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@ TRIUMF The proton radius puzzle

How big is the proton?

up 2013 —e— CODATA-2010
— e-p,JLab
up 2010 e — e e-p, Mainz

——=e—— H/D

083 084 085 08 087 08 08 09 091
proton charge radius [fm]

R. Pohl & J. Krauth @ CREMA
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@ TRIUMF The deuteron radius puzzle

How big is the deuteron?

CODATA-2010
},Ld —— e .
Hp +1s50 - D spectroscopy
° e-d scatt.
PR N TN T TN SN NN SRR TN T Y NN ST SN TN TR NN T SO TN TN NN SN SO T T N
2.12 2.125 213 2.135 2.14 2.145

Deuteron charge radius T [fm]

R. Pohl et al., Science 2016
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R TRIUMF The deuteron radius puzzle

How big is the deuteron?

CODATA-2010
},l,d —— —_——
Hp +1s50 - D spectroscopy
° e-d scatt.
PR N TN T TN SN NN SRR TN T Y NN ST SN TN TR NN T SO TN TN NN SN SO T T N
2.12 2.125 213 2.135 2.14 2.145

Deuteron charge radius T [fm]

R. Pohl et al., Science 2016
See Javier Hernandez's talk at the next session
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@ TRIUMF Ongoing u-Spectroscopy Experiments

CREMA @ PSI
Extract precise charge radii R. from Lamb shift (LS) in:
e uH (published 2010,2013: proton radius puzzle)
o uD (published 2016: deuteron radius puzzle)
o u*Het (measured 2014, finalizing: agreement with e—*He ?!)
o u3Het (measured 2014, analyzing: ??77?)
= radius puzzle(s), QED tests, He isotope shift, nuclear ab initio, ...
o u3H, uSHet, pu®7Lit2 .. (possible?)
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@ TRIUMF Ongoing u-Spectroscopy Experiments

CREMA @ PSI

Extract precise charge radii R. from Lamb shift (LS) in:

u#H (published 2010,2013: proton radius puzzle)

1D (published 2016: deuteron radius puzzle)

u*He™ (measured 2014, finalizing: agreement with e—*He ?!)
u3He™ (measured 2014, analyzing: ??7?)

= radius puzzle(s), QED tests, He isotope shift, nuclear ab initio, ...
o u3H, uSHet, pu®7Lit2 .. (possible?)

Extract magnetic radii R,,, from Hyper-fine splitting (HFS) in:
o uH & p3He™ (approved)
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@ TRIUMF Ongoing u-Spectroscopy Experiments

CREMA @ PSI

Extract precise charge radii R. from Lamb shift (LS) in:

u#H (published 2010,2013: proton radius puzzle)

uD (published 2016: deuteron radius puzzle)

u*He™ (measured 2014, finalizing: agreement with e—*He ?!)
u3Het (measured 2014, analyzing: ??7?)

= radius puzzle(s), QED tests, He isotope shift, nuclear ab initio, ...
o u3H, uSHet, pu®7Lit2 .. (possible?)

Extract magnetic radii R,,, from Hyper-fine splitting (HFS) in:
o uH & p3He™ (approved)

FAMU @ RIKEN-RAL / J-PARC
e HFS in uH in two new methods (planned)

Precise R./R,, from A LS/HFS

Require accurate theoretical inputs from QED, hadron and nuclear physics
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@ TRIUMF Lamb shift, charge radius & nuclear TPE

Extract R. = /(r?) from Lamb shift measurement

AE25'72P — 5QED + 551'7;6 (Rc) + 5Zem + 5pol
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@ TRIUMF Lamb shift, charge radius & nuclear TPE

Extract R. = /(r?) from Lamb shift measurement

AEs5_9p = 0QED + Osize (Re) + 0Zem + Opol

@ QED corrections:

e vacuum polarization
o lepton self energy
e relativistic recoil effects

@ Theory of u-p, D, 34Het reexamined

Martynenko et al. '07, Borie "12, Krutov et al. '15 ;\:VL'I

Karshenboim et al. '15, Krauth et al. ’15 ...

Nir Nevo Dinur (TRIUMF) Improved nuclear structure corrections for spectroscopy Feb. 28 2017



@ TRIUMF Lamb shift, charge radius & nuclear TPE

Extract R. = /(r?) from Lamb shift measurement

AE‘25'72P — 5QED + (5size (Rc) + 6Zem + 5pol

@ Nuclear finite-size corrections (elastic):

o leading term (OPE): 0gi.c = '{L; (Za)*x R?

e Zemach/Friar term (TPE): dzem = —% (Za)®x (r3) 2y x R3

e can be calculated from g.s. charge distribution,
Friar 79, Borie 12(’14), Krutov et al. '15

e extracted from experimental form factors,
Sick '14

o or avoided due to cancellations with 0,01
Pachucki '11 & Friar '13 (uD)
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@ TRIUMF Lamb shift, charge radius & nuclear TPE

Extract R. = /(r?) from Lamb shift measurement

AFEss_op = 0QED + Osize (Re) + 0zem + Opol

@ Nuclear polarization corrections (inelastic TPE):
o least well-known

o related to nuclear response functions:

So(w) = L [(¥71010) *6(Ef — Eo — w) lepton
e can be calculated (continuum few-body problem)
o or extracted from data (very imprecise) Nucleus
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@ TRIUMF Lamb shift, charge radius & nuclear TPE

Extract R. = /(r?) from Lamb shift measurement

AFEss_op = 0QED + Osize (Re) + 0zem + Opol

@ Nuclear polarization corrections (inelastic TPE):
o least well-known

o related to nuclear response functions:

So(w) = ¥ [(¥r|Olo) *0(Ef — Eo — w) lepton
e can be calculated (continuum few-body problem)
o or extracted from data (very imprecise) Nucleus

e sometimes rewritten as:
OTPE = 0Zem + Jpol

Nir Nevo Dinur (TRIUMF) Improved nuclear structure corrections for spectroscopy 28 2017



@ TRIUMF Lamb shift, charge radius & nuclear TPE

The accuracy of R, is limited by drpg

Example — uD:

AESS, = 228.77356(75) meV
/—\Erad Cdep. = —6.11025(28) r3 meV/fm? 4 0.00300(60) meV

J. Krauth et al. (CREMA), Ann. Phys. (2016); R. Pohl et al. (CREMA), Science 2016

Status — prior to 3*He' measurements:
o Uncertainty in dpo1: ~ 20%

o Required: ~ 5%

(to determine R, with ~ 10~* accuracy)
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R TRIUMF Calculation Methods

We have performed the first ab-initio calculation of dzem and dp01 for A = 3,4

we used state-of-the-art nuclear forces
e AV18+UIX
o xXEFT: N3LO (Entem & Machleidt) + N2LO (Navratil)

= estimate nuclear physics uncertainty

we employ established few-body methods

o EIHH: Effective interaction Hyperspherical Harmonics (bound method)
o LIT: Lorentz Integral Transform (continuum method)

e LSR: A new method based on the Lanczos algorithm
NND et al., Phys. Rev. C (2014)
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R TRIUMF Calculation Methods

We have performed the first ab-initio calculation of dzem and dp01 for A = 3,4

we used state-of-the-art nuclear forces (at the time...)
e AV18+4UIX
o xXEFT: N3LO (Entem & Machleidt) + N2LO (Navratil)

= estimate nuclear physics uncertainty

we employ established few-body methods

o EIHH: Effective interaction Hyperspherical Harmonics (bound method)
o LIT: Lorentz Integral Transform (continuum method)

e LSR: A new method based on the Lanczos algorithm
NND et al., Phys. Rev. C (2014)
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@ TRIUMF Nuclear potentials: *He Photoabsorption

electric dipole photoabsorption cross section o (w

412 awSp1 (W)

~—

B A e e
| o Arkatov et al. (1979)

5" o Shima ef al. (2005) — AV18+UIX (2006)

o Nilsson et al. (2005) NN(N3L0)+3N(N2LO) (2007)

e Nakayama er al. (2007)

B Tornow et al. (2012)
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@ TRIUMF Nuclear polarization: basic idea

@ Hamiltonian for muonic atoms

H= Hyya +H,+AH “
B P> Za
B om, r

@ Corrections to the point Coulomb from protons
Z /1 1
AH = .
“ Z ( = R¢|>

@ Evaluate inelastic effects of AH on muonic spectrum

in 2" order perturbation theory

5pol - Z <N0/-L0|AH|N/J’>
N#NOJJ'

1
EN() - EN + €uo — €p

(Np|AH |poNo)

|f0): muon wave function for 2S/2P state
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@ TRIUMF Nuclear polarization: contributions

Systematic contributions to nuclear polarization

ONR Non-Relativistic limit

0r + 07  Longitudinal and Transverse relativistic corrections

oc Coulomb distortions

oINS Corrections from finite Nucleon Size
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R TRIUMF Non-relativistic limit

. . . . . lept
@ Neglect Coulomb interactions in the intermediate state epron

Nucleus
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R TRIUMF Non-relativistic limit

. . . . . lept
@ Neglect Coulomb interactions in the intermediate state epron
@ Expand muon matrix element in powers of
n= \/2mrw|R — R/l Nucleus
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S TRIUMF

Non-relativistic limit

. . . . . lept
@ Neglect Coulomb interactions in the intermediate state epron
@ Expand muon matrix element in powers of

n=+2mw/R— R

Nucleus
@ |R— R'| = “virtual" distance the proton travels in 27 exchange
@ uncertainty principal |[R — R'| ~ 1/\/2myw

o~ /e~ 0.3
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R TRIUMF Non-relativistic limit

. . . . . lept
@ Neglect Coulomb interactions in the intermediate state epron

@ Expand muon matrix element in powers of
n=+2mw/R— R
@ |R— R'| = “virtual" distance the proton travels in 27 exchange

@ uncertainty principal |[R — R'| ~ 1/\/2myw

Nucleus

@~y /e ~0.3

3(Za)® [2 2
Pyn(w, R, R) ~ TeZ0) 2 [ g e V2@ g g M9 g g
12 w 4 10
Snr =00, + 00, +63)  ~ n? + 7 + n*

Feb. 28 2017 11 /2
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R TRIUMF NR limit at LO: 6'0),

Svr = S + O + 0N

2rmd o (% [am,
50 = — 7r”“(z@)o/ dw \[ == S, (@)

@ Sp, (w) = electric dipole response function [ D = RY;(R) |

° 5530{ is the dominant contribution to dpo

@ — Rel. and Coulomb corrections added at this order

Feb. 28 2017
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R TRIUMF NR limit at NLO: 6%

Snr =060 + 65 + 68

° 5](\2% o n?

1 1 1
N = O

m]ﬁ Ao R .
ity =~ (Za)" [ [ dRARR - R (N0l (R)H(R)|No)

4
(1 _ my

850 =2 (Za)5// dRAR'|R — R’ po(R)po(R)

° 6g§pp = 3rd-order proton-proton correlation

° 6(213) — 3rd Zemach moment
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R TRIUMF NR limit at NLO: 6%

Svr = Ok + 0Nk + 0N

° 5](\2% o n?

1 1 1
N = O

m]ﬁ Ao R .
ity =~ (Za)" [ [ dRARR - R (N0l (R)H(R)|No)

mi

24

mi
24

59 = (Za)5//deR’|R—R’|3p0(R)pD(R’) = "(Za)* (%) (2)

° 6g§pp = 3rd-order proton-proton correlation
° 6(213) = 3rd Zemach moment

cancels elastic Zemach moment of finite-size corrections
c.f. Pachucki '11 & Friar '13 (uD) = d1PE = |0Zem + Opol|
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@ TRIUMF Results: A

3He SH
AV18/UIX
YEFT

o
N
=

-15.0-12.0 -9.0 -6.0 -3.0 0 30 60 -08 06 -04 -02 0 02
NND et al., Phys. Lett. B (2016) meV meV
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@ TRIUMF Uncertainty estimates

1 He* 1 °H

Error type ‘Séol em  pE 5301 e O1pE
Numerical 04 0.1 0.1 0.1 0.0 0.1
Nuclear model 1.5 1.8 1.7 22 2.3 22
ISB 20 02 0.5 09 02 0.6
Nucleon size 16 1.5 0.6 06 1.3 0.0
Relativistic 0.6 - 1.5 1.4 - 0.3
Coulomb 1.2 - 0.3 03 - 0.2
Multipole expansion 2.0 - 0.6 2.0 - 1.4
Higher Za 1.5 - 0.4 0.7 - 0.5
Magnetic MEC 04 - 0.1 03 - 0.2
Total 4.1% 23% 2.5% 3.6% 27% 2.0%
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@ TRIUMF Dispersion-relations calculation

PHYSICAL REVIEW A 95, 012506 (2017)

Two-photon exchange correction to 25-2 P splitting in muonic *He ions

Carl E. Carlson®
Physics Department, College of William and Mary, Williamsburg, Virginia 23187, USA

Mikhail Gorchtein™ and Marc Vanderhaeghen
Institut fiir Kernphysik and PRISMA Cluster of Excellence, Johannes Gutenberg-Universitdt, Mainz, Germany
(Received 2 December 2016; published 27 January 2017)

We calculate the two-photon exchange correction to the Lamb shift in muonic *He ions within the dispersion
relations framework. Part of the effort entailed making analytic fits to the electron-*He quasielastic scattering
data set, for purposes of doing the dispersion integrals. Our result is that the energy of the 2§ state is shifted
downwards by two-photon exchange effects by 15.14(49) meV, in good accord with the result obtained from a

potential model and effective field theory calculation.

Feb. 28 2017 16 / 2

Nir Nevo Dinur (TRIUMF) Improved nuclear structure corrections for spectroscopy



@ TRIUMF Dispersion-relations calculation

TABLE I. Individual contributions to AE;s from two-photon
exchange in p-*He, in units of meV.

Contribution This work Refs. [21,22]
Elastic —10.93(27) —10.49(24)
& —0.52(3)
Inelastic —5.81(40) —4.45(21)
Nuclear —5.50(40) —4.17(17)
Nucleon —-0.31(2) —0.28(12)
Subtraction 1.60(12)
Nuclear 1.39(12)
Nucleon 0.21(3)
Total TPE —15.14(49) —15.46(39)
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R TRIUMF Summary of results: 2 < A <4

System  Our Ref. Unc. Experimental Status

w?2H Phys. Lett. B '14 1% — 1.3% published Science '16
p*Het  Phys. Rev. Lett. '13  20% — 6%  measured, unpublished

pn3Het 20% — 4%  measured, unpublished

} Phys. Lett. B '16
p3H

4% measurable?

@ Our results agree with other values and are more accurate

= Unc. comparable with ~ 5% experimental needs
= Will improve precision of R. from Lamb shifts
= May help shed light on the “proton (deuteron) radius puzzle
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@ TRIUMF Work in progress

The work is not completed yet ...
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@ TRIUMF Uncertainty estimates

13 He' u3H

Error type 5391 em  OTpE 5301 em  OpE
Numerical 04 0.1 0.1 0.1 0.0 0.1
Nuclear model 1.5 1.8 1.7 22 23 22
ISB 20 02 0.5 09 02 0.6
Nucleon size 16 15 0.6 06 1.3 0.0
Relativistic 0.6 - 1.5 1.4 - 0.3
Coulomb 1.2 - 0.3 03 - 0.2
Multipole expansion 2.0 - 0.6 2.0 - 14
Higher Zor 1.5 - 0.4 0.7 - 0.5
Magnetic MEC 0.4 - 0.1 0.3 - 0.2
Total 4.1% 23% 2.5% 3.6% 27% 2.7%
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@ TRIUMF Finite nucleon-size corrections in coordinate-space

1. Replace point-nucleon limit
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@ TRIUMF Finite nucleon-size corrections in coordinate-space

1. Replace point-nucleon limit with a convolution of nucleon charge densities

A
o Zo 1 Zo ,ni(R'—R,;)
A= e = a;/m e

2. Fourier transform to their electric form-factors in the low-g2 approximation

aE 2~ B (o <7“Zh>p/n 2
p/'rL(q ) — p/n,( ) - Tq
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@ TRIUMF Finite nucleon-size corrections in coordinate-space

1. Replace point-nucleon limit with a convolution of nucleon charge densities

A
o Zo 1 Zo ,ni(R'—R,;)
A= e = a;/m e

2. Fourier transform to their electric form-factors in the low-g2 approximation

aE 2~ B (o <7“Zh>p/n 2
p/'rL(q ) — p/n,( ) - Tq

3. Then substitute

¢ — Vi
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@ TRIUMF Calculating Zemach moments

@ In momentum-space

[e'e) d 2
(r*) o) = 48/0 qu [Fi(g*) — 1+ (aF) ]

@ In coordinate-space

(r*) ) = // dRdR py(R)po(R)|R — R/|?
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@ TRIUMF Calculating Zemach moments

@ In momentum-space

[e'e) d 2
(r*) o) = 48/0 qu [Fi(g*) — 1+ (aF) ]

@ In coordinate-space (Hybrid method)

. 2 .
)y = [ [ aRaR (@R~ R =~ [ dgq Fi() [ aRsina)|RI

where in practice

oin . dq iqg- oint
pl(R) = i (R) = [ S eamE (o)
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@ TRIUMF Calculating Zemach moments

@ In momentum-space

[e'e) 2
(r*) @) = 48/ 1 [Fi(g*) — 1+ (aF) ]
0

q4

@ In coordinate-space (Hybrid method)

2 .
)y = [ [ aRaR (@R~ R =~ [ dgq Fi() [ aRsina)|RI

where in practice

oin . dq iqg- oint u 1 oint
p(R) = i (R) = [ ST mEE () but ) = 7 B ) - GE()

i=p,n
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@ TRIUMF Calculating Zemach moments - Results

Using AV18+UIX Nuclear interaction and Kelly parameterization for the nucleon form-factors:
(brackets show only uncertainties due to the method and K.y convergence)

Nucleons Method 3He 3H
Low-¢? momentum - -
Low-g? coordinate  27.18(5)  18.86(0)
Full momentum  27.58(15)  19.27(9)
Full coordinate  27.65(5)  19.30(0)
Exp. [Sick '14]  SOG 28.15(70) -
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S TRIUMF

Calculating Zemach moments - *He Benchmark

Using AV18-+UIX Nuclear interaction and Kelly parameterization for the nucleon form-factors:
(Calculations in non-rel. impulse approximation, i.e., w/o MECs, Darwin-Foldy, etc.

Values in fm"™)

Ab-initio Method ~ Algorithm R, (RY)
GFMC mom. 1.954(3) 35.1(4)
HH-momentum mom. 1.953(1) 32.5(1.3)
EIHH (coor.) mom. 1.953(7) 33.8(5)
coor. 1.953(3) 34.1(2)
Exp. [Sick '14] SOG 1.973(14) 32.9(1.60)

In collaboration with Saori Pastore, Maria Piarulli, and Bob Wiringa
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QR TRIUMF Questions Remain

1. Can we improve the multipole (1) expansion of dp?

2. Can we improve the nucleon-size treatment of 9,017
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QR TRIUMF Questions Remain

1. Can we improve the multipole (1) expansion of dp?

2. Can we improve the nucleon-size treatment of 9,017

e Answer(s):
Yes!

1. There is an alternative (7-less) derivation which leads to a new multipole expansion.

2. This derivation allows including the full form-factors.
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R TRIUMF n-less derivation

Non-Rel. point-nucleon case

8pol = €0 Z / dqli(q) (integrated numerically)
l

B Ry(q,w)
Ila) = / W@+ 2mew)
Ri(g.w) = Y |(NollJe(@B)|IN) | 6(w = wi)
N#£Ng

Z
Ji(qR) = Z je(qR)Ye(R)
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R TRIUMF n-less derivation

Including nucleon form-factors

Ry=) R; Gf

)

Jo=>_Jj
i=np/n
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@ TRIUMF point-nucleon 7)-less results

10°* . .
10° —e |=0|]
107 | oo L=1]
" —e =2
10 oo L=3|]
10° *—o |_=4F
1010 o L=5§]
101! e L=6}
1012 o L=7
10 °° L=8p
oo | =9}
10—14 }/‘8/ 4
10—15 i
10—15 i
10—17 i
10—18 i
0 300
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S TRIUMF

point-nucleon 7)-less results

8/ [meV]

0 5 10 15 20
Spherical Bessel Order ¢
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@ TRIUMF point-nucleon 7)-less results

0 100 200 300 400 500 600 700 800

q [MeV]
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@ TRIUMF point-nucleon 7)-less results

=
o
[N}

0 100 200 300 400 500 600 700 800
q [MeV]
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S TRIUMF

Summary & Outlook

@ We will continue to improve the nuclear corrections,
which are the bottleneck for LS measured in uA, 2 < A <4
by
o Improving the treatment of nucleon-sizes in dzem and dpol

o Using the n-less multipole expansion
e Including ISB, MEGs, etc.

@ and in the future

e Quantify & reduce nuclear uncertainty

See Javier Hernandez’s talk at the next session for A = 2
e Use novel nuclear potentials
o ExtendtoLSin A>6, HFSin A =3, ...
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QTRIUMF

Thank youl!
Merci!

Canada’s national laboratory
for particle and nuclear physics
and accelerator-based science

Thank you! Merci!




