum) nucleon structure is encoded in low-energy constants
(polarisabilities etc.) that parameterise the Compton scattering (CS) amplitude

* Different kinematical regimes:
. Real CS (RCS): g* =¢g'* =0
o forward limit: g = ¢qg’, p =p’ 7 7
e Virtual CS (VCS) feee . Sparveris on Wed:

* Forward doubly-virtual CS P

[see F. Hagelstein, D. Ruth on Fri.]
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Compton Scattering

Low-energy expansion in terms of polarizabilities

 Born RCS is well known = mass, charge, anomalous magnetic moment and t-channel pion pole
 Non-Born RCS — polarizabilities (dipole, spin, ...)

......... Op=60
(5! _ = - + - + —
i ‘ Born non-Born
= |
= 10t
q L
=
S . Born - ;
5+t S - (NB) /
calar pols do a (v , .
[ | = — v |a-(1 + cos“ @) + 2 cos@| + O(v
- Full (Baryon ChPT) : 10 Y, <y) g € )+ 2P | + o
O— lllllllllllllllllllllllllllll
0 20 4() 60 80 100 120 140
Wiab [MGV]
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W. Pfeil, H. Rollnik and S. Stankowski, “A partial-wave anal-
ysis for proton Compton scattering in the delta(1232) energy
region,” Nucl. Phys. B 73, 166 (1974).

Multipole Expansion

7

Born non-Born

o0

TG’)L’,G)L — Z (2]"‘ 1) T(}I/)L/,Gk(w) dé/_)t/ja_)t(e)
J=1/2
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Multipole Expansion

7

Born non-Born

1 1 1
= Ti1, ®;= T 1., d3= T_ 51, =
8rtfs 22 8mtys 272 8ms 22 ] ;
1 1 1 Ioipon = Z (27 +1) TG’?L’,GA(G)) dc’—k’,a—l(e)
— TQ 1, (I)5= T§ 3, (I)6= T_Q 3y J:1/2
Bnve b Brvs b Brve | HA
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W. Pfeil, H. Rollnik and S. Stankowski, “A partial-wave anal-
ysis for proton Compton scattering in the delta(1232) energy
region,” Nucl. Phys. B 73, 166 (1974).
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Multipole Expansion
ot

)

1 1

T nye bY P Tgnys b BT
1 1

T Bnys M P Ty i T g
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Born non-Born
1 T
N >
TG/)L/,G)L — Z (2]"‘ I)TG/)L, GA( )dG/ A/ O — )L(Q)
\/ET_%’%, T ]:1/2 ?
Heticitg amplitudes PW amplitudes
& = U+ £ — LT F 20 + Y0 — Vafdy
L EE+MM - EE+MM T EM
1
s = VU +YD0 =0+ D ettm £0 — Ve’ F
1
¥y = 20+Y20 = V) fertu + Sz’ + Yonese |

Timon Esser (JGU Mainz)

W. Pfeil, H. Rollnik and S. Stankowski, “A partial-wave anal-
ysis for proton Compton scattering in the delta(1232) energy
region,” Nucl. Phys. B 73, 166 (1974).

MuLtipoLe ampLitudes fll)_lg, ((D)

p and [ define the photon multipolarity

with p,p’=E,orMand [ =J*x 1/2
the total angular momentum of the
initial photon

26.08.2024 14



Multipole Expansion

)

1 1

T nye bY P Tgnys b BT
1 1

T Bnys M P Ty i T g

e
Born
1
2 -
1
Vs Tg3r T J=1/2

Multipole expansion of the non-Born part, truncated at J=3/2: 7= (
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Heticitg ampL'Ltvcdes

non-Born

!

_ fBorn_I_f_

TG’)L’,G)L — Z (2]"‘ I)TG/)L, GA( )dG/ A/ O — )L(Q)

PW amplitudes

1 _
¥, = G0+ PR £ 0~ VPRI 7 20+ 990 - VR
&, = ST+ — {0+ YLER £ — ot ol
‘31 - 4 EE-FMM EEzFrMM EM=FME
1
¥, = 200~ lEEn £l + A5}
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Timon Esser (JGU Mainz)

EM>

W. Pfeil, H. Rollnik and S. Stankowski, “A partial-wave anal-

ysis for proton Compton scattering in the delta(1232) energy
region,” Nucl. Phys. B 73, 166 (1974).

MuLtipoLe ampLitudes fIZD_I;, ((D)

p and [ define the photon multipolarity

with p,p’=E,orMand [ =J*x 1/2
the total angular momentum of the
initial photon
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Observables

Bilinear relations

DC prediction for energy: 105.0 MeV DC prediction for energy: 106.0 MeV DC prediction for energy: 106.7 MeV DC prediction for energy: 109.0 MeV

Name (x? / # data points) Name (x? / # data points) Name (x? / # data points) Name (x?2 / # data points)
Frisch (0.11/1) @ Hyman (0.09/1) Baranov_b (0.38/1) Baranov_a (1.46/1)
MacGibbon_untagged (0.32/2) Total (0.09/1) Total (0.38/1) Hyman (0.32

Total (0.43 /3) Olmos (36.70/p)
Total (38.48 /)

=
(0]

Angular distribution

e

—
N

—_
N

f

75 100
Angle [deg]

do _ |
ds2 25672 s

—n
o

Differential Cross-Section [nb]

Z ‘TG’A’,GQL}Z
o' AoA

oo

Beam as 5 mmetrg

BAS prediction for energy: 83.4 MeV BAS prediction for energy: 92.2 MeV BAS prediction for energy: 108.5 MeV BAS prediction for energy: 129.5 MeV
Name (x? / # data points) Name (x? / # data points) Name (x? / # data points)
dG - dG ' Li_BAS (6.49/3) Mor_BAS (5.19/12) Mor_BAS (8.92/12)
’ | J_ 5 0. Total (6.49 / 3) Total (5.19/12) Total (8.92/12)

Yr =
) dGH—l—dGJ_

Name (x? / # data points)
Mor_BAS (16.58/12)

Beam Asymmetry [a.u.]

do 1
—_— * ’ Total (16.58 /12
dQ 23 o 128 ﬂzs Z Re( G/A/a_l )' TG’A/,I l) 25 50 75 100 125 150 175 25 | 50 )75

G/ A‘/A Angle [deg]
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Forward RCS Amplitudes

Empirical evaluation

t:O - - . /o — —
Isip6a = X;E/ {f(V) gc*;, €6+ g(V)i (8;/ X €g) - G} X
S‘Piw—iwdepewdeth T Spin-dependent
amplitude | | amplitude
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Forward RCS Amplitudes

Empirical evaluation

0
I3 62 = X;Lu {f(V G’ Eg—l—g( ) (G/XEG G}Xk

S‘wa—bwdepewdeth T st—olepewolewt
amplitude | | ampLLtuole
(L+1)— | (L+1)
| = zm Lw+2) (f + A7) +L (P + £t |

J<5 / 2 _ _ _ _
f S (e 2+ f 2+ 613 +O 2 + 63 +9 )

gv)| _ VS i L+1) { (L+2) (FEFD7 4 fU0Y _p(flt 4 fLE) —2L(L+2) (f5h + ALE)}
=0

oM
J<5 \) _ _
S 1k~ f b 6 Tl — Pl + 33— 303+ 3~ i)

Chiral Dynamics 2024, Bochum Timon Esser (JGU Mainz) 26.08.2024



Forward RCS Amplitudes

Empirical evaluation

=0 %
Isip6a = Xy {f(\/ c;’ 86"‘8( ) (G’XEG G}%ﬂt
Spiw—bwdepewdeth T Spin-dependent
amplitude | amplituole
- (LA1)— | A(L+1)
)] =y R e U ) LUk + sl
J<5 _ _
ES %( 2+ 2158 + fa + 2 3w + 6058 + 9558 + 6. 5 + 9 iin)
o v ” dv’ abs abs
B _A_/I+4—7r2/ V2 —y2 0t o1 (V) +035(V)] g‘z
sV = iMzL+1{<L+z><sz“ i)~ L(fEE + fl) = 2L(L+2) (fi+
J<5/2 NS _ _ _
DS (gl 6kl — 6+ Fig — Pt +32 — 3R+ 33— 31
_ax’y v_3/ dv' o} (V) — o35 (V')
B 2M?  4m? o VI VIZ—v2—j0t
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i) )

Vv  Caldwell et al.
¥  HI Collaboration .
# ZEUS Collaboration

Armstrong et al.
MacCormick et al.

LEGS Collaboration
Bartalini et al.

0.8 0.9
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Forward RCS Amplitudes

Empirical evaluation

=0 — x — . /=% — —
Isip6a = XT/ {f(\/) €5 " €o —I—g(V) ! (gG, X 86) ' G}XJL

Spiw—iwdepewdeth T Spin-dependent
amplituoe amplituole
S Lil)— | A(L+1)—
0] = XY {2 (A AR L + i)
L=0
J<5/2 /S, 1 _ _ _
< % (fe& +25e + fan + 2fsana + 65 + e +6fyma + i)
% V2 ” dv’ abs abs
= —A—ffrﬂz/o 7 v | o (V)] L —
S w Lil)— | A(L+1)—
V] = Y w2 (R AE) — LU ) 2L 42) (et i) )
L=0
J<5/2 /s

~7 (fex = fei = O gi — O + Fa — Fuaa + 3fzE — 315k + 3y — 33i)

oc%2v+ v? /°°dv’ i (V) — o35 (V')
2M?  4m?Jo vV VZ—vZ—j0T
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Vv  Caldwell et al.
¥  HI Collaboration .
# ZEUS Collaboration

e

v [GeV]

101 | 102 | 103 | 10* |

Armstrong et al.
MacCormick et al.

LEGS Collaboration
Bartalini et al.

0.8 0.9

¢ Alvensleben eral.

Damashek & Gilman

—— Armstrong et al.

Olmos de Leon et al.
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RCS Sum Rules

Empirical evaluation based on photoabsorption cross sections

Spin-tndependent amplitude
P ZzaP P )= Z2a I V2 /Oodv, or (V')
fv) = Ve + (ce1 + Bu)v? + 0(v?) M 277 2 0 V2 — 2 — 0t ’ ,
~ / / Spin-dependent amplitude
Y . Vorr(v) 0
e A e e R AR

Chiral Dynamics 2024, Bochum Timon Esser (JGU Mainz) 26.08.2024
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RCS Sum Rules

Empirical evaluation based on photoabsorption cross sections

Spbw—w;ilepewdew’c amplitude > o) — 724 | 2 Oodvf or (1)
JO)y= _Va + (a1 + Bupv® + 0(v*) | M 272 ), V2 —p2 —i0t , ,
/ / Spin-dependent amplitude
( )_ ood / VUTT(V) 00 3¢ ; i
gw) = —27_[2 . V v/z—vz—iOJrﬂ — g(v)=—ﬁv+yov + 0(v?)

o

2

. . e L (®  on@)
Forward spin polarizability sum rule:  #o=575 dv 3
0

= —YEIE1 — YE1M2 — VMMl — YMIE2

@(1/) @(1/3) @(1/5) 250 —
Icpu Yo Yo 200 | {4204.5
(ub) (107° fm*) [(107° fm®) sol
GDH & A2 [9, 11] ~ 212 ~ —86 5 A
Helbing [21] 212 4+ 64 12 3 100 7A)
Bianchi-Thomas [24] 207 £+ 23 ié 50} €484
Pasquini et al. [12] | 2106 £14 |—90 £8 &+ 11|60+ 7£7 g
This work 204.5+21.4 | —92.9+10.5|48.4 + 8.2 o0
GDH sum rule  |204.784481(4)" sol
BxPT [15] —90 + 140 | 110+ 50
HBXPT [17] —260 + 190 S o D
0.145 0.309 1 2 10 100 1000
cut-off [GeV]
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RCS Sum Rules

Empirical evaluation based on photoabsorption cross sections

Spiw—iwd&pewdew’c amptituole

Z%a 2 4 .
f) = Ve + (g1 + Bu1)v” + 0(V7)
o0
-1 q or(V)
agy + P = 5 V—
27 ) U
Baldin SR
(Damashek-Gilman '70) ——
(Babusci et al. '98) HH
(Olmos de Leon et al. '01) ——
(Grynuik et al. '15) ——
HBPT fit .
(McGovern et al. '13)
By PT fit
(Lensky-McGovern '14)
ByPT NLO
(Lensky-Pascalutsa '15)
13 14 15 16 17

ocEl(p) + BMl(p) [10™ fm°]

Chiral Dynamics 2024, Bochum

» f(v) =

g(v) =

Zla  V* /Oodv’ or (V)
M 272 ), V2 —p2 —i0t

S‘piw-de‘Pewdewt al/pritude

50 | €48.4

V >0 Vo (V) 2
— | 4 — g0) = — 2y 4y + 0(V®)
2772 0 v'2 — p2 — 0t 2M?
1 (% o)
i izabili : =—| dv
Forward spin polarizability sum rule:  #o==5-3 3
0
= —VE1E1 — VEiM2 — YMiM1 — YMIE2
O) @(1/3) @(1/5) 250
lapu "o Yo 200 ~4204.5
(ub) (107° fm*) [(107° fm®) ol
GDH & A2 [9, 11] ~ 212 ~ —86 i} A
Helbing [21] 212 + 6+ 12 3 100 7A)
Bianchi-Thomas [24]| 207 & 23 E

Pasquinietal. [12] | 2106 £14 |90 &8+ 111|607 L7

This work 204.5+21.4 | —92.9+10.5|48.4 + 8.2 0
GDH sum rule  |204.784481(4)" ol
ByPT [15] —90 + 140 | 110 + 50
HBYPT [17] —260 £ 190 R T D
0.145 0.309 1 2 10 100 1000
cut-off [GeV]
Timon Esser (JGU Mainz) 26.08.2024 10



Partial-Wave-Analysis Ansatz

« [ = ] multipoles determined through low-energy expansion in the following model-independent form:

_ M 06E1 Ey, (—og1 + B Ey\~* _
ot (Ey) = Ez\/ 3 y( 7 IYE1E1>+(My> fL(Ey)

1 a2 M OCE1 —Qp1+ P > ( y)z R

TeeEr) =Ey Vs | ( 2reien )y ) 2B After including the forward constraints we fit
e (5) = B2 M 'BMl . ﬁMl+aE1 l (EN? 4 polarizabilities and 4 residual functions.

MM \Ly \/7 - YMiM1 ! M f3 (EY)

Jum(Ey) = E% - ﬁMl ( —Pu + O —2 MlMl) | (Z}/) fi (Ey)

_H(E):E?’M 7’1511\42I Ey (—6Yeim2+3Vme2+3imt  Pui | Ey\’
Em\Ey Y 516 6 AM - 8M?

flR = restdual functions para meetrised b Y

Vg2 CEy (—6%ie2 3% +3Yeer g1\ | (Er\’
Yl 6 6 4M sM2 ) \ M

polynomials in photon energy £,

» | = 2 multipoles are small and will be either neglected or taken from ChPT

Chiral Dynamics 2024, Bochum Timon Esser (JGU Mainz) 26.08.2024 11



www.elsevier.com/locate/physletb

Partial-wave analysis of proton Compton scattering data below the n

PWA of RCS Below Threshold

Updates and improvements
Mainz (2018)

« Updated world data base including A2@MAMI and HIGS 15 ke o 128 Goan 1 132502

alphaM

» Old world data: 138 data points (w/o pilot 2; data)

 A2: 60 do and 36 2, data points y

T

N T
— : .
w o »
— . B
w 4 5
o ;lr il \ -
£ > @ “
R 4

/b

» HIGS: 8 do and 3 2; data points Ereiw
N t' ri

* Fit of 15 experiments including normalization errors

/ h B T
N s (1 5
(] - ‘X ‘
IR
% .
E 21 2
£ 2
& { -4
00 o .
®
/Q T T T

e Markov Chain Monte Carlo [emcee astro-ph.IM/1202.3665]

¥ e

— +0.6
beta = 9.097;2
Lad o
. e
£
2 il aaini i
3 TR T
3 E g 3 '|' .
ﬁ 3 1 ° N . /
=" 1 s
Q
9* Q
alphaMinbeta = gammaElEl 2 gammaElIM2 = gammaMI1E2
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Fit of World Data

»* distribution

Pointwise o and 23 contributions to y?. Average o and 3 contributions to y?.

Zieger Zieger ®

Olmos Olmos

Mornacchi 23 Mornacchi 23
MacGibbon MacGibbon
Li 23 Li 23

Hallin Hallin

Goldansky Goldansky

Federspiel Federspiel
Bernardini Bernardini

Chiral Dynamics 2024, Bochum Timon Esser (JGU Mainz) 26.08.2024




Preliminary Results

& comparison to literature

Name g B YE1E1 YM1M1 YE1M2 YM1E2 x*/dof.
Literature:
DR, Mornacchi et al. (2022)* 12.7(8)(1) 2.4(6)(1) —3.0(6)(4) 3.7(5)(1) —1.2(1.0)(3)  2.0(7)(4) p-value = 0.24
BxPT, Lensky et al. (2015)  11.2(7) 3.9(7) —3.3(8) 2.9(1.5) 0.2(2) 1.1(3)
Table 1: The proton scalar and spin pol. in units 10~% fm? (scalar) and 10~ fm* (spin).
¢ : Errors are given as (fit)(model)
b Errors are given as (statistical)(systematic)(spin polarizability)(model)
* : Values are not fitted, but taken from PHYSICAL REVIEW C 102, 035205 (2020)
Chiral Dynamics 2024, Bochum Timon Esser (JGU Mainz) 26.08.2024
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Preliminary Results

& comparison to literature

Name g B YE1E1 YM1M1 YE1M2 YM1E2 x*/dof.
Literature:

DR, Mornacchi et al. (2022)* 12.7(8)(1) 2.4(6)(1) —3.0(6)(4) 3.7(5)(1) —1.2(1.0)(3)  2.0(7)(4) p-value = 0.24
BxPT, Lensky et al. (2015)  11.2(7) 3.9(7) —3.3(8) 2.9(1.5) 0.2(2) 1.1(3)

Fits without [ = 2 multipoles:

New world data 11.5(3) 2.5(3) —2.5(9) 4.2(4) —1.6(1.0) 0.8(4) 1.21
Table 1: The proton scalar and spin pol. in units 10~% fm? (scalar) and 10~ fm* (spin).
¢ : Errors are given as (fit)(model)
b Errors are given as (statistical)(systematic)(spin polarizability)(model)
* : Values are not fitted, but taken from PHYSICAL REVIEW C 102, 035205 (2020)

Chiral Dynamics 2024, Bochum Timon Esser (JGU Mainz) 26.08.2024
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Preliminary Results

& comparison to literature

Name g B YE1E1 YM1M1 YE1M2 YM1E2 x*/dof.
Literature:

DR, Mornacchi et al. (2022)* 12.7(8)(1) 2.4(6)(1) —3.0(6)(4) 3.7(5)(1) —1.2(1.0)(3)  2.0(7)(4) p-value = 0.24
BxPT, Lensky et al. (2015)  11.2(7) 3.9(7) —3.3(8) 2.9(1.5) 0.2(2) 1.1(3)

Fits without [ = 2 multipoles:

New world data 11.5(3) 2.5(3) —2.5(9) 4.2(4) —1.6(1.0) 0.8(4) 1.21

New world data without HIGS 11.3(3) 2.7(3) —2.5(9) 4.1(3) —1.4(1.0) 0.7(4) 1.19
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Summary and Conclusions
PWA of RCS

* Proton polarizabilities related to 2y-exchange in scattering / structure corrections in yH
* In the past: tensions between ChPT and fixed-t DR extractions of polarizabilities
> Model-independent ansatz needed
 Mainz Partial-Wave-Analysis of RCS:
> No resonances below the pion threshold
> Multipoles are real
> Forward-scattering is determined via the sum rules (photo absorption cross sections)

 New precise data from A2 and HIGS:

> Preliminary PWA of new world data leads to increased value of y,,;,,; as compared to Mainz PWA '18

» Preliminary PWA of A2 data shows trend towards a larger magnetic polarizability, similar to ,B]E(fhPT = 3.9(7) X 10~*fm’

 Analysis In progress
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