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The proton radii puzzle

SERGIO LEONE 3 ways to the proton radius

e-p scattering
H precision laser spectroscopy
up laser spectroscopy

up 2013 ¢ — e electron avg.
® scatt. JLab
up 2010 | ® scatt. Mainz
CLINT EASTWIMIE

o H spectroscopy
THE LEE YAN CLEEF PRI R SO R S ) T R S SO NN TN ST I T T S P T T S T T R

0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9
U Proton charge radius RCh [fm]

THE AND THE
GOOD B AD Pohl et al., Nature 466, 213 (2010)
Antognini et al., Science 339, 417 (2013)
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Hydrogen energy levels and-,
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Atomic energy levels and the proton size

AE = AEqgp + A,

AE

_ 2(Za)?

_ 21 (Z o)

3

3n3

(rp) [¥n(0)]°

m2 (r

Potential

Vﬁnite size

VCoulomb

From V - E = 47p — potential V
AEf(SO) — <\IJ|VCoulomb — Vﬁn.size|\I]>
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Atomic energy levels and the proton size
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Proton radius from muonic hydrogen

e Measure AESY oo in pp with w, = 107° + 0.5 GHz =T'/20 8.4 me

T T T Tl
Il
O RrEFN

e Compute theoertical prediction
AFEL, o =206.0336(15) — 5.2275(10) rf) + 0.0332(20) [meV] 206 meV

50 THz
6 um

The Lamb shift contributio

=

ns



Principle ot the pp Lamb shift experiment

e Produce many u~
Y T ‘ PSI accelerator I

e Stop 1~ in 1 mbar Hy gas

— ppitmEol ‘ Dedicated low-energy 1~ beam line I
(1% in the 2S-state with 1us lifetime)

e Fire laser at A = 6um
— to induce up(2S) — up(2P) transition \

Dedicated laser system
2P with “strange” requirements

2 keV 'y /‘ 2 keV x-ray detectors I

L

e If laser resonant
1 — observe 2 keV x-rays

ETH :




Principle of the up Lamb shift experiment

“prompt” (¢t = 0)

n~14— . —
1%/ /99 %
2 P
2
2keV vy
1S—

(1~ stop in Hy gas
— pp* formation (n ~ 14)

99% cascate to up(1S)
emitting prompt K,,, K3 ...

“delayed” (t ~ 1uS)

2P
| aser

2 keV vy

1
fire laser at A = 6um, AE=0.2 eV

= induce up(2S5) — up(2P) transition

=- observe delayed K, x-rays

- — normalize deledlts
1% long-lived up(25) eI,
‘725 ~ 1us I at 1 mbar H, pressure
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Principle of the pp Lamb shift experiment

time spectrum of 2 keV x-rays

events in 25 ns

10




P
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Principle of the up Lamb shift experiment

time spectrum of 2 keV x-rays

“prompt” (t ~ 0)

“delayed” (t ~1 us)

— n~14 L . 2P
& 1%/ /99 % 5
Lo B 2P
41— 2S5 —
(n |
c B
)
5 B 1S— 15 ¥
10° .
— . delayed K,
— normalize = Resonance
— prompt K
2 TP {
107 2 o
[ [2) -
| c C
B ¢ 5
o r
10 = g A
— ) -
— S 3
- 3
M
Q L
1 i 2 R S + °
04575 798 —ie8s 499 2995
laser frequency [THz]
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The pup Lamb shift setup

Pion beam line --\,frotons

p-beam 940 nm
(1 MW) (2 kW)
: C-target
\L Momentum filter \L
(MeV) - 1030 nm
\l’ Cyclotron trap h \L
7 (MeV) 5T solenoid 515 nm
i i SRER e » Ti:Sa cw laser \l’

u (keV) — =_! 708 nm
\L _ A FP cavity \L
Hp(2S) Water vapor ———— <t 1.0 pim
\l, Tf Sa ampliﬁer " _ T“[ Sa oscillator \L

Diode laser
Laser 1.6 um
X-ray 6.0 um

Disk-laser Disk-laser
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Inside the 5 Tesla solenoid

‘ 5 keV p~ with a rate of 500 s~ I

e Stacks of C foils are used as non-destructive muon detector

e Laser is triggered by the electrons signals from the C stacks (coincidence with TOF)

PM, D H, Target
— e
u— > S 2 Multipass cavity
Sq 4 «— PM3
PM, € e —
ExB Mo 7
10 cm !

Laser pulse

‘ Isn’t trivial to stop muons in 1 mbar H, I
m A. Antognini IFAE-seminar, Barcelona 31.10.2014 — p. 10




Inside the 5 Tesla solenoid

Cylindrical

D1,D2 .
\ cavity

mirror

Flat cavity

D6 mirror with

ears

12mm

Energy
monitor
EO

Quadrant
Ql.4

Adjustable

- up formation lens

Adjustable
aperture

- laser drives 2S-2P transition
- 2P-1S x-ray deexcitation
- detect e~ from p— decay

A. Antognini IFAE-seminar, Barcelona 31.10.2014 — p. 11




I %e resonance: discrepancy, sys., stat. (2010

Water line scan:

Laser frequency known with 300 MHz uncertainty
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e-p scattering

CODATA-06 (; j { our value

o

49.85 49.9 49.95
laser frequency [THz]

Systematics: 300 MHz
Statistics: 700 MHz

Fitted width
as predicted

Pohl et al., Nature 466, 213 (2010)
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Ve have measured two transitions inup

e Considering the two measurements separately

2P fine structure Two independent determinations of r,,

(o ve o) | Consistentresults W
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O FrF,N

Lamb
shift

singlet

2S hyperfine splitting




We have measured two transitions inup

Lamb
shift

2P fine structure

T T 71T

O FrRrEFEN

triplet

Vsinglet

2S hyperfine splitting

e Considering the two measurements separately

Two independent determinations of 7,

(ve = 1p, Vs = Tp) | Consistent results ! I

e Combining the two measurements

Two measurements — determine two parameters
v, Vs — AP, AEgrs — Tpy T'Z

‘ ry, = [d3r1 d®ro pg(ri)par(r2)|r1 — r2| I

S+ qvs = AEL(r,) +8.8123 meV
AEHFS (?“Z ) — 3.2480 meV
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We have measured two transitions in.p

e Considering the two measurements separately

2P fine structure Two independent determinations of r,,
2P _ :
22 = (v, — 1y, vs — 1) | Consistent results !!!
.............. F=1 . . .
T 22 =i Using the 2S-HFS prediction

e Combining the two measurements

Two measurements — determine two parameters
Vi, Vg — AEL, AEHFS — | Tpy TZ

Lamb
shift

Vsinglet

rz, = [d3r1 d3r2 pp(r1)par(r2)|r — ra

S+ qvs = AEL(r,) +8.8123 meV

AEHFS (TZ ) — 3.2480 meV

]ZS hyperfine splitting

F=0 ‘ New r, does NOT dependend on 2S-HFS prediction I

A. Antognini IFAE-seminar, Barcelona 31.10.2014 — p. 13




S
Results onup: rp

V(28] 5" — 2P;5°) = 49881.88(76)GHz  Pohletal, Nature 466, 213 (2010)
49881.35(65) GHz
V(QSfEO . 2P3F/§1) _ 54611.16(1.05) GHz }Antognlnl et al., Science 339, 417 (2013)

— ‘ Proton charge radius: rp = 0.84087 (26)cxp (29)¢n = 0.84087 (39)fm I

using pp theory summary: Antognini et al.,, Ann. Phys. 331, 127 (2013) [arXiv:1208.2637]

7.90
up 2013 ¢ —>l— electron avg.

® scatt. JLab
Up 2010 |- ! ® + scatt. Mainz
o H spectroscopy
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9

Proton charge radius RCh [fm]
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S
The 2S5-HFS Inyp and Zemach radiusry,

Difference of the two transitions — 2S-HFS in up: AFypps = 22.8089(51) meV

— ‘ Proton Zemach radius: rz = 1.082(31)exp(20)¢n, = 1.082(37) fm I
‘ rz = [ d’r1d%r2 pp(ri)pm(r2)|r1 — ro| I

Contains information of the magnetic distributions of the proton

up 2013 - O
e-p, Mainz —@—
H, Volotka ®
® e-p, Friar
H,lDupays | .| | | | |
1 1.02 1.04 1.06 1.08 1.1 1.12

Proton Zemach radius R, [fm]
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Difference of the two transitions — 2S-HFS in up: AFypps = 22.8089(51) meV

— ‘ Proton Zemach radius: rz = 1.082(31)exp(20)¢n, = 1.082(37) fm I

Contains information of the magnetic distributions of the proton

up 2013 - o

e-p, Mainz —

H, Volotka o

- e-p, Friar

| | | | | | | | | | |
1.08 1.1 1.12
Proton Zemach radius R, [fm]




Proton radius puzzle: What may be wrong?

Bound-state QED?

Proton structure?
- /

-

i

Measurements?

A

fDefinition p-radius?

“New physics”?

More than 250 publications I

-m A. Antognini IFAE-seminar, Barcelona 31.10.2014 — p. 16




Politically correct discussion

b’

Everybody is right!..?

-m A. Antognini IFAE-seminar, Barcelona 31.10.2014 — p. 17




Proton radius puzzle: What may be wrong?

(2) up theory wrong?  but
e mainly pure QED (vac.pol., etc.)

e 'huge’ relative discrepancy
e hadronic terms small
e pol.term = 0.015(4) meV

(1) up exp. wrong?  but

e good statistics (o0 =0.76 GHz < discrepancy)
e linewidth ~ 19 GHz <« discrepancy

e several methods for frequency calibration

e another up(2S-2P) measured!

J

~ e 75 GHz
ABE (rJOPATAY — ARSP- = 0.31 meV

0.15 %

(3) e-p scattering wrong?  but
e Nnew Mainz and JLab results ...

(4) H spectroscopy wrong?  but
e 25-8S, 25-8D, 2S-12S, etc. all consistent ...

(5) H theory wrong?  but

e uncertainties at leat 25x smaller than discrepancy ...

A. Antognini IFAE-seminar, Barcelona 31.10.2014 — p. 18




r, puzzle(1): Is the pup experimentwrong ?

e Systematics? e Spectroscopy of ppr molecules or pue iIons?
- laser frequency calibration 300 MHz
- Zeeman effect (B = 5 Tesla) 30 MHz . .p
. p 2 H
- AC-Stark, DC-Stark shift <1 MHz PP
- Doppler shift <1 MHz
- pressure shift (1 mbar) 1 MHz ‘ Do not exist or too short lived (in 2S state) I

Systematics shift ~ 1/m Karr and Hilico, PRL 109, 103401 (2012)
Pohl et al., PRL 97, 193402 (2006)

Finite size shift ~ m3

e Frequency mistake by 75 GHz ?

Discrepancy = 75 GHz =~ 4TI
- Huge difference for laser spectroscopy accuracies

Two consistent pp transition measurements

- Two ways to calibrate the frequency (consistent)

‘ up experiment is probably not wrong by 100 o I

m A. Antognini IFAE-seminar, Barcelona 31.10.2014 — p. 19




S
r, puzzle(2): Is the pp theory wrong ?

Discrepancy = 0.31 meV
Theory uncertainty = 0.0025 meV AE™ = 206.0668(25) — 5.2275(10) 72 [meV]

= 1204 (theory) deviation?

1-loop eV
proton siz
2-loop eV
USE anduVP
discrepanc
1-loop eVP in 2 Cou
recoil

2-photon exchan
hadronic V

proton S

3-loop eV
light-by-light

| \\\\\H‘ | \\\\\H‘ | \\\\\H‘ | \\\\\H‘ | \\\\\H‘ |
10°  10% 10™ 1 10 10fneV

Pachucki, PRA 60, 3593 (1999)

Borie, arXiv: 1103.1772-v6

Jentschura, Ann. Phys. 326, 500 (2011)
Karshenboim et al., PRA 85, 032509 (2012)
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e
r, puzzle(2): Is the pp theory wrong ?

=0.31 meV
= 0.0025 meV
= 1204 (theory) deviation?

Discrepancy
Theory uncertainty

1-loop eV
proton siz
2-loop eV
USE anduVP
discrepanc
1-loop eVP in 2 Cou
recoil

2-photon exchan
hadronic V

proton S

3-loop eV
light-by-light T T
10°  10° 10" 1 10 10TneV
Pachucki, PRA 60, 3593 (1999)
Borie, arXiv: 1103.1772-v6
Jentschura, Ann. Phys. 326, 500 (2011)
Karshenboim et al., PRA 85, 032509 (2012)
|E,1" A. Antognini

AE™ = 206.0668(25) — 5.2275(10) 72 [meV]

Carlson et al., PRA 84, 020102 (2011)
McGovern and Birse, EPJA 48 120 (2012)
Peset and Pineda, arXiv:1406.4524
Alarcon etal. , arXiv:1312.1219

IFAE-seminar, Barcelona 31.10.2014 — p. 20




rp, puzzle(2): Is up(2S-2P)theory wrong ?
Higher order finite size effects I

Potential corr. Wave function corr.

Discrepancy =0.31 meV 3.7 meV 0.02 meV

This term is important for
Third Zemach moment: L P pp I

(r3) @) = [ dr [ & p(P)p(r) |7 — 77

A. Antognini IFAE-seminar, Barcelona 31.10.2014 — p. 21




‘ Can we find a p-shape to solve the discrepancy? I

In principle yes < (7)) = 37(7) fm?
[PL B 693, 555 (2010)]

Ever-changing proton

BEFORE JULY 2010
G Experiments with hydrogen

suggest proton radius is
0.877 femtometres and

halois 1,394 fm

JULY 2010
Exotic-hydrogen
experiments suggest
radius is 4% smaller,
Halo unchanged

AUGUST 2010

Mew calculations bring
back former proton radius,
but with a halo that is
~4%: times aslarge

©NewScientist



r, puzzle(2): Is up(2S-2P)theory wrong ?
‘ Can we find a p-shape to solve the discrepancy? I

In principle yes < (7)) = 37(7) fm?
[PL B 693, 555 (2010)]

Third Zemach moment:
(r3) 2y = [d3r [ pg(F)pE(r)|F—17|3

Ever-changing proton

Experiments with hydrogen
suggest proton radius is
0.877 femtometres and

Measurable I halais 1,394 fm

< But community not very happy . BEFORE JULY 2010

JULY 2010

. Exatic-hydrogen
experiments suggest
radius is 4% smaller,

(ré) 2y = 2.71(13) fm? [PRA 72 040502 (2005)] Halo unchanged
(ré) ) < 4.5 fm? [PRC 83, 012201 (2011)] KOGUST 2040
g o 3 New calculationsbring 17
<Tp>(2) — 2°85(8) fm [PLB 696, 343 (2011)] . back former protan radius, =
3 3 : but with a halo thatis =
(r5) (XPT) ~ (r5)(experiments) [hep-ph/0412142] ~ 45 times as large
.m A. Antognini IFAE-seminar, Barcelona 31.10.2014 — p. 22




o
r, puzzle(2): Is up(2S-2P)theory wrong ?

Phenomenological:
dispersion relations

Two ways to the 2+ exchange + data

Chiral EFT

Both agrees but...
.m A. Antognini IFAE-seminar, Barcelona 31.10.2014 — p. 23




rp, puzzle(2): Is up(2S-2P)theory wrong ?

Two photon exchange contribution to Lamb shift

Kinematics: 2 loop variables k—s - WHLI,
q” and v=(pq)/M 7} Ty + crossed
P o P
Uil diglili|l 3 1 1 I
it / (2m)* q_4U(k) [7 R e o ievu i k+ 4—m; + pail ] (k) Ty

Forward virtual Compton amplitude
[ e T (@) Ol

el 1 Pq Pqd .\,
i <—g“ i e )Tl(Va Q2)+—(p— q—QQ)“(P— q—QQ) T (v, QQ)

RIS

M2

Lamb shift (nS-nP)

144 a2 2 4 (q2 Vi 2V2)T1 (1/7 q2) 5t (q2 11 V2)T2(V7 q2)
ol - 2rmy My #u(0) /d i q*[(q?/2m;)? — v?]

[Slide stolen from Gorshteyn]
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rp, puzzle(2): Is up(2S-2P)theory wrong ?
‘Two photon exchange contribution to Lamb shift

Ti, T - the imaginary parts known (Optical theorem)
1

2 == (ASiEE1E1
ImTy (v, Q%) = AM Fi(v, Q) Inelastic structure functions = data
1 (real and virtual photoabsorption, FF)
ImTh(v, Q) = - Fa(v, Q%) i i

Real parts - from forward dispersion relation

2 1+e i
F1(v — 00,q47) ~ v "° - subtraction needed

Fy(v — 00,¢%) ~v° - no subtraction

ReT} (v, Q2) = T1(0, Q%) + TP (v, Q?) + v, Q%)

27rM i V2

o2 — 2
Vo

ReTs(v, Q%) = T4 (v, Q%) + 1/wf’ B, Q%)

[Slide stolen from Gorshteyn]

-m A. Antognini IFAE-seminar, Barcelona 31.10.2014 — p. 25




r, puzzle(2): Is up(2S-2P)theory wrong ?

TPE from Dispersion Relations

=~

/\ X W
[ Dispersion Relation + Data j Subtraction
Constant
e /0 aQ’ / il lfesd Model + data
Vo

[Slide stolen from Gorshteyn]

The controversy:
How well do we know the subtraction term?

|E,1" A. Antoanini IFAE-seminarI Barcelona 31.10.2014 — ﬁ 26




S
r, puzzle(2): Is up(2S-2P)theory wrong ?

e The subtraction term W, (0, Q?) is NOT determined by the imaginary part (data)

W1(0,Q%) known at small Q> via NRQED + Wilson coeff. from data
NOT known at intermediate Q% (yp — [T1p’' planned at HIGS, Duke)
known at large Q2 from OPE expansion

Uncertainty of this term underestimated? [PRL107,160402 (2011), Miller PLB 2012]

|E,1" A. Antoanini IFAE-seminarI Barcelona 31.10.2014 — ﬁ 27



rp, puzzle(2): Is up(2S-2P)theory wrong ?

e The subtraction term W, (0, Q?) is NOT determined by the imaginary part (data)

W1(0,Q%) known at small Q> via NRQED + Wilson coeff. from data
NOT known at intermediate Q% (yp — [T1p’' planned at HIGS, Duke)
known at large Q? from OPE expansion

Uncertainty of this term underestimated? [PRL107,160402 (2011), Miller PLB 2012]

e Could the two-photon exchange explain the discrepancy?

Unknown: Could be MUCH larger as previosly assumed Hill and Paz, PRL 107, 160402 (2011), Miller
Under control: Direct calc. of whole contribution in LO xPT Nevado and Pineda, PRC 77, 035202 (2008)
Under control: xPT expansion to bridge low-Q? to high-Q? McGovern and Birse, EPJA 48 120 (2012)
Under control: Sum rule + Regge +...photoabsorbtion data  Gorchtein et al, PRA 84, 052501 (2013)
Under control: Barion xPT + A(1232) contribution Alarcon et al, arXiv 1312.1219

Under control: Direct calc. of whole contribution in xPT Peset and Pineda, ArxXiv1403.3408 (2014)

A. Antognini IFAE-seminar, Barcelona 31.10.2014 — p. 27




rp, puzzle(2): Is up(2S-2P)theory wrong ?

e The subtraction term W, (0, Q?) is NOT determined by the imaginary part (data)

W1(0,Q%) known at small Q> via NRQED + Wilson coeff. from data
NOT known at intermediate Q% (yp — [T1p’' planned at HIGS, Duke)
known at large Q? from OPE expansion

Uncertainty of this term underestimated? [PRL107,160402 (2011), Miller PLB 2012]

e Could the two-photon exchange explain the discrepancy?

Unknown: Could be MUCH larger as previosly assumed Hill and Paz, PRL 107, 160402 (2011), Miller
Under control: Direct calc. of whole contribution in LO xPT Nevado and Pineda, PRC 77, 035202 (2008)
Under control: xPT expansion to bridge low-Q? to high-Q? McGovern and Birse, EPJA 48 120 (2012)
Under control: Sum rule + Regge +...photoabsorbtion data  Gorchtein et al, PRA 84, 052501 (2013)
Under control: Barion xPT + A(1232) contribution Alarcon et al, arXiv 1312.1219

Under control: Direct calc. of whole contribution in xPT Peset and Pineda, ArxXiv1403.3408 (2014)

‘ AFg,, = —0.0042(10) meV <+— Discrepancy=0.3 meV I

A. Antognini IFAE-seminar, Barcelona 31.10.2014 — p. 27




r, puzzle(2): Is up(2S-2P)theory wrong ?
BxP1 vs HBy PT:

Main part of pol. contribution comes from the low Q? regime — Chiral EFT

[Peset and Pineda,

arxiv:1406.4524]
k . .

ql fg

Two approaches have been develped:
BxPT [Pascalutsa, Lensky, Alarcon] and HByPT [Pineda, Nevado, Peset]
There are some not yet understood disagreement between the two approaches.

However when summing up all contributions to the TPE
AErpr = 33(2) ueV (Dispersive approach)
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S
r, puzzle(2): Is up(2S-2P)theory wrong ?

Polarizability contribution

(ueV) | DR + Model [33] [34] 136 BxPT[22](7) | HBET[6](7) [12](w&A)
AE, 12(2) 11.5 7.4(2.4) 15.3(5.6)| 8.2(37) 18.5(9.3)  26.2(10.0)

[33] Pachucki, PRL A 60, 3593, (1999)
34]  Martynenko, hep-ph/0509236

35]  Carlson and Vanderhaeghen, PRA 84, 020102 (2011) Very interesting
36] Gorchtein et al., PRA 87, 052501 physics
22]  Alarcon et al., EPJC 74, 2854 (2014)

6]  Nevado and Pineda, PRC 77, 035202 (2008)
[12] Peset and Pineda, arXiv:1403.3408

Proton charge moments

(r’) (r) (r’) (r®) (r’) (r) @)
T 0.4980 0.6877 1.619 5.203 20.92 | 0.9960
&N | 0.4071 0.6228 1.522 4.978 20.22 | 0.8142
0.7706 1.083 1.775 3.325 7.006 2.023
26| 0.9838 1.621 3.209 7.440 19.69 2.526
1.16(4) | 2.59(19)(04) | 8.0(1.2)(1.0) | 29.8(7.6)(12.6) | — — — | 2.85(])

[25] Janssens et al., PR 142, 922 (1966) -
[26] Kelly, PRC 70, 068202 (2004) [foi‘\*,t.fgg(sphng)ezd4"’i’
[27] Distler et al, PLB 696, 343 (2011) ' '
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S
r, puzzle(2): Is the up theory wrong ?

,) T ' I
Can we find a p-shape to solve the discrepancy- 0845 | E:ZI LEEUR S : i e
NO, but the question is interesting. DeRujula = ik } G I
0.844 | ossf +  Pohl et al.
'E 085 | ¢ CODATA
How does the radius extracted from up e« opaaf LT .. |
depends on the assumed proton shape? [Mmiller] <. h _
" 084z} T -
- x d
Finite size contributions 0.841 - l .
AEﬁnite size — Zn Qn (7“3) p(r)
bound-state QED expansion —  a, decreases rapidly Friar, Indelicato
e-p scattering data —  (rp) sufficiently small forn < 6  Distler, Miller
xPT —  (rp)(HBXPT) < (rp)(scatt) Peset, Pineda
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Can we find a p-shape to solve the discrepancy?

0.845
NO, but the question is interesting. DeRujula
= 0.844
g i
How does the radius extracted from up e 0843
depends on the assumed proton shape? [Mmiller] <.
" 0.842
Finite size contributions 0.841

AE’ﬁnite size — Zn an <Tg>

bound-state QED expansion —  a, decreases rapidly

e-p scattering data —  (rp) sufficiently small for n < 6
xPT —  (rp)(HBXPT) < (rp)(scatt)

Friar, Indelicato
Distler, Miller
Peset, Pineda

T
B O Exponential
086 | { 2 vy
ukawa
0.a7r X gaussian
= 0.B& +  Pohl et al,
.85 ¢ CODATA
oBsf P ® x4
1 . 1 | |
p(r)
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[Vanderhaegen and Walcher, A
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rXiv:1008.4225.]

0
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—— Spline fit

——— Rosenbluth Separation
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() = () s

1
(14 7)

Sick, PLB 576, 62 (2003)

Hills and Paz, PRD 82, 113005 (2010)

Bernauer et al, PRL 105, 242001 (2010)

Lorenz and Meissner, arXiv:1406.2962

(562(Q%) +7G3,(@*)

Gep/Gp

2\ _ 2.2 * 4
Gp(Q*) =1+ % (r]) + 55 (rp) + ...
- Very low Q2 yields slope but sensitivity is small
- Larger Q2 more sensitive but larger higher-order terms
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Proton charge radil

Extrapolation accounting
up 2013 . for large-r tail

@
e-p, world 2012

e-p, JLab
@ L
dispersion 2012
CODATA-2010

|—.—|

. L
ip 2010 e-p, Mainz

dispersion 2007 H/D
@ @ @

| | |
85 0.86 0.87 0.88 0.89
Proton charge radius R o [fm]

Analysis of e-p, e-n scattering data ‘ Extrapolation of scattering data? I
using VMD and dispersion relations

gives radii in agreement with up
(arXiv:1406.2962)

| ] ] | ] ] | ] ]
82 0.83 0.84 0.

0.
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Proton charge radil

Extrapolation accounting
up 2013 . for large-r tail

@
e-p, world 2012

e-p, gLab

L
dispersion 2012
CODATA-2010

|—.—|

o L
o) 200 e-p, Mainz
dispersion 2007 H/D
@ @ @
II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0.82 0.83 0.84 0.85 0.86 0.87 0.88 0.89

Proton charge radius R o [fm]

Analysis of e-p, e-n scattering data ‘ Extrapolation of scattering data? I
using VMD and dispersion relations

givgs radii in agreement with up What about H?
(arXiv:1406.2962)
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r, puzzle(3): Is H-spectroscopywrong ?

Two measurements — two unknown: R, and L’

0

— L% (rp) = 8171.636(4) + 1.5645 > MHz

2S,- 2R, ¢
2S),- 2R, ' '

281/2 B 2|33/2

1S-2S +25-4S,
1S-2S + 254D, , | .

1S-2S + 2S-4P,, .
1S-2S4 Roo | Lis 1S-2S + 2S-4P,, | .

n? n3 1S-2S + 25-6S,, —
1S-2S + 286D, ,
1S-2S + 2S-8S,
1S-2S + 288D,

15 1L 1S-2S + 258D, ,
,,,,,,,, 1S-2S + 282D, , — Havg= 0.8779 +- 0.0094 fm

1S-2S + 282D, , up : 0.84087 +- 0.00039 fm

1S-2S8 +1S-3S,| | - . |

\ ! \ ‘
0.8 0.85 0.9 095 1
proton charge radius (fm)
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r, puzzle(3): Is H-spectroscopywrong ?

Two measurements — two unknown: R, and L’

0

— L% (rp) = 8171.636(4) + 1.5645 > MHz

2S,- 2R, ¢
2S),- 2R, ; '

281/2 B 2P3/2

1S-2S +25-45,
1S-2S + 254D, , | .

1S-2S + 2S-4P,, .
1S-2S4 Roo | Lis 1S-2S + 2S-4P,, | .

n? n3 1S-2S + 25-6S,, —
1S-2S + 286D, ,
1S-2S + 2S-8S,
1S-2S + 288D,

15 1L 1S-2S + 258D, ,
,,,,,,,, 1S-2S + 282D, , — Havg= 0.8779 +- 0.0094 fm

1S-2S + 282D, , up : 0.84087 +- 0.00039 fm

1S-2S +1S - 33, : —— ‘ 5 |

0.8 0.85 0.9 0.95 1
proton charge radius (fm)

r




r, puzzle(6): New physics?

e Several models have been discussed and discarded because of low energy constraints
(9 —2),/e. pe, H, uSispectroscopy, J/V¥, w, K, n decay widths, n-scattering . ..

Models exist which escape the many constrains but at “high price”: I
- Tuning (e.g. vector vs axial-vector) and target coupling m., ~ MeV
- No UV completion and no full SM gauge invariance coupling ~ 104

[arXiv:1401.6154 / PRL 107, 011803 (2011) / PRD 86, 035013 (2012) / PRD 83, 101702 (2011)]

Window for new physics is very small.
BUT more “natural” extensions could come into play IFF fr}j <rhP < rgcatt
— e.g. dark photons

[Pospelov]

e Maybe the “new physics” or new effects have to be searched elsewhere:
strange proton structure, non-perturbative QED inside proton, quantum gravity etc.

Muonic deuterium and muonic helium

will soon provide stringent additional information
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Directly from ud spectroscopy
AE™ = 230.495(30) — 6.109(1)r2 meV

AE®S*P = 202.8759(34) meV




meu eron radius from ud and pp (preliminary

p1p

H-D shift: 7“(21 —7r

p

2 =3.82007(65) fm?
=0.84087(39) fm

}:>’r'd — 2.12771(22) fm

Directly from ud spectroscopy
AE'™ = 230.495(30) — 6.109(1)r2 meV

AE®S*P = 202.8759(34) meV




Deuteron radius from ud and pp (preliminary)

H-D shift:
pup

r3 —r2=3.82007(65) fm?

T — 0.84087(39) fm

}:M"d — 2.12771(22) fm

Directly from ud spectroscopy
AE'™ = 230.495(30) — 6.109(1)r2 meV

AE®S*P = 202.8759(34) meV

ud Borie+Pachucki+Ji+Friar

ud Borie+Ji
ud Borie+Pachucki
ud Martynenko

up +iso(1S-2S)

|—.—|
—@—

CODATA-2010
———

CODATA D + e-d

ETH

e-d scatt. °
n- .
p scatt o
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
2.11 2.115 2.12 2125 213 2135 214 2.145
Deuteron charge radius [fm]




euteron radius from p.d and up (preliminary

H-D shift: r3 — 72 =3.82007(65) fm”

Up : Tp =0.84087(39) fm

Directly from ud spectroscopy
AE'™ = 230.495(30) — 6.109(1)r2 meV

AE®S*P = 202.8759(34) meV

}:>rd — 2.12771(22) fm

ud Borie+Pachucki+Ji+Friar — —
ud Borie+Ji —e—
ud Borie+Pachucki —e—
ud Martynenko —e—

up +iso(1S-2S) -
CODATA-2010
———
CODATAD +e-d ®
e-d scatt. °
n-p scgtt. - ®

2.11 2.115 2.12 2.125 2.13 2.135 2.14 2.145

_ Deuteron charge radius [fm]
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pHe™ Lamb shift

Measure AE(2S-2P) in p3He™ and p*He™ with 50 ppm

|

rsie aNd rap, With u, = 3 x 107* <= 0.0005 fm

if polarisability contribution known with «,. = 5%

Antognini et al., Can. J. Phys. 89, 47 (2011)




S
rHe™ Lamb shift

Measure AE(2S-2P) in p3He™ and p*He™ with 50 ppm

|

rsie aNd rap, With u, = 3 x 107* <= 0.0005 fm

. if polarisability contribution known with «,. = 5%
Proton radius puzzle
- new muonic force? Antognini et al., Can. J. Phys. 89, 47 (2011)
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rHe™ Lamb shift

Measure AE(2S-2P) in 1 3He™ and p *He™ with 50 ppm

|

rsie aNd rap, With u, = 3 x 107* <= 0.0005 fm

if polarisability contribution known with «, = 5%

Proton radius puzzle

- new muonic force? Antognini et al., Can. J. Phys. 89, 47 (2011)
Benchmark for few-nucleon theories R. van Rooij et al. Science 333, 196 (2011)
- absolute radii of He, “He Cancio Pastor et al., arXiv:1201.1362

and °He, 3He via isotopic shifts Miiller, Wang, Shiner...
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pHe™ Lamb shift

Measure AE(2S-2P) in 1 3He™ and p *He™ with 50 ppm

|

311 @Nd 7Tap, With u, = 3 x 107* <= 0.0005 fm

; if polarisability contribution known with «,. = 5%
Proton radius puzzle

- new muonic force? Antognini et al., Can. J. Phys. 89, 47 (2011)
Benchmark for few-nucleon theories R. van Rooij et al. Science 333, 196 (2011)
- absolute radii of He, “He Cancio Pastor et al., arXiv:1201.1362

and °He, 3He via isotopic shifts Miiller, Wang, Shiner...

Enhanced bound-state QED test when combined with He*(1S-2S)
- Finitite size ~ Z*R? [MPQ and Amsterdam]
- Bohr structure ~ Z?R,

- Challenging QED contributions ~ (Za)?%
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Why testing bound-state QED?

e Free QED
o) ) 2 a3 a4 A
a. = C (—) + Oy (-) + Oy (—) + Cy (-) + Ck (—) + A(had, )
™ ™ s /Iy /I8
e Bound-state QED
- Binding effects (Z ) bad convergence, all-order approach/expansion
- Radiative corrections (o« and Za)
- Recoll corrections (m /M and Z«) relativity < two-body system

- Radiative—recoil corrections (o, m/M and Zq)

- Nuclear structure corrections

— Cannot develop the calculation in a systematic way
— Corrections are mixed up: o* - (Za)¥ - (m/M)~?
— Difficulty in finding out the desired order of corrections

New development: NRQED

g—2 Lamb shift [after Nio]
QED free particle bound-state particle

particle mass only three scales, hierarchy

perturbative around free particle non-perturbative
QCD deep inelastic scattering hadron

pQCD lattice, Chiral perturbation

m A. Antognini IFAE-seminar, Barcelona 31.10.2014 — p. 38




(a) Few-Nucleon Interactions in YEFT

typ. momentum

breakdown scale

2N ints

[from Griesshammer]

Weinberg, Ordénez/Ray/van Kolck, Friar/Coon,
Kaiser/Brockmann/Weise, Epelbaum/Glockle/MeiBner,
Entem/Machleidt, Kaiser, Higa/Robilotta, Epelbaum, . ..

Long-Range: correct symmetries and IR degrees of freedom: Chiral Dynamics

Short-Range: symmetries constrain contact-ints to simplify UV: Minimal parameter-set

"4
@,

Hierarchy: 2NF-effects > 3NF-effects > 4NF-effects

2 parameter i

+7 parameter

2 3
LO NLO N°LO N°LO

] [ 1 v s [ ]
1 [ v v oy v 1
1 [ u [ o \/ |
1 [ N M vy Ny LN
. HI ! — et ¥ Pk

[ LY 7~ ‘ [

Y ;o rN 7N Vi

(W] HE Ny o Vi etc

Vi \ ! [ Voo i

] \ ! L L

X N —— +

+0 parameter

3N ints

D . —
+ : E /\' ‘:’ ‘\ I’ etc
1 [ 1 N\
\ / \/

2 parameter

parameter-free, in progress

[Navratil et al., PRL99, 042501 (2007) ]
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[Gazit, Marcucci, Forssen, Kievsky, Stadler, Krebs...]




parahelium orthohelium

1
2 Pl 2 3P
/ 0,1,2
S

2 IS .L ~ *%059 fm =98 ns

0o Sl 1083 nm

=20 ms 1557mm S~ _ 539
A=9.1x 10%s! S~ 1

2x~120 nm 7=8000 s
1
1 S0

[R. van Rooij et al., Science 333, 196 (2011)]
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Energ

9230,6 -

209

1,5 4
1,0 4
0,5 -

0,0 -

HFS(MHz)

27424.85

668.0

5180.22
1780.89

F J IS(MHz) FS(MHz)
112 0
Al
1 2023035 23P
Poaa P2, “ 0
1/2 1/2 3/2
P1,1/2 PZ,3/2 P“,"z 3/2
32 312 172 % 1
P2$5/2AP1,afz‘ 3127 P, 29616.95
‘ ‘ 7 2\ 2023062

12

6739.70,

7z
™. 53897.13

2291.18

2’s

He He [Cancio Pastor et al., PRL 108, 143001 (2012)]
o From 2°P-2°S IS
o 40 discrepancy
—e—From 2'S-2°S reevaluated
* From electron-scattering
From nuclear theory o
090 095  1.00 105 110 115 120 125

5r°[’He-"He] (fm?)



He and ®He spectroscopy at GANIL

—— Transverse

3
3°Py12 Y Cooling
Spectroscopy
Laser
389 nm

— Zeeman Slower

3 ...
2°Po1.2 £
Discharge —/ ' :
1083 nm Source )]
_A-/e‘
23S, i Metastable state —
i 20ev i O
electron collisions / \ e
: Photodetector
118, : Ground state Al Lans

e Measure the 389 nm transitions
- Finite size shift: 1 MHz with 10...70 kHz precison.

- Mass shift: 50 GHz

e From isotope shift theory
and knowledge of “He charge radius

Roeyge = 2059(8) fm
Respe = 1.958(16) fm

[Lu, Mdller, Drake et al., RMP 85 1383 (2013)]
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Hydrogen

2S ——
243 nm
*
243 nm
1S ——

Helium

1s5p

182s |

51 nm

1s2

120 nm
120 nm

Helium+

[Hermann et al., PRA 79, 052505 (2009)]
[Kandula et al., PRA 84, 062512 (2011)]



Viuonic helium transitions

146 meV 145 meV
-
= F=1
=0 ~ 2P, Ei‘i
fin. size: 25, 25,
2;'8 meY [ F= ” fin. size effect fin. size effect
* 23 meV 290 meV 397 meV
F=0 R P odloo
pp 4 Het p S He™
A=55—6um A = 812 and 898 nm A =850 — 1100 nm
finite size: 2% finite size: 20% finite size: 25%




The setup for . He™ Is similar to up

Pion beam line

« Protons

Momentum filter C-target

Cyclotron trap

5T solenoid

Ti:Sa cw laser

Raman cell ~»
— —

FP cavity

Water vapor ‘

- Laser system upgraded Ti:Sa ampnﬁer

- New preamplifiers for the X-rays
- DAQ upgraded

- Light shielding

- Cavity monitoring

- Gas system for 3He in preparation Disk-laser Disk-laser

T"l Sa ~oscillator

Diode laser
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ne K, time spectra

On Resonance

250

ON
resonance

Events

IIIII"|| III|II||| |IIIIH|| |IIII|“| T

200

150
10*

100

50

10°

.-|IIIIIIIIIIIIIIIIIIIIIIII

0.

=]
o
=
e
[
o
|

102

10

o
o
o
-
N
w
S
)
o
~
©

Off Resonance

250

OFF

resonance

200

150

100

50

.-llIIIIIIIIIIIIIIIIlIIIIII

0

II|II"|| III|I|||| IIIIIﬂ|| IIIIII|I| [TT1

time [us]




\uclear polarization contribution in  He

> lepton
th m,; 2 m, 4/,.3
AELs = AEqeD — ﬁ(Za) (ro) + ﬁ(za) () (2) =+ Opol
Nucleus

e From nuclear response function Sy(w) — nuclear polarization contribution

= Y It71010) Po(Es~ Fy—)

FE: P
(Eo, Py) )

[J1]

e Two ways to get the response function:

- From photo-absorption  [Bernabeau & Jarlskog, Rinker, Friar]
Opol = 3.1 meV +20%

- From state-of-the-art potentials (chiral EFT, AV18/UIX)  [Ji, Nevo Dinur, Bacca...]
dpol = 2.47 meV +6%
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Events / Prompt
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1.05

1074

1.00 |
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- Erich et al.

0.95— Ottermann et al. ]
von Gunten 10~8
X McCarthy et al.
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’ i 1076

- world data of e-scattering.
- constraints density at large r:

- shape: from p-wavefunction ~ Whittaker.

- absolute density: from p-He scattering + FDR.
- point density from potential + GFMC (small r) + FDR (large r).
- fold point density with charge density distribution of p and n.
- include Coulomb distortions.

'N%%l T |
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[Sick, PRC 77, 941392(R) (2008)]



Difficulties due to large- tail (from

L. Sick / Progress in Particle and Nuclear Physics 67 (2012) 473-478

Extrapolation of G(q) is not fully reliable.
Needs to consider p(r) at large r.

R(r /R

Most e — p scattering fits have not
been checked for large-r behavior

IIII|IIII|IIII|IIII|IlIIlII

Need a physical model to constrains

(9]

the large-r behavior

Slow convergence of the p rms radius vs upper cutoff r.,;
calculated over the integral of the charge density p(r)

ETH




Conclusions

From two transitions in muonic hydrogen:
- Proton charge radius: rg = 0.84087(39) fm
- Proton Zemach radius: 77 = 1.802(37) fm

Proton radius puzzle persist:
- Experimental problem(s)?

- New physics?
- Weird QCD or bound-state QED?

- Proton structure?

deducing also
- Deuteron charge radius: rq = 2.12771(22) fm
- Roo = 3.289841 960 249 5 (10)radius (25)RED » 1015 Hz/c

From 2.5 transitions in muonic deuterium:

— deuteron radius

The deuteron and proton radii extracted from up and ud

are consistentwith the 1S-2S isotope shift in H

From transitions in p *He™ with u,, = 5 x 1072,

— 4He charge radius with u,, = 3 x 1074

— agreement with the e-scattering value (u, = 2 x 1073)

— important information for the proton puzzle (spin-, isospin-dependence etc.)

— interesting information for few-nucleons theory, to disentangle potentials....
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Motivation, summary, outlook
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Deuteron charge radius

‘ H-spectroscopy I

Roo = 3.2898419602495(10)(25)101° Hz/c
combining up with H spectroscopy
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Exotic atoms

Particle/Nuclear physics

5
e

Exotic atoms
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Exotic atoms

Particle/Nuclear physics

- Bound-state QED

- Low-energy QCD

- EFT theories, xPT....

- Lattice QCD

- Ab-initio few nucleon th.
- Fundamental constants
- Symmetry test

- New physics

; :..-' B = :‘;'_.. _' e i - -
ThE Ly e LT g s o

ey, . il up(2S-2P) (2010) [p]
i Exotic atoms { xpand =D (2011) [scatt. length]
R S i uHeT (252P)  (2014) [rie]
ete™ (1S-2S) (ongoing)
mHe (ongoing) [pion mass]

pte™ (1S-25) (in preparation at PSI)

g pTe™ (HFS) (ongoing at JPARK)

' up, p3He (HFS)  (PSI?, JPARK) [Zemach rad.]
pli (PSI?)
pRa (PSI?) [for Ra EDM]
H, pHe (CERN, ongoing)
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o
Zavattini “resonance”

Zavattini radius seems apparently correct

Our measurement

=
©.
w

but it results from a wrong experiment g E =
- : - S [ Zavattini
combined with an incomplete theory! g b
[Carldoni et al., Nucl. Phys. A 278, 381 (1977)] 08—
wr enas 15 A o.ef— ‘ ‘
4L £
» : l ‘ l
0.2_—
i /| -
« L] 0 — ISéGI — II%é?I — I3é8I — I36|59I — I3;0I — I3|71I — I3;2I — I37|3

Frequency [THZz]

OFFSET

Zavattini experiment was performed at 50 bar pressure:

= 2S-population is collisionally quenched.

= No population left for a laser experiment.

(for comparison: we are measuring p He™ at 2 mbar)

[Hauser et al., PRA 46, 2363 (1992)]
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o
Precision test ofBr), Bgp... contributions

H [kHZ] He™ [kHz] ratio
AFss_1g 2.466 x 102 9.869 x 1012 Z2 |= 322R. + 6(L1s — Las)]
0(L1s — Log)®*P (from 6Ro.) 16 65 Z2 [=6(AEas_15 — 2Z%Ro)]
(2.2 ppm) (0.7 ppm)
(Lis — Log)™ 7127887(44) 93856127(348) Z37  [Jentschura, 2006]
0(L1s — Lag)™" (6.3 ppm) (3.7 ppm)
Bgo and By; terms —8(3) —543(185)  Z5-
nuclear size (p, *He) 1102(44) 62079(295) Z4r?
after up l l puHe experiments
uncert. of nucl. size (2) (40) pHe -pol. 5%

(16) pHe™ -pol. 2%

check Bgy and B-; with 25% 7% | pHe™-pol. 5%
3%| pHe'-pol. 2%
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o
Precision test ofBr), Bgp... contributions

H [kHZ] He™ [kHz] ratio
AFss_1g 2.466 x 102 9.869 x 1012 Z2 |= 322R. + 6(L1s — Las)]
0(L1s — Log)®*P (from 6Ro.) 16 10 ﬁé Z? = §(AEas_15 — 2Z2Ro.)]
(2.2 ppm) (0-7-ppm)
(0.1 ppm) (His—25 + p1p)
(Lis — Log)™ 7127887(44) 93856127(348) Z37  [Jentschura, 2006]
0(L1s — Lag)™" (6.3 ppm) (3.7 ppm)
Bgo and By; terms —8(3) —543(185)  Z5-
nuclear size (p, *He) 1102(44) 62079(295) Z4r?
after up l l puHe experiments
uncert. of nucl. size (2) (40) pHe -pol. 5%

(16) pHe™ -pol. 2%

check Bgy and B-; with 25% 7% | pHe™-pol. 5%
3%| pHe'-pol. 2%
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Leptonic probes to determine the p structure

e(k) e(k') :
! g i [Ron]

ay” \ Electron vertex
P \ P Resolving power: A = h/\/—q?

well know from QED
0T

and (g o 2)6
Valy Fi(q?) + io* 4= Fa(g?)] .
04 \\\\\“ u;_:
(<01 (Static Properties) \\‘r\ 2

Q*[ (GeV/c)?] ~ 4 0.1 —10 (Distributions, structure) 03] i\
L =20 (Perturbative QCD) &
0.2+ ) \\\;\\ \
@107 (H) 4

Q2[(GeV/c)2]~{ (8-10%)2  (up)
(>6-1072)? (e-p scatt.)
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