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QED theory of compound particles

@ What after proton radius puzzle disappears ?
@ Comparison of the Lamb shift in eX and uX, with X=He, Li, Be, B

@ Nontrivial QED expansion the for finite size particles (nuclear
self-energy)

@ Nuclear polarizability is the issue

@ Little progress in three-photon exchange nuclear structure effects
for nuclei

@ Cancellation between elastic and inelastic contributions
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Measurements of atomic properties

Measurement of transition frequencies can be very accurate
[Garching, 2013]

@ v(15—2S)y =2466061413187018(11) Hz

@ sensitive to the nuclear size and to the nuclear polarizability
e from v(18 —28)y_p: r§ —ry = 3.82007(65) fm?

o from v(28 — 2p)m—up: 15 — rz = 3.81120(339) fm?

@ Can one determine the nuclear charge radius for other elements?
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23S — 23P transition in *He in MHz

(m/M)° (m/M)’ (m/M)? Sum
o? |-276775637.536 102903.459 —4.781 —276672738.857
ot —69066.189 —6.769  —0.003 —69072.961
a® 5234.163 -0.186  — 5233.978
a® 87.067 -0.029 — 87.039
a’ —8.0(1.0) — — —8.0(1.0)
FNS 3.427 — — 3.427
NPOL —0.002 — — —0.002
Theory —276736 495.41 (1.00)
Exp. [Florence.2004] —276736495.6495 (21)
Exp. [Zheng.2017] —276736495.6000 (14)
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The nuclear finite size effect

® 0 E = 2TZ2 ¢2(0)(r2) = C(r2)
@ this formula is universal, valid for an arbitrary atomic system
@ higher order O(Z « r.n/ X), small for electronic atoms

@ determination of mean square nuclear charge radius from:

Eex _Ehe
(1) = =20 =t
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o charge radius from He 23S — 23P

@ E£(23S — 23P,* He)centroia = 276 736 495600.0(1.4) kHz,
Zheng, 2017

@ finite size effect: E;, = 3427 kHz

@ since E;, is proportional to r?

Ar 16E, 1 10 3
r 2 E ”23427_1'5'10

@ electron scattering gives ry. = 1.681(4) fm, what corresponds to
about 2.5 - 1072 relative accuracy

@ ~ 10 kHz accuracy requires calculation of ma’ correction
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3He - “He isotope shift of 23S — 23P in kHz

E(®He, 2°P — 28) (centroid) 276702827204.8 (2.4)
—E(*He, 2°P — 28S) (centroid) —276736495600.0 (1.4)
—0Ei0 (23 P — 288) (point nucleus) 33667 149.3(0.9)
SE —1245.9(2.9)
c —1212.2(1) kHz/fm?
SR? 1.028 (2) fm?

3He - *He charge radii difference
§r?(Inguscio 2012,23P — 23 = 1.069(3)f

5r3(Shiner 1995,23P — 23

6r®(Vassen 2011,2'S — 238) = 1.027(11)

m2
= 1.061(3)fm?,
fm2
= 1.028(2)fm?
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5r?(Zheng 2017,2°P — 2°
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From 2°S-2°P 1S
This work, 2017

—

From 2°S-2'S IS

van Rooij et al., 2011 [21]

e
From 2°$-2°P IS
Cancio Pastor et al., 2012 [20]

From 2°S-2°P IS
—®— Shiner ef al., 1995 [43]
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Three-photon exchange

@ significant nuclear structure effects in muonic atoms ~ «, ~ a?
@ ~ « aka two-photon exchange is a subject of many works

@ ~ o? aka three-photon exchange, almost unknown

@ Friar (1979): the elastic correction

@ Friar (1977): the Coulomb distortion correction to the nuclear
polarizability
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Elastic three-photon exchange

2 9 1 n
fns(nS) —(Za)m® 3— {W -3- = +2y—|n§+\ll(n)+ln(mr022a)}

4 1
+(Za)*m ég—{fE+2+277Ing+\U(n)+ln(mrc1Za)}

1
+(Za)6m5réc157ns,

mPréd  mtrd 1
EX)(nPij2) = (Za)6m< 60+7CC (1_7>7

n
1
fns (nPS/Z) = (ZO{) m rcc 45 3 ( F)

E®(nL) = OforL>1,
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Inelastic three-photon exchange ~ r?

2 1
E(nS) = Ec(nS) —a® m® = [rg (9 —3-_+2y- In2

3nd 42 2
+\U(n)+|na)
47 13 E)>
+r (12—2In2—ln<,73— )—i—f,fm(fpzm)]
where
(E)a 1 5. (AN — En) 7
| -2 O\RINE_ZCR0).
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Inelastic three-photon exchange ~ r*

4 1 3
3 9 13 1 (E)
4 4
A2 )4t (2 -Sim2- 1 miEN o
rss<5 n2 10) ’s (3 pn2-3zIn=p /B)

10 <E>2
2 2
+r5 <2+7+In(rp1 m)) +rr; (3 —5In2—1In )} )

where

E 1 2
In% = ~ R |:<0|F1’ In

(H- EY (H-EY
m m

R?|0) — g (R’ In R RI|0)

(H-E)

+% (O(R'R' — 6" R?/3) In (RR -4 92/3)|o>} .
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Extended polarizability g

B=— > [(OIR R + 3457 B2IA) (M|R'IA2) (A2 R0)
Mle s (01R'|A) (M]67 R — 3R RY|A2) (Ao| RY|0)

: : " .- 3 A
i ) jp2 _ =} -
+ (O1A|A1) (M| AIA) (A6 R — 3 R R 0)] TNaE f(A2>
with

f(x)_xln(1 \;}> — VX —In(1 +x).
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Results

The nuclear charge radius difference determined from the
measurement of the H-D isotope shift of the 1S-28S transition,

dr?[electronic] = r5 — rg —3.82070(31) fm?,

which agrees with but is twice as accurate as the previous value of
3.82007 (65) fm?.

For muonic hydrogen and deuterium, our result for the inelastic
three-photon exchange nuclear structure contribution to the 2Py ,—2S
transition energy of 0.008 75 (88) meV shifts the deuteron-proton
charge radius difference by 0.0014 fm?2, with the result

dr¥[muonic] = r§ — ry = 3.8126(34) fm®.

The results derived from the electronic and muonic atoms disagree
by about 2o
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Results for the nuclear structure three

photon-exchange

transition units Elastic Inelastic Sum Elastic by others
E(6) (2515, eH) Hz — 584 —344 (344) —928 (344) 587 (2)@
E(6) (2518, eD—eH) Hz 2846 817 (41) —2029 (41) —2834(13)3
E(G)(2P1/2—28, uH)  meV  —0.00127 +0.000 27 —0.00127 (27) —0.001 340
E(G)(2P1/2—28, uD)  meV  —0.00656  0.00875(88)(27)T 0.00219 (88)(27)T  —0.006 50 (60)¢
E®) (2P, /2-28, iPHet)  mev —0.3847 unknown —0.378 6 (60)¢
E®)(2p, /225, pAHet)  mev —0.3048 unknown —0.3115 (140)€

2 CODATA (2014)
b Antognini (2013) the difference of entries “Our choice” and “Non-rel. finite-size” in Table 2 of that work, —0.0019 rg .

€ Krauth (2016), the sum of entries ry and r3’ in Table 2 of that work, —0.002 124 (4) rg +0.003 10 (60) meV .
9 Franke (2017), the sum of entries r3 and ré in Table 2 of that work, —0.1288 (13) rﬁ + 0.1177 (33) meV.
€ Diepold (2018), the sum of entries r3 and ré in Table 4 of that work, —0.1340 (30) ri + 0.0672 (112) meV.

T the second uncertainty comes from the interaction with individual nucleons and cancels in the 1.D-1.H isotope shift.
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