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What is “‘SIZE”

Distribution of charge density Té — fd
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Electron as a probe to
nuclear structure

® [wo approaches to detect of nuclear
structure (size: charge distribution)

® Scattering: model-dependent

® spectroscopy: high precision transition
energy measurement.




Why lithium?

Only 3 elements (H, He, Li) that we, physicists, fully understand
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BheEb R EEeppp = with the same electronic
“ = " structure (78%!1Lj)

3 electrons + | nuclear= 4 body system

It can be calculated, but not trivial

Recently, the electronic wave function has been constructed using “Hylleraas coordinates” (Yan & Puchalski)

Isotope shift (stable ®’Li) can be utilized
to study nuclear structure



Theoretical background

A :mass factor

E = [Enp + Mxp + NExpl + [0 (€5 + AER))
0 1 0 1
+ [03(ESpp + Asap) Ha (Ep + AEGD)]
_I_ [?—..g (g}\?g}r _I_ ASE—EI)] High order QED term

charge radius term

Transition energy = QED + Nuclear Structure

Lithium

Isotope Shift
P AE(B — A) = A_[Exp — Exp + A+ (ERg — Exp)
nuclear-related |+ a2EW —£9) + oD, — €9

rel rel

Energy shift + a*(Ey — BN H (P — P e |  Size effect

Absolute transition energy — Higher order bound QED test(€Ho)
Isotope shift (relative) = charge radius difference

Mass effect

5(12) = (F2(°Li)) — (r2("Li)) = (Aezzl

Chs_358




Halo nuclear of ''Li

O Dynamic correlation model
cluster model
Experimental
(GSI)
6 7 8' 9 10 11 R.Sanchez et al, PRL 96 033002
Li Isotope

® Theory or experiment!

® Naturally occurred ®’Li can be used for
a test with a high precision



Partial Energy level of lithium
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Spectroscopy with Optical
Frequency Comb
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Li 2s-3s spectrum

High signal rate, low laser intensity, more symmetrical
(No complicated model is needed, less systematic error)
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Correction for the AC Stark shift

frequency-815617000(MHz)

Systematic effects and uncertainty

951.0

850.5

850.0

849.5

f()=fot+kxI
Linear Extrapolation to zero power

1 L Il n 1 L 1 L 1

TABLE I. The uncertainty budget of the absolute frequency
measurement

Effect (source) (MHz)
Statistic 0.08 ~ 0.32
AC Stark shift (intensity fluctuation) < 0.02
First order Doppler (beam collinearity) 0.088
Frequency comb < 0.005
Second order Doppler (velocity of atom) negligible
Total 0.1 ~0.33

50 100 150 200 250
Laser power/4 (mW)

300

Final accuracy is limited by the laser linewidth (0=75 kHz)



Results

Isotope Frequency (MHz) Ref.
"Li F =22 815 617 949.98(10)  this work
F=11 815 618 567.23(14) this work

C. G. 815 618 181. 45(8) this work

13

12

theory 3]

| 4]
°Li F =3/2-3/2 815 606 668.99(22)  this work

F=1/2-1/2 815 606 844.40( 33 this work

C. G. 815 606 727.46(18 this work
[13] suspicious!?

Isotope Shift —11 453.99(19) this work
—11 453.85 [13]
e -
—11 453.983(20) 2]
—11 453.95(13) [15]

|.improved by a factor of 2.5

2.The accuracy is much better than theory, whose higher order QED
calculation should be improved
3. Isotope shift in agreement with previous measurement



Charge radius difference (’Li-Li)

The comparison of the measurements with various transitions

Method A~Z(fm*) Reference

1.1 , : Electron scattering -0.79(25) 113

- LiT(2%s;1 — 2%pg)  -0.779(57) [14]

101 +M Lit(2%s; — 2%p,)  -0.782(69)  [14]

o 09 LiT(2%s; — 2%ps)  -0.639(64) [14]

i Li(2%s1 /2 — 3%s1/2) -0.60(8) 8]

w ° +g ’A AL ! 0.583(19)  [3]

S 07t l H l ! -0.66(12) [1]

NN +N G ] -0.742(12)  [12]
e | |7 Ak JEE I Oure | -0.75(14) This work

. 2

5—3 0.5 e-scattering : Li(2%s1 /0 — 2°p1 o) -0.403(40) 3]

5 oal Y -0.583(19)  [15]

, -0.761(40)  [16]

1 N 1 1 1 TOL —_ 2 ; -
03995 2000 2005 2010 Li(2°s1/2 — 27ps2) ggg}%gg% Hg{
year

It is hard to say that the measurements are converged



® The accuracy of the absolute transition
energy of atomic lithium 2s-3s has been
improved.

® Higher order theoretical calculation is
required for testing QED with the
experimental results.

® The resulted charge radius difference is
consistent with most of previous
measurements. Certain suspicious
measurement should be ruled out.



Prospect on Charge radius
measurement of atomic lithium

&Uemp - Aytheo

§(rz) = (re CLi)) — (r2("Li)) = o
25—-38
OV OEj;
Transition (MHz) (MHz) Cik
Li*(2 38,-23Py) 34747.73+0.55 34740.17+£0.03 | 9.705
Li*(2 3$,-2°P)) 34747.46+0.67 34739.87+0.03
Li*(2 38,-2°P,) 34748.91+0.62 34742.71+0.03
Li(2 281,-3 2S1)0) 11453.95+0.13 11453.01+0.06 | 1.566
11453.734+0.030
Li(2 28,,-2 2P )0) 10533.160+0.068  10532.17+0.07 | 2.457
10533.13%0.15
10534.039+0.070
Li(2 281,-2 2P3)) 10534.93+0.15 10532.57+0.07 | 2.457

10534.194+0.104

Method AvZ(fm?) Reference

Electron scattering -0.79(25) [13]
Lit(2%s; — 2%p)  -0.779(57)  [14]
Lit(2%s; —2%p;)  -0.782(69) [14]  2m
LiT(2%s; — 2%ps)  -0.639(64) [14]
Li(2%s1/2 — 3°s1/2) -0.60(8) 8]
-0.583(19) 3]
-0.66(12) [1]
-0.742(12)  [12]

-0.75(14) This work Yw

Li(2%s1/2 — 2°py1 o) -0.403(40) (3]
-0.583(19)  [15]
-0.761(40)  [16] LB

Li(2%s; /2 — 2°p3 /o) -0.961(67) [15]
-0.661(50)  [16]







B+ Proton
Size does matter!

FT BB EE4HR/p, n, eo
BRMHER Tﬁ”ﬁﬁ?nﬁﬂ

Charge radius: 0.877 (7) fm
Magnetic radius: 0.867(28) fm
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® H-spectroscopy: —i& = JR ¢
aE o EHIEFREE, MRS
2B R TR
re=0.8775(51) fm(FeK)

® e-p scattering: EFEGY: B 5
281, NHBSETRRER
BFA/No re=0.879 (9) fm(TeK)

| 7 2K =0.00000000000000 | 2 ]
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The flagship of the precision measurement

f(1S—28) = 2466061 413187074(34) Hz | IAXI0M
L(1S) = 8172840(22) kHz

By T. Hansch
(Max-Planck-Institut flir Quantenoptik )
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P, F=2

Test Bound QED o

fine-structure=10970 MHz

using the simplest atomic system Y ———

e

5T (ep) 1S-2SHEE Y =
1S Lamb Shift (B RERE H i oK)

244nm/2 122nm, Ly

1S Lamb-Shift =8172 MHz Hydrogen Engergy Levels, n=1,2

172
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QED test and RMS of the proton charge radius

H spectroscopy become a precision measurement of proton size



Recognized value of
proton charge radius

The Committee on Data

/for Science and Technology

® H-spectroscopy (CODATA):0.8775£0.0051 fm

® Electron-proton scattering :0.897 + 0.018 fm

® (0.8% accuracy Can we do it better?



What Is muonic hydrogen?
af + = EXxotic atom

* T Exotic=Ap K HY, FLEITE AR, A1y
Y, A SR Y

* BHET HT BRSO
RLA-(A0 we o) AT ALY i1 3500 R 2y Ay 2

‘#

-1+ atoms beyond periodic table
WFFFEF: Muonic Hydrogen: uw P*

Mp=200Me . %?‘
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Lamb shift and rp

(c) 8.4 meV
2Py, F=2
S state 2P, ol
Eleceron F=
O Fep ~ 51071 m Mgy ™ 3.107%¥ m 206 meV
e T Tm 50 THz
m, =200-m, = 1, = 6 um
More sensitive to the
P state o -
structure of proton !!!! fin. size:

3.7 meV

F=1
28
V2 - A" 23 meV
F=0

AE=209.9779(49)-5.2262 rp? +0.0347 rp3 meV
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Principle

Cascade and detection mechanism
O, Hydrogen

Prompt X-ray

10°F |
10°E/ B
100

2keV X-ray a5 555 S “J

1.32x10° events

Signal!!!
delay X-ray

1S




Two major technical

challenges

<SkeV
® Muonic hydrogen: Produce slow muon that
can stop in low pressure hydrogen gas. | hPa

® [ight source: 6um laser source, powerful, 0.2 m
well-controlled frequency, triggered on '
demand. At<I1ps



Generation of Cold muonic hydrogen




Pion beam line N\ Fotons

Momentum filter

Cyclotron trap

5T solensoid

',"b Ti:Sa cw laser
Raman cell

Water vapor
cell

& Disk-laser Disk-laser 7




Results

¥ $ { our value

delayed / prompt events [10™]
(3)}

4

3

af ]
L ® ]

1 - 3 T

0 B | | | | | | | | | | | | | | | | | | |+ | | |
49.75 49.8 49.85 49.9 49.95

laser frequency [THz]

2S1p (F=1)~2Pgp (F=2): 49881.8810.76GHz — & ¥ o

tocome
5M
W

rp=0.84184(36)(56) fm & /

R. Pohl et al., Nature 466, 213 (2010) T



o sgna 0.84 | 8‘h‘m<0.8768 fm, /N T 4%

/NI T

10-'5m BEIAPN K, HER ERIR

0.00000000000000084 | 8‘% 7S

%

!

Electron scattering o
n! 1 Hydrogen spectroscopy
o 1 CODATA 2006

m Muonic hydrogen spectroscopy

U | L | L | L | L | L |
0.84 0.85 0.86 0.87 0.88 0.89
Proton size (femtometres)

T
0.

The Committee on Data
for Science and Technology



Contributions to transition energy

yy F=2
DiractBound-state QED et = |
2P3p !
Hyperfine E
Droton magnetic moment :
Proton finite size effect ' F=1

s (> © - __} ¢

e elastic (re’ third order Zemach)
inelastic (Polarizability)

AE=209.9779(49)-5.2262 rg? +0.0347 re 3 meV



Hyperfine structure

* Hyperfine splitting
e proton magnetic moment + magnetic distg)bfutiolqt.rm

i 7 E %1% charge radius, ot 5P _ el

$ IL.amb
: ) shift

IZS hyperfine splitting
F=0

AE® = 206.0336(15) — 5.2275(10)r% [+ AErpe
rz = Id3 rfd3r'r'pE(r)pM(r —r) Zemach radii

AER. =229763(15) — 0.1621(1 + AEpiEs
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charge radius magnetic radius

A smaller proton size is confirmed. Accuracy is improved by |.7
times. The hyperfine structure issue is settled

Aldo Antognini et al. Science 339, 417 (2013);

AVAAAS




Impacts

accurate
H-spectroscopy ks m

theory

electron g- 2
(ion trap)
QED
(unbound)

c-p
/ scattering

10 973 731 568 155(10) mgglimn s
hydrogen

mee?

85§h30

\ 4
= 1.0973 731 568 539(55) x 10" m ™",



What is wrong?

Before being radical, try to find a “patch” first
Just like a “normal” scientific research

® Experimental systematic effect?
molecular perturbation? ppHU or Hpe! M

Pore

Ruled out by three-body calculation p '\
&

].-P. Karr, L. Hilico, Phys. Rev. Lett. 109, 103401 (2012

® [heocratical inaccurate calculation?

Shape!? polarizability! Two-photon exchange!



Theories on high order radius

® A large tail distribution to enlarge rg’ term? X

® e-p Scattering data. c.cloét, G.A. Miller, PRC 83,012201(R) (201 I).
® chiral perturbation theory a pineda, PRC 71, 065205 (2005)
® |nsufficient calculation on Two-photon exchange

AEree ? X

® intenSivel)’ re-examined c.e Carlson, M.Vanderhaeghen, PRA
84,020102 (2011). & R.]. Hill, G. Paz, PRL 107, 160402 (201 1).

® constrained by heavy-baryon chiral perturbation
theor)’(M. C.Birse,].A. McGovern, Eur. Phys. |. A 48, 120 (201 1)



HF RNk
Proton size puzzle is reinforced
/7 0 away from 201 0CODATA

»  New Mainz

Electron-proton scattering{ —

_—
up e
——— Hydrog o _ . H
CODATA (2010) # h,
lattice QCD
} Muonic hydrogen spectroscopy R R » N §

0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.90 0.91 0.92
Root-mean-square proton charge radius (femtometers)

r, (fm)

Is this the only one small proton?
|.0.84(1) fm: “model dependent” dispersion fit for the e-p scattering

data.

|.T. Lorenz, H.-W. Hammer, U. MeiB3ner, Eur. Phys. J.A 48, 151 (2012).

2.0.83(3) fm: Lattice QCD calculation.
P.Wang, D. B. Leinweber, A.W.Thomas, and R. D.Young, Phys. Rev. D 79,094001 (2009)



Implications

Now, we have a big trouble in atomic physics
and try to think something big...

Some possible routes to the puzzle:

® Physics in very small scale (am 10-'8,zm 10-2')?22

® Spectroscopy as a test of Coulomb’s law: A probe of the hidden sector, PRD 82,
125020 (2010)

® Proton radius puzzle and large extra dimensions, LB Wang and WT Ni, arXiv:
1303.4885

® Unexplored HU-p or e-p interaction???

® |s bound state QED calculation wrong???

Is there any sign shown in the past !




Hint A:
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Muon g-2 experiment is 3.20 away from theory
Is muon fishy particle?

“New Parity-Violating Muonic Forces and the Proton Charge Radius”
PRL 107,011803 (2011)

“Constraint on Parity-Violating Muonic Forces”
PRL 108,081802 (2012)



Hint B: Laser spectroscopy of positronium

A purely leptonic system, no finite size effect
A cleaner test for QED

1984 1993
a +—e— e e
+
1984
it 2013
b . ] b L Py
U of Tokyo
e Theory
| ] ] ] ] | ] ] ] ] = L P R P DT P AR ot FIIID [ 00 T F e A i ot Min noa noainn nn
203 385 203 390 203 395 1 233 607 200 1 233 607 220 1 233 607 240

Hyperfine interval in positronium [MHZz]

1s

RIS EEANCIES INTHE POSITRONIUM SPECTROSE GRS

Positronium 1s - 2s interval [MHZz]

But, muonium (M™e) is in agreement with QED theory

V. Meyer and et al, Phys. Rev. Lett. 84, | | 36 (2000)
. Fan and et al,, arXiv: 1 310.1660(20 | 3)—frequency comb recalibration at NTHU




St C:

A HINT
HOW ABOUT THE
CHARGE RADIUS DIFFERENC

Absolute size:
uP: ,=0.84087 fm
H: rp,=0.8//5fm

70 away........ DISCREPANCY

Proton-Deutron Size difference:
e-d scattering & YP—rq?rp?=(2.130)2-(0.84087)%=3.830(35)

H-D spectroscopy—rq?rp? =3.82007(65)
0.30 only! AMAZINGLY AGREE



St C:

BOTOPE SHIFT & CHARS
DIFFERENCE

H-spectroscopy = QER+r,
— D-spectroscopy— QER+r

Isotope shift—

The deduced radius difference is "“almost” QED free
(QED plays no role here)

Absolute size, with QED —discrepancy
Size difference, without QED —agree

Let’s wait for the muonic deuterium, coming soon!

— QED probleniaficss



At AE 3% IR AT IR

FYEEE VS, CERNRI AR E
FEE: | : 10000

[TL])

FHEELHC

OILSPILLS %
There's mo
to come

PLAGIARISM
It's worse than
you think




New experiments for the puzzle

* New electron scattering
—eXxperiments:Jefferson Lab E12-11-106

e Elastic muon-proton scattering
—MUSE collaboration proposes at PSI

e Spectroscopy of exotic atoms

—positronium(PRL109,073401), muonium(PRL,
108,143401)

e Spectroscopy of electronic atoms and ions

—-25-6S/D(NPL), 2S5-4P(MPQ), 1S-3S(LKB), He*(MPQ),
H-like ion (NIST), 2S-2P(York)

90
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CREMA (Charge Radius Experlment with Muonic
Atom) , BFETEERSZTENRYSLME E EREX)

B EFEBIRETIFEEFUHe B LEE

=iy,

« BRI AEEIE

RIS RTZA/N, SHE R

EURLLES, AFrIE—DEBEH T AR/N R,

H B N |

2010 Nature 2012 Science What'’s next?



5 B i 53 B fx Collaboration

|2 institutes, 6 countries, 36 phyS|C|sts
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