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@ TRIUMF The proton radius puzzle

How big is the proton?

-------- e e R
————— CODATA 2014
— e+ H world data 2014
e uH?2013
JLab 2011

o UH 2010 — e Mainz 2010

0.83 0.84 0.8 086 0.87 0.88 0.89 0.90
proton charge radius [fm]
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@ TRIUMF The deuteron radius puzzle

How big is the deuteron?

mUH+iso
—e—1CODATA-2014
roi U2H ——e——1€?H spectroscopy
b N _; e-’H scattering
2.12 2.13 2.14 2.15

deuteron charge radius [fm]
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Less Puzzle /) =
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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

Nir Nevo Dinur (TRIUMF) Nuclear structure corrections in muonic atoms June 14 2018 4 /41



@ TRIUMF Lamb shift, charge radius & nuclear TPE

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

AFEss op = 0qrp + Aopr X R2 4 0zem + dpol
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@ TRIUMF Lamb shift, charge radius & nuclear TPE

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

ABss_op = dgpp + Aore X R2 + 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 ...
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@ TRIUMF Lamb shift, charge radius & nuclear TPE

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

AEss_op = 6qrp + Aopr X B2+ 0zem + Opol

@ 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

c

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 = 6qrp + Aopr X R+ 6zem + 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 = 6qrp + Aopr X B2+ 6zem + 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
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@ 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 5p01: ~ 20%
o Required: ~ 5%
(to determlne R, with ~ 10~% accuracy)

Nir Nevo Dinur (TRIUMF) Nuclear structure corrections in muonic atoms June 14 2018 6 /41



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)

Nir Nevo Dinur (TRIUMF) Nuclear structure corrections in muonic atoms June 14 2018 7 /41



R TRIUMF Ab-initio vs. data

electric dipole photoabsorption cross section o, (w) = 4r?awSp1(w) — from LIT
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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

ORel Relativistic corrections

oc Coulomb distortions

ons  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

Nir Nevo Dinur (TRIUMF)
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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*

June 14 2018 11/
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R TRIUMF Dynamical (polarization) contributions to drpg

dpol = Z[a = Z/dw S5, (W) ga(w)

Nir Nevo Dinur (TRIUMF) Nuclear structure corrections in muonic atoms June 14 2018 12 /41



@ TRIUMF Dynamical (polarization) contributions to drpg

dpol = Z[a = Z/dw S5, (W) ga(w)

So@) = Y A0Sy —w) = I=GlO1g() Ol

Nir Nevo Dinur (TRIUMF) Nuclear structure corrections in muonic atoms June 14 2018 12 /41



R TRIUMF Dynamical (polarization) contributions to drpg

dpol = Z[a = Z/dw S5, (W) ga(w)

=Y 100 s ) = 1=GlO gl Ol
@ E.g., the leading polarization contribution relates to the dipole response

6530% x / dw Sp, (w) w12
Wth
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R TRIUMF Dynamical (polarization) contributions to drpg

dpol = Z[a = Z/dw S5, (W) ga(w)

so<w>§j<f|m>26<wf—w> — =0 g(f)Oi)

@ E.g., the leading polarization contribution relates to the dipole response

6530% x / dw Sp, (w) w12

Wth

= can calculate I, using LIT: Calculate £, invert, integrate, extrapolate to oo
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R TRIUMF Dynamical (polarization) contributions to drpg

dpol = Zla = Z/dw S5, (W) ga(w)

So@) = Y A0Sy —w) = I=GlO1g() Ol
@ E.g., the leading polarization contribution relates to the dipole response

OO

6530% x / dw Sp, (W) w2
J Wth

= can calculate I, using LIT: Calculate £, invert, integrate, extrapolate to oo

= or calculate I, directly from O|i) using LSR:
fast, precise, efficient — automatized

Nir Nevo Dinur (TRIUMF) Nuclear structure corrections in muonic atoms June 14 2018 12 /41



R TRIUMF LSR: Lanczos sum rule method

@ For example, from Sp, (w) calculated with M ~ 10°, we get
1.1

1 f-2=== —
///

o.9j

08 } 7 —3/2

—1
,—1/2

0-7 J/

0.6

0 50 100 150 200

Lanczos Steps

C1/2
+1
C+3/2

Normalized Sum Rules

e PE R

~——
€ €

NND, Barnea, Ji, and Bacca, PRC (2014)
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@ TRIUMF Results: uD benchmark

Pachucki [30] Hernandez et al. [11]  Pachucki and Wienczek [39] Friar [25]
(2011) (2014) (2015) (2013)
5 -1.910 -1.907 -1.910 -1.925
50 0.035 0.029 0.026 0.037
5 - -0.012 - -
dmo - - -0.004 _
5 0.261 0.262 0.261 -
59 0.016 0.008 0.008 0.011
50 - 0.357 - -
52 0.045 0.042 0.042 0.042
5y 0.066 0.061 0.061 0.061
5 -0.151 -0.139 -0.139 -0.137
st - 0.064 - -
54 - 0.017 0.018 0.023
fie - -0.020 -0.020 -0.021
doe - -1.240 - -
o - -0.421 - -
Spr -1.638 -1.661 -1.657 -1.909
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@ TRIUMF The deuteron radius puzzle

How big is the deuteron?

mUH+iso
—e—1CODATA-2014
roi U2H ——e——1€?H spectroscopy
b N _; e-’H scattering
2.12 2.13 2.14 2.15

deuteron charge radius [fm]
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S TRIUMF

The deuteron — Nuclear & other uncertainties

How big is the small puzzle?

0. Hernandez et al. / Physics Letters B 778 (2018) 377-383

Table 2

Uncertainty breakdown of the final dtpg value. For the single-nucleon
contribution we quote two values, one where we adopted the strat-
egy of Ref. [19] and one where we use the larger uncertainties from

Ref. [33] for 8%,

Contribution

Uncertainty in meV

Nuclear physics (syst)

Nuclear physics (stat)
n-expansion

Single-nucleon
Atomic physics

Total

+0.008
—0.011

+0.001
+0.005

+0.0102 [19]
+0.0172

+00198 [33]

+0.022
—0.024

+0.028
—0.029

382
—1.45
150l N N*LOyy,
N LO
—LSsf = N'LO,,,
—1.60
% —1.65F
E 1 I Theory
= ~L70F
i
& —L75F I I Experiment
o
—1.80F
—1.85f
—1.90-
—1.95 | | - - - .
LO NLO N°LO N’LO N'LO CREMA

Nir Nevo

Dinur (TRIUMF)

Nuclear structure corrections in muonic atoms
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S TRIUMF

Deuteron

AV18 XEFT
o
Opy
. 0.029 0.029
50
’ -0.012 0,012
50
l 0.003 0.003
50
. 0.262 0.262
0
5
50 .
0
0.357 0.350
o
0.042 0.041
50
: 0.061 0.061
s
, -0.139 0139
Bion I
0.017 0.017
s
. 0.064 0.064
L
-0.020 -0.021
a3
\ -1.243 -1.248
L
5 -0.421 -0.423
om
-1.664 1671
Sie

-2.0 -1.5 -1
[

Nir Nevo Dinur

0 -05 0.0 05
meV]

Results: 7 =1

Triton
AV18/UIX xEFT
-0.7669 -0.7848
50
" 0.0285 0.0296
-0.0128 -0.0132
0.0007 0.0007
0.0718 0.0732
50 I
50 - .
o 0.1778 0.1844
n
; 0.0199 0.0206
50
: 0.0344 0.0358
'S
1 -0.0783 -0.0811
s
" 0.0280 0.0287
50
. 0.0453 0.0463
50
o -0.0239 -0.0247
5@
) -0.4755 -0.4845
2
5 -0.2231 -0.2307
om
-0.6986 0.7152
Site
-2.0 -1.5 -1.0 -0.5 0.0 05
[meV]

Nuclear structure corrections in

muonic atoms
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S TRIUMF

Results: 7 =2

Nir Nevo Dinur

AV18/UIX

© -6.479
0.232
0 -0.103
0.006
0 1.000

0] -8.539

s

5 8.100

@ 0.632
g

5 1.015
o

5 -0.841
D1

) -1.294

3,
i

2.256
@ -0.193
A -4.208
-10.356

-14.564

Nuclear

VEFT
-6.633
0.240
-0.107
0.006
1.020
-8.711
8.327
0.654
1.038
-0.862
-1.314
2.291
-0.199
-4.250
-10.618

-14.868

AV18/UIX xEFT

" -4.418
5 -4.701
0.289 0.308
-0.126 -0.134

0.008
50 0.006
50 0519 0.553

w -3.442
o -3.717
5 4183 4.526
5 0.259 0.324
'S 0.484 0.561

@ -0.666
i -0.784
50 -0.848 -0.874

" 1.753
5 1811
i 0279 -0.203
i -2.284 -2.414
e 5936 -6.337
S -8.220 -8.751

-15 -10 -5 0 5 10
[mev]

structure corrections in muonic atoms

June 14 20



S TRIUMF

-2 ;) 7 4
+ 1
u He |
> ! E
g i
= 3f i il
8 ’ ® ®
< |
[Ze) 1
] : 2
4 1974 1976 1977 2013
Bernabeau, Karlskog ~ Rinker Friar Jietal.
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S TRIUMF

Results: 7 =2

13
3
4F W He'
> 45 E
g
3 5 ®
< [
[Z=) i
-5.5
6L
1976 2016 2017
Rinker Nevo Dinur et al

Carlson et al.
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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.

June 14 2018 21/
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@ 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)

Nir Nevo Dinur (TRIUMF) Nuclear structure corrections in muonic atoms June 14 2018
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@ TRIUMF He isotope shift puzzle

o
235-23P IS
Zheng et al. (2018)
—o—
235-23pP IS
Cancio Pastor et al. (2012)
p———
23525 1S
Rooji et al. (2011)
—o—
235-23p IS

Shiner et al. (1995)

1.00 1.02 1.04 1.06 1.08 1.10
6r? [ 3He - *He ] [fm?]
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@ TRIUMF He isotope shift puzzle

e
235-23P IS
Zheng et al. (2018)
——
235-23pP IS
Cancio Pastor et al. (2012)
p—e—
23525 1S
Rooji et al. (2011)
o
235-23p IS

Shiner et al. (1995)

1.00 1.02 1.04 1.06 1.08 1.10
6r? [ 3He - *He ] [fm?]

uHe precision: ~ 0.03 fm?> — thanks to correlations between 3*He calculations
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@ TRIUMF Uncertainty estimates

1*H 1H yPHe™ p*He™

5{;‘01 e Otpm ‘51‘301 OZem OtpE 5{?01 e O%pR ‘5{;‘01 5o Ot
Numerical 0.0 0.0 0.0 0.1 0.0 0.1 04 0.1 0.1 04 03 04
Nuclear model | 0.3 0.5 04 1.3 24 1.7 0.7 1.8 1145 3.9 46 44
ISB 02 0.2 0.2 07 0.2 0.5 1.8 02 05 22 05 0.5
Nucleon size 0.3 0.8 0.0 06 09 0.2 1.2 1.3 0.9 2.7 20 1.2
Relativistic 0.0 - 0.0 0.1 - 0.1 0.4 - 0.1 0.1 - 0.0
Coulomb 0.4 - 0.3 0.5 - 0.3 3.0 - 0.9 0.4 - 0.1
n-expansion 04 - 0.3 1.3 - 0.9 1.1 - 0.3 0.8 - 0.2
Higher Za 0.7 - 0.5 0.7 - 0.5 1.5 - 0.4 1.5 - 0.4
Total 1.0 09 0.8 23 22 20 42 22 21 55 51 46
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@ TRIUMF Summary of our results

System  Our Ref. Unc. Experimental Status

w2H Phys. Lett. B '14, '18 1% published Science '16
p4Het  Phys. Rev. Lett. '13 20% — 6%  measured, unpublished

pn3Het 20% — 4%  measured, unpublished

} Phys. Lett. B '16
p3H

2% 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’
= ... and on the >*He “isotope-shift puzzle"
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@ TRIUMF Work in progress

The work is not completed yet ...
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S TRIUMF

Future experiments

PHYSICAL REVIEW A 94, 062505 (2016)

Lamb shift in muonic ions of lithium, beryllium, and boron

A. A. Krutov, A. P. Martynenko, F. A. Martynenko, and O. S. Sukhorukova
Samara University, 443086, Moskovskoe shosse 34, Samara, Russia
(Received 1 October 2016; published 15 December 2016)

We present a precise calculation of the Lamb shift (2P — 2S1/2) in muonic ions (uSLiY**, (uiLiy**,
(13Be)**, (ui’Be)*, (uiB)**, (ui'B)**. The contributions of orders a® +a° to the vacuum polarization,
nuclear structure and recoil, and relativistic effects are taken into account. Our numerical results are
consistent with previous calculations and improved by additional corrections. The obtained results can be
used for the comparison with future experimental data, and extraction more accurate values of nuclear charge
radii.

TABLE L Lamb shift 2Py 2 — 25,2) in muonic ions (u]Li)** and (u$Li)>*. In parentheses are given the results obtained by other authors,
with some references to their works, which discuss the calculation of corrections of this type.

Contribution to the splitting (uILD* (meV) (USLi* (meV)

1 VP contribution of order (Za)? in 1y interaction 4682.38 (4682.4 [7])  4664.95 (4665.0 [7])
2 Two-loop VP contribution of order a?(Za)? in 1y interaction 3254 (32.44 (7)) 32.41(32.27 [7))

3 VPand MVP contribution in one-photon interaction 0.01 0.01

30 HVP contribution 1.17 [7,58-60] 1.16 [7,58-60]

31 Nuclear polarizability 20£4(7] 15+4(7]

32 Total contribution 1531.78 1161.85
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R TRIUMF SA-NCSM-HH-LSR Benchmark

@ ‘He: J™ =0T
o N3LO, JISP16
@ Quadrupole (E2): IS+IV
— Dipole (E1) & Isoscalar Monopole (EO)
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R TRIUMF

Nir Nevo Dinur

Sum rules for *He: HH and SA-NCSM benchmark

Preliminary Results: ‘He

0 1
Kmax/Nmax
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QR TRIUMF Summary

The proton radius puzzle is unsolved despite new data.
More experiments are underway.

Nuclear corrections are the bottleneck in ;1A spectroscopy.
Extracting them from data was imprecise.
Ab-initio calculations with the LSR method provide precise and efficient results.
We obtained the best nuclear corrections for A < 4.

Our hyperspherical harmonics “He sum rules are benchmarked with SA-NCSM.
This will allow calculations for p—A, with 6 < A,
as well as other sum rules in heavy open-shell nuclei.

We continue to develop new methods to study and improve these results and related
problems (e.g., HFS)
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