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Concept of polarizabilities

* A dielectric system in external em. field is polarized, e.g. In a
uniform electric field:

» Induced electric dipole polarization:

—

P=ap E (linear dielectric)

\ electric polarizability




“Classical atom.”

The external field displaces the
nucleus w.r.t. the electron cloud until
the forces are equal:

— — F-
ext — Fcloud
6Eea:t — §6,0d — Wd
: : : » Ecxt
The induced polarization,
T — T

ﬁ — €JE aElﬁext
yields:
OE1 — 3V proportional to the volume
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Quantum atom

Include the external
field as perturbation:

—

Hpyert = €7 Eopy = erley cost

1st order yields the Stark effect.

2nd order, the polarizability effect:

AE® = 3 elllperdn)” _ 1, p2

EF{—F, 2 ext
n=2
9,2 (13|rcos@|n)2 - 3 o
ap] = —2e 22 5~ ~ L7 x4ray,,,. =5V
n—

probes the excitation spectrum!
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Nucleon is different

Profon: V' ~ (r,)” ~ 0.6 fm® , d. experiment: agfg‘) = (11+1) x 10~* fm*

1000 times “stiffer” than hydrogen!
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Bm1 P [104 fmI]

Static polarizabilities of the proton
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Partial-Wave Analysis (PWA):

16

TAPS: fit to TAPS/MAMI data based
on fixed-t DRs of L’vov et al.

Olmos de Leon et al., EPJA (2001)

BChPT: “postdiction”
Lensky & VP, EPJC (2010)

Lensky, McGovern & VP, EPJC (2015)

HBChPT: fit to world data
GrieBhammer, McGovern & Phillips, EPJA

(2013)

PWA: fitto world data
Krupina, Lensky & VP, PLB (2018)

differences between DR and ChPT extractions are due to database inconsistencies,

improvements — new experiments — are needed!
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Effect on muonic-hydrogen Lamb shift

Muonic Hydrogen Lamb shift

AE™ = 206.0668(25) — 5.2275(10) (R /fm)?

theory uncertainty:

2.5 neV
numerical values reviewed in: A. Antognini et al., Annals Phys. 331, 127-145 (2013).
1-loop eVP
proton size subleading effects of
2-loop eVP (Kallen-Sabry) proton Structure
uSEand pvp proposed to resolve
310 peV the puzzle
1-loop eVP in 2 Coulomb lines £ &
recoil
TPE 7 7
(el)
(pol)
hadronic VP 2 2
proton SE (2v) _ (27) (27)
3-loop eVP oV - 6‘/(31astic + 5Vpolariz.
light-by-light scattering
0.001 0.01 0.1 1 10
[meV]
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Compiled by:

Lamb
shift
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N
172

2P fine splitting

2P, F=2
F=1
F=1
F=0

triplet

\Y

singlet

2S hyperfine splitting

=0

Hagelstein, Miskimen & VP,
Prog. Part. Nucl. Phys. (2016)

Disp. Rel.

(Pachucki '99)

(Martynenko ’'06)
(Carlson-Vanderhaeghen ’11)

Disp. Rel. + HBxPT
(Birse-McGovern ’12)

Finite-Energy SR
(Gorchtein et al. ’'13)

HBxPT LO
(Nevado-Pineda ’'08)

HByPT NLO
(Peset-Pineda ’14)

ByPT LO
(Alarcon et al. ’14)
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Hyperfine splitting in muonic hydrogen

. eory status
AE‘HFS(LS’) = [1 + AQED + Awea,k+hVP + AZemac:h + Arecoil + Apol]AE‘(I)_IFS
>hys. Rev. A 68 052503, Phys. Rev. A 83, 042509, Phys. Rev. A 71, 022506 ATPE
pp p He?
Magnitude  Uncertainty Magnitude Uncertainty
AEEFS 182.443meV  0.1x107°% | 1370.725 meV 0.1x 1076
AQED 1.1x1073 1x107 1.2 x 1073 1x1076
AWeak+hVP 2 x 10_5 2 % 10_6
Azermach 75x1073  7.5x107° 3.5 x 102 2.2x 1074 <« Gp(Q?), Gu(Q?)
Aecoil 1.7x 1073 1076 2x1074 <~ Gg,Gp, 1, P
Apol 4.6 x1074 8 x 107° (3.5x1073)*  (25x107%)* < g1(=,Q?), g2(z,Q?)
BxPT LO
(Hagelstein et al. '15) +~—
Disp. Rel.
(Martynenko et al. '02) —
(Faustov et al. '06) _—
(Carlson et al. '08)
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First experiments are planned at PSI and JPARC!
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Spin structure at low Q

One of the problems is “deltaLT puzzle":
where two ChPT calculations disagree
by about a factor of 2

Bernardietal'l3 ]

i BChPT 1

Martel et al

00 05 1.0 1.5 2.0 25 3.0

St (107 fm*)

New relations among polarizabilities, e.g.:

Orr = —Ye1e1 + VCS spin GPs

VP & Vanderhaeghen, PRD (2015)
Lensky, VP, Vanderhaeghen & Kao, PRD (2017)

Lensky, Hagelstein, VP & Vanderhaeghen, PRD (2018)
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Virtual Compton scattering (VCS) and
generalized polarizabilities (GPs)

e

Bethe-Heitler Born VCS non-Born VCS

NLO-BChPT: Lensky, VP & Vanderhaeghen, EPJC (2017) [1612.08626]
Fixed-t DR: Pasquinietal., PRC (2000); EPJA (2001)

; (b)
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preliminary MAMI data:

open circle, PDG 2014 [61]; blue circle, Olmos de Leo6n et al [62]; green diamond, MIT-Bates (DR) [7, 8]; . .
green open diamond, MIT-Bates (LEX) [7, 8]; purple solid square, MAMI (DR) [13]; purple open square, I_ CO fea P H . FOnV|e| | |e !
MAMI (LEX) [13]; red solid triangle, MAMI1 (LEX) [9]; red solid inverted triangle, MAMI1 (DR) [11]; red

open triangle, MAMI2 (LEX) [10]. Some of the data points are shifted to the right in order to enhance their H . M e rkel e‘t a | . [ A1 Col | ]

visibility; namely, Olmos de Ledn, MIT-Bates (LEX), MAMI LEX, MAMI1 DR and MAMI2 LEX sets have the
same values of ? as PDG, MIT-Bates (DR), MAMI DR, and MAMI1 LEX, respectively.
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Partial-wave analysis (PWA)
of Compton scattering data

below pion production
threshold

Krupina, Lensky & VP, Phys. Lett. B782 (2018) 34.

Sum rule determination of forward Compton scattering

PHYSICAL REVIEW D 92, 074031 (2015) PHYSICAL REVIEW D 94, 034043 (2016)

Evaluation of the forward Compton scattering off protons. II.
Spin-dependent amplitude and observables

Evaluation of the forward Compton scattering off protons:
Spin-independent amplitude

Oleksii Gryniuk,l’2 Franziska Hagelstein,1 and Vladimir Pascalutsa'

Unstitut fiir Kernphysik and PRISMA Cluster of Excellence, Johannes Gutenberg-Universitit Mainz, Institut fiir Kernphysik and PRISMA Cluster of Excellence, Johannes Gutenberg-Universitit Mainz,
D-55128 Mainz, Germany D-55128 Mainz, Germany
2Physics Department, Taras Shevchenko Kyiv National University, (Received 7 April 2016; published 31 August 2016)
Volodymyrska 60, UA-01033 Kyiv, Ukraine
(Received 2 September 2015; published 21 October 2015)

Oleksii Gryniuk, Franziska Hagelstein, and Vladimir Pascalutsa

Review Basic Introduction

Progress in Particle and Nuclear Physics 88 (2016) 29-97

Contents lists available at ScienceDirect

IOP Concise Physics

Progress in Particle and Nuclear Physics

Causality Rules
A light treatise on dispersion relations and sum rules
Viadimir Pascalutsa

ELSEVIER journal homepage: www.elsevier.com/locate/ppnp

Review

Nucleon polarizabilities: From Compton scattering to @Cmm
hydrogen atom

Franziska Hagelstein®, Rory Miskimen ", Vladimir Pascalutsa**

2 Institut fiir Kernphysik and PRISMA Excellence Cluster, Johannes Gutenberg-Universitit Mainz, D-55128 Mainz, Germany
" pepartment of Physics, University of Massachusetts, Amherst, 01003 MA, USA
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Compton scattering specifics

Qs e T s

Born non-Born

FIG. 1: Mechanisms contributing to real CS: Born and non-Born terms.

- No resonances (below pion production threshold)
- Multipoles are real, neglecting radiative corrections
- Forward-scattering is determined, via the sum rules (photoabsorption cross sections):

yields linear relations on the multipoles, rather than bilinear

- Not much data (about 100 data points, many from old experiments)

Vladimir Pascalutsa — Nucleon Polarizabilities— CIPANP —- Indian Wells, CA— May 31, 2018



Multipole Expansion

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).

. and references therein
Topor= 3, QI+1)T o (@)dl 5 5 5(6)
J=1/2
T T TWL@V\ICY
HeLic'L’cg amplitudes d-functions

PW ampLLtuoles

4
MML’CI':POLC aVWPLL’CI/LdCS f l j;, (a)), with p,p’ = E(lectric), or M(agnetic)

P
angular momentum /

Unitary relation to pi-photoproduction multipoles ot ©
. Imfg =k Z |E(£:|:1):|:
( between 1 and 2 pion thresholds):

9

2 2
. Imfjg =k M
C
Imfy, 7 =Imfiy =Fk Y Re(EIMT"),
c

where the sum is over the charged wN states, i.e: ¢ = 7%, 7n

We expand the non-Born piece only, truncated at |=3/2 (only |=1/2, 3/2 are taken into account):

_ rBom r - _
f_f —I_f f_(EE7 EE’fMM7 A14M7 l}?]—é_d’ ME’ EE’fEE7fMM7 MM)

Vladimir Pascalutsa — Nucleon Polarizabilities— CIPANP —- Indian Wells, CA— May 31, 2018



Bm1® [107* fm3)

Dynamic to Static Polarizabilities

. 2
(ab-e(w)):[ﬁ(” DY [<e+1)fg;;<w>+zf (@]

IBME (w) w?! MM
26 —1 - i+ 20 4+ 20+1
Eee (@ —_ w w EE ) EM
"
2—/0 ( E _I_ ) L+

yemery (@) = 2 T fE (w).

MEE(£+1)

Static Limit, energy=0:
. Proton Neutron
1 1 Q‘l ) 8 T T T T i i L
%, P Forward spin polariza bLLL’%
Y

°r \ ) °r Yo = —YE1E1 — YEIM2 — YMIM1 — YMI1E2
4 . f 4t Backward spin PoLarLzaloLLitg
2 = ] Yo = —VE1E1 — YEIM2 + YM1M1 T YM1E2

i 1 %2}
0} 4 0k
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6 8 10 12 14 16 6 8 10 12 14 16

agsP) [104 fm®] agy ™ [104 fmd]
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Observables: bilinear relations

Awngular distribution

do — I Z ‘TG/}L’,G)L‘Z g—g:icncosne
n=0

10 356725 PN forJ <5/2

BeaOm asa mme‘crg
dGH — dGJ_ do 1

—X3 = = Re(T* T
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Forward-scattering Sum Rules: linear relations

Tawm = X;V {f €y Ec+8(V)i (€5 x &) G}m
A
T —
Spin-dependent amplitude
Spiw—iwdcpewdewt ampLLtude

a v o[ dv’ b b
Lf(") = _1\_/1+4—7r2/o 2 v i [Gf/S( )+G3a/§( )]
VS v (L) — | H(L+1)
Y, Z (L+1) {L‘|‘2) (fEE ‘|‘fMM T)+HL(fEE + A%\F/I)}
L=
J<5/2 /s 2+ 2 2+
=" 2 (fp 2145+ fua+ 2fuiha+ 6135 + 9125 +6Fiar +Ofiiha)
V) = o v, V3 / dv' o1 (V') — o35 (V')

{ § B 2M?  4Am? Jo V! V2—vZ—i0*F

_ ﬁ;@m{(mz)(f;;l P 7 —L(f + ) — 2L (L+2) (fh + £55) |

5
SER-

(frg — f2t — 6fEmr — 6fuk + fumt — Furt +3F 58 — 358 +3Fome — 3fait) -
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Empirical Evaluation of Sum Rules

EVALUATION OF THE FORWARD COMPTON SCATTERING ... PHYSICAL REVIEW D 92, 074031 (2015)
600 600 T T
500 | v Caldwell et al.
L i } H1 Collaboration |
0 E 0 ¥  ZEUS Collaboration | Z 20[ v2 o0 / O T (U/)
. 3 _ f) =~ 2 dv — 7
400 M 2 0 vV ve —10
E 00l fo-t i 07 107 107 0t v o / V/O'TT (V/)
§ g (v) — 2 dv /2 2 . _|_ .
l 0 Ve —vs—10
200 F o :
m
..... MAID e, p ¥ Armstrong etal.
100k === SAID Mo =1 ¢ MacCormick eral. ||
— fitl A LEGS Collaboration ||
== fitll 0 Bartalini et al.
0 0:2 013 0f4 OTS 016 0f7 Of8 019 1.0
v [GeV] 4T T T T —
3 5
> o) O@) O)
0~ I S— _
SRS S Iapn %0 7o
S5t ¢  Alvensleben eral. A —2 F ’, ; ‘| —— Reg i (pb) (10_6 fm4) (10_6 fm6)
e —4 | » ~-= Img 1 | GDH& A21[9, 11] ~ 212 ~ —86
) —— Olmos de Leon eral. > 6t % $ MAMI+ELSA | Helbing [21] 212+ 6+ 12
_ — ful © oo 05 10 15 >0 |Bianchi-Thomas [24]| 207 423
&3.03 = : : : : : : : Pasquini et al [12] | 210+ 64+ 14 |-904+8 £+ 11|60+ 7+ 7
2 s S This work 204.54+21.4 | —92.9+£10.548.4 +8.2
B 0 SR GDH sum rule  [204.784481(4)"
| / e | Ll BYPT [15] —90+ 140 | 110+ 50
S, oo ——— N\ HBXPT [17] —260 + 190
123} s I L
[ xPTReg S
st | | | | | | —6 XPT Img AN 1
0.0 05 1.0 15 2.0 25 3.0 . . s s s . .
v [GeV] 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
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Comparison with a prediction from
Chiral Perturbation Theory

Eur. Phys. J. C (2015) 75:604 THE EUROPEAN
DOI 10.1140/epje/s10052-015-3791-0 PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

CrossMark

Predictions of covariant chiral perturbation theory for nucleon
polarisabilities and polarised Compton scattering

Vadim Lensky1*2'3'4'a, Judith A. McGovern* , Vladimir Pascalutsa'

! Institut fiir Kernphysik and PRISMA Cluster of Excellence, Johannes Gutenberg Universitit Mainz, 55128 Mainz, Germany
2 Institute for Theoretical and Experimental Physics, 117218 Moscow, Russia

3 National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 115409 Moscow, Russia

4 Theoretical Physics Group, School of Physics and Astronomy, University of Manchester, Manchester M13 9PL, UK
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Our PWA Anzatz

|. Determine L=1 multipoles in the following model-independent form:

iy = 2 (o By (et ) (B )|

fie (Ey) :E]Z/% -aTJr % ( aElj‘;ﬁMl —27E1E1) + (%)ng(Ey)- :

it (Ey) = E; % % + % ( ﬁM;‘;r oL +7M1M1) + (%)2f§(Ey)- ,

fum(Ey) = E; % % + % ( ﬁM;‘;F OF| _2}’M1M1) + (%>2ff(l‘:y) :

_EXF/I(Ey) :E?, i\/lg :-'}’E16M2 +€ ( 6YE1M2+3ZZJ;441E2+37M1M1 gﬁ;) N (%)2f§(Ey)
A%(Ey) :Ef, ?/45 :?’M61E2 +% (—67M1E2+34};\[241M2+3YE1E1 B ;‘E;z) N (%)ng(lf},)

After using sum rules,

4 global parameters (polarizabilities) and 4 energy-dependent (residual functions)

2.The L=2 multipoles are

small and are either neglected or taken from ChPT
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Fitted database of unpolarized cross section

Author Ref. Ey [MeV] ¥ [deg] Nata Symbol
Oxley et al. [29] 60 70-150 4 P
Hyman et al. [30] 60-128 50, 90 12

Goldansky et al. [31] 55 75-150 5 v
Bernardini et al. [32] 120, 139 133 2 A
Pugh et al. [33] 59-135 50, 90, 135 16 *
Baranov et al. [34] 79, 89, 109 90, 150 v
Federspiel et al. [35] 59,70 60, 135 4 A
Zieger et al. [36] 98, 132 180 2 ¢
Hallin et al. [37] 130-150 45, 60, 82, 135 13 [ |
MacGibbon et al. [38] 73-145 90-135 18 ]
Olmos de Leén et al. [15] 59-149 59-155 55 L 2

split into Np;ps = 11 energy bins.

detecting outliers

59.69,79, 89,99, 109, 117, 127, 135, 143, 150 MeV
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Fits and Solutions

Source Qe B Ye1EL Yuim Ye1m2 YuiE2 %*/point

Fit 0 12.2+£0.3 1.8F0.3 —-1.6£2.6 1.8£1.1 —1.3+£3.7 2.0+0.7 1.35

Fit L 122403 18703 31407 16403 0.0 25407 1.35

Fit 1 11.8+0.3 22703 —2.7£0.6 1.5+0.3 0.0 22+£0.7 0.97

30

Fit 1/ 10.6£0.3 34503 —1.0+£0.8 1.0+0.3 0.0 1.0+0.7 0.99

Fit 1” 10.2+04 38704 —-1.2+£0.8 0.6+0.3 0.0 1.6+0.8 0.62

nol=2

Fit 2 11.7+0.3 23F03 —2.6£0.6 1.1£0.3 0.0 24+£0.7 1.35

Fit 2" 10.840.4 32704 ~1.94038 07403 0.0 22408 0.69

ByPT 11.2+£0.7 39+0.7 —-3.3+0.8 29+1.5 0.2+0.2 1.1+£0.3

DR 12.1 1.6 34 27 03 1.9

MAMI 2015 35412 3164085 —0.7+12 1.99+0.29
=
<
el
S
=
S
=
5
o

Born
fit 1
fit 1'
fit 1"
ByPT

oy bl b bvana by

="

I
149 MeV

| |
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ap1 + Bui % oz — By Va
Fit 1 14.0 —0.93 10504 7.2£1.0
| Fit 1/ 14.0 —0.93 72406 3.0%1.1
Fit 1” 14.0 —0.93 6.4+06 3.5+12
lBXPT 151+10 -09+14 73+£1.0 72+1.7
DR 13.7 —1.5 10.5 7.8

Solutions for 2 different databases vs. ChPT
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Static polarizabilities of the proton
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Partial-Wave Analysis (PWA):

16

TAPS: fit to TAPS/MAMI data based
on fixed-t DRs of L’vov et al.

Olmos de Leon et al., EPJA (2001)

BChPT: “postdiction”
Lensky & VP, EPJC (2010)

Lensky, McGovern & VP, EPJC (2015)

HBChPT: fit to world data
GrieBhammer, McGovern & Phillips, EPJA

(2013)

PWA: fitto world data
Krupina, Lensky & VP, PLB (2018)

differences between DR and ChPT extractions are due to database inconsistencies,

improvements — new experiments — are needed!
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How to improve on database consistency

DR 13.7 —1.5 10.5 7.8
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do/dQy,p [nb/sr]

Zoomingin -

o1 + B % oE1 — Bui Y
Fit 1 14.0 —0.93 105404 7.2+1.0
| Fit 1/ 14.0 —0.93 72406 3.0+£1.1
Fit 1” 14.0 —0.93 64+£06 35+1.2
ByPT 151+10 —-09+14 73+1.0 7241.7

DR 13.7 ~1.5 10.5 7.8

109(10) MeV

“sweet spot” for unpolarized cross section,
because of the interplay
of scalar and spin polarizabilities

109 MeV

50 30 60 90 120 150 180

Orab [deg]

Vladimir Pascalutsa — Nucleon Polarizabilities— CIPANP —- Indian Wells, CA— May 31, 2018



Conclusions

|.Accurate model-independent Compton PWA solutions found

Thanks to:

- No resonances (below pion production threshold)
- Multipoles are real, neglecting radiative corrections
- Forward-scattering is determined, via the sum rules (photoabsorption cross sections):

yields linear relations on the multipoles, rather than bilinear

and despite:

- Not much data (about 100 data points, many from old experiments)

2. Discrepancies of DR vs. ChPT extractions of polarizabilities from data
are due to the differences in the database

3. Database improvements needed,
preferably by new precise data — coming soon from MAMI !..
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