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Park 1: Proton size

1 =
R o '®0 374.5 Mev
A s ™ e %0 747.4 Mev
0 F 5 ) > 208pp 250 MeV
NN Ef“‘"\\ + ?®pp 500 MeV
107° %
i - |
210_3 - .\‘ .*.,.,,. !
time honored tool: S o | 4 -
= b
_ ;
x_ 5[ .
electroweak probe 5" i
8 106 | E
107 F ’\.
107 ~ 3 4 s
. & --- Mean-Fi
- r ] - 002 T::onry teld
5 1 A 5 . 5 1 | 1 | | — Experiment
P I 2 3
g (fm™) r(fm)

how accurate do we
know the proton size ?
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Proton radius puzzle
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Could scientists

be seeing signs of
a whole new realm

of physics?

Pohl et al A 0.84184(67)

Antognini et al A 0.84087(39)

0.78 0.82 0.86 0.90 0.94 0.98
Proton Charge radius (fm)

nH data: Re=0.8409 + 0.0004 fm

Pohl et al. (2010)

Antognini et al. (2013) 7 o difference 1?

ep data: Re=0.8775 + 0.0051 fm

Elye New JJork Eimes
CODATA (2012)



Proton radius puzzle: what could it mean ?

AEs = 209.9779 (49) - 5.2262 R.2+0.00913 R3, meV

MH expt. wrong ?

MH theory wrong ?

- QED bound state corrections
- hadronic corrections

- check with different targets

different | radii

Lamb shift

difference of

= 320 peV

standard model wrong ?

eH theory wrong ?

eH expt. wrong ? -> R Wrong

+ ep scattering wrong ?

- radiative corrections

- 2y corrections

- low Q? extrapolation



Lamb shift: status of known corrections

HH Lamb shift: summary of corrections

I-loop eVP

proton size

2-loop eVP

uSE and uVP
discrepancy

[-loop eVP in 2 Coul.

recoil

2-photon exchange
hadronic VP
proton SE

3-loop eVP
light-by-light

largest theoretical
Lol Ll Ll Ll I ‘ Uncertalnty

0>  107% 10" 1 10 10 eV

total hadronic correction on Lamb shift
ﬂ elastic contribution on 2S level: AE;s =-23 peV

BB inelastic contribution: Carlson, Vdh (2011) + AE(2p-25)= (33 £ 2) peV

Birse, McGovern (2012)

...or about 11% of needed correction



Lamb shift: hadronic corrections (I
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ﬂ Lower blob contains both elastic (nucleon) and in-elastic states ‘ Hadron physics

Information contained in forward, double virtual Compton scattering input required

- Described by two amplitudes T1 and T2: function of energy v and virtuality Q?

‘ 1 ‘
Im 7 (v, QZ) = mFl (v, Qz>

1 ‘
— (v, Q°)
uyy

- Imaginary parts of T1, T2: unpolarized structure functions of proton
Im 75 (v, Q?)

‘ AE evaluated through an integral over Q% and v

AE — Apge —" Elastic state: involves nucleon form factors
subtr AT : e
+ AFE — Subtraction: involves nucleon polarizabilities
+ A E'z'.un..el

=5 Inelastic, dispersion integrals: involves structure functions F1, F2



Lamb shift: hadronic corrections (II)

q low-energy expansion of forward,

doubly virtual Compton scattering

contains a subtraction term T1(0,Q?)

H

.Timn—Born(O7 QQ) —

.T;on—Born(O’ QQ) _

effective Hamiltonian:
1

electric
polarizabilities

subtraction term T1(0,Q?)

— 1 —
—547T04EE2 - 54#/31\132
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magnetic

Bm1® [104 fm3]

ag¢P [10* fm3]
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Theory analyses:

BChPT

Lensky,
Pascalutsa (2010)

HBChPT

Griesshammer,
McGovern,
Phillips (2013)

PDG 14 values:
o = (11.2+0.2) x 10* fm?3

Bm = (2.5 £ 0.4) x 10 fm3

weighting function in Lamb shift

next order terms: calculable in chiral perturbation theory

Nevado,

Alarcon, Lensky,

Pineda (2008)

Pascalutsa (2014)

; Birse, McGovern(2012) ;
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Lamb shift: hadronic corrections summary

polarizability correction dispersive estimates

on 2S level in pH ;
HBChPT H.BC PT
+ dispersive

BChPT
(neV) Pachucki [9] Martynenko [10] Nevado and Carlson and Birse and Gorchtein LO-BxPT
Pineda [11] Vanderhaeghen [12] McGovern [13] et al. [14] [this work]
AT 1.8 73 - 53 (1.9) 4.2 (1.0) =S (o) dae =a )
NESTE 24139 = (15 2 “12.7+(5) —12.7 (5) —13.0 (6) 5
E S 10)(0) =i 55 —7.4 2.4) s b —15.3 (5.6) )

4 Adjusted value; the original value of Ref. [14], +3.3, is based on a different decomposition into the ‘elastic’ and ‘polarizability’ contributions
b Taken from Ref. [12]

9]
10

. Pachucki, Phys. Rev. A 60, 3593 (1999).

[10] A. P. Martynenko, Phys. Atom. Nucl. 69, 1309 (2006).

[11] D. Nevado and A. Pineda, Phys. Rev. C 77, 035202 (2008).

[12] C. E. Carlson and M. Vanderhaeghen, Phys. Rev. A 84, 020102 (2011).
[13]

[14]

QO » X

=

13] M. C. Birse and J. A. McGovern, Eur. Phys. J. A 48, 120 (2012).
14] M. Gorchtein, F. J. Llanes-Estrada and A. P. Szczepaniak, Phys. Rev. A 87, 052501 (2013).

[LO-BxPT] Alarcon, Lensky, Pascalutsa, EPJC (2014) 74:2852

total hadronic correction on Lamb shift AEpp_25i= (33 £ 2) peV

...or about 11% of needed correction



Proton radius puzzle: new physics ?

A -
>

: T invoking exchange of

new muonic forces ? | |
INew Particle
|

lepton universality-violating models o ——— -~ hypothetical light boson

challenge: new physics must also simultaneously explain 1 ppm

respect (g-2), discrepancy
and 10* ppm discrepancies !!!

Tucker-Smith Yavin (2010)

Barger,Chiang, Keung, Marfiata (2011)

parity-violating muonic forces (V and A)
0.01

fine tuning between V and A coupling to muon

— cm Yy . . <
Ling = =V KIS =, (gvry + 9ar075)Wul S oom}
T So
all leptons V and A coupling .
to muons
Batell, McKeen, Pospelov (2011)
Carlson, Rislow (2012)
S he o 2 2 e . e R -
Karshenboim, McKeen, Pospelov (2014) e et B 10 0 10 20 30 40 50
my (MeV)

strong constraint from leptonic W decay
embedding in a renormalizable theory required

Carlson, Freid (in progress)
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Proton radius puzzle: what's next ?

uH Lamb shift: muonic D, muonic 3He, *He have been performed

electronic H Lamb shift: higher accuracy measurements underway

electron scattering analysis:  Lorenz et al.
- radius extraction fits (use fits with correct analytical behavior: 2m cut)
- radiative corrections, two-photon exchange corrections

new fit Re=0.904 (15) fm (40 from pH) Lee, Arrington, Hill (2015)

electron scattering experiments:

new Ggp, experiments down to Q%= 2 x 10* GeV?

- MAMI/A1: Initial State Radiation (2013/4)

- JLab/Hall B: HyCal, magnetic spectrometer-free experiment, norm to Mgller (2016/7)

: ; see talk: H. Gao
- MESA: low-energy, high resolution spectrometers (2019)

muon scattering experiments: MUSE@PSI (2017/8)

e'e* versus Lu* photoproduction: lepton universality test
11



ISR@MAMI experiment

- Extracting FFs from the radiative tail.

- Radiative tail dominated by coherent
sum of two Bethe-Heitler diagrams.

Q2
3 Re construct

Ge

- In data ISR can not be distinguished
from FSR. Combining data with the
simulation, G_P at Q2 ~ 10 (GeV/c)?
reached.

- Experiment performed in 2013.

- Preliminary results at high Q2 demonstrate
2% agreement in a region with known FFs.

Mihovilovic et al. (2015)

—
7

Q2 at Vertex [GeV?/c?]

Counts/ 0.1 mC

Data
Simulation

—
5
N

ISR 2013 (E, = 495 MeV)

e
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H(e,e/)nwtand
H(e, e')p m° Contributions

= Background Contributions -

300 350 400 450 500

Electron energy E’ [MeV]
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MESA: mainz Energy Recovering Superconducting Accelearator

e polarized beam: 150 uA & 155MeV for external target e cryomodules ordered and under construction
in non energy recovery mode (EB)
e |attice design advancing
® unpolarized beam: 10mA & 105MeV for internal target

in energy recovery mode (ER) e most architectural challenges solved
® normalized emittance <2mm e radiation protection simulations finished
® 2 cryomodules, 2 superconducting g-cell cavities each e preparing tender for magnets, power supplies, vacuum
system, etc.

e expected commissioning: 2018

10m

-

155MeV
e——

loading hall

Internal target MAGIX

e search for the dark photon, ® precise measurement of
proton radius, polarizabilities, Weinberg angle
few-body physics program

External target P2 Modified ELBE-type

® TESLA/XFEL cavities

e 25 MeV energy gain per
® measurement of lead neutron skin cryomodule
e hydrogen gas target

¢ liquid hydrogen/ lead target e cryogenic loss: 40W at 4K
® [luminosity ~ 1034cm2s?

® [luminosity ~ 1039cm-2s? ® 3 passes in EB mode

e works in ER mode

e works in EB mode ® 2x2 passes in ER mode



MUSE@PSI experiment

simultaneous measurement of e and

elastic scattering absolute cross sections

MUSE Pseudodata: Estimated Errors for u/e (:‘:p Ratio
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5 (points offset for plotting)
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production run planned 2017 - 2018

Sick (2003

)
CODATA:2006 (2008)
Bernauer (2010

(

)
)
Zhan (2011)
CODATA:2010 (2012)
Antognini (2013)
Projected MUSE ep
Projected MUSE e'p
Projected MUSE up
Projected MUSE p'p
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do/dt dM,” (ub/GeV*)

Lepton universality test in
YpP —e€e’p Vs Yp > W' p

102

EY =0.5 GeV

--------- 0.01
B
uu
— 002
I I 0.03
L L L L Ll L
0.03 0.04 0.05 0.06 0.07 0.08
2 2
M, (GeV?)
T — L

1141

1.135}F

g(e e +u ut)lo(e”e")

1115}

1.11F

1.105

lepton universality

1.13F
1.125}F

1.12F

E,=0.5 GeV
~t=0.03 GeV?

violation
Gep/Gg,=1.01

lepton universality
Gep=Gg,

0.066 0.068 0.07 0.072 0.074 0.076 0.078
M; (GeV?)

difference in measured proton charge FF

in electron vs muon observables

leads to a 0.2% absolute effect
in (ee*+upt) vs put ratio

Pauk,Vdh (2015) 15



uwD Lamb shift experiment

- H/D isotope shift (1S - 2S): rg? - r,2 = 3.82007 + 0.00065 fm?  Parthey et al. (2010)

- new uD Lamb shift experiment performed @ PSI

ud Borie+Pachucki+Ji+Friar —e—
ud Borie+J1i —e—
ud Borie+Pachucki —e—

ud Martynenko —e—
UWH + 1so H/D(1S-2S) o

CODATA-2010

CODATAD +e-d ®

e-d scatt. -

n-p scatt. o

| l |
2.11 2.115 2.12 2.125 2.13 2.135 2.14 2.145

Deuteron charge radius [fm]

- caveat: error bar for uD does not include polarization correction
- new radius measurement from e-d scattering was performed @ MAMI (2014)

factor 2 improvement expected

16



Polarization correction for uD Lamb shift

ﬂ polarization correction needs to be kK—s > — k
controlled to extract deuteron charge radius
P P
Ref. NP
Pachucki (AV18) (2011)
Friar (zero range approximation) (2013) . potential models
Hernandez et al. (AV18, N3LO) (2014)
Pachucki, Wienczek (2015)
Krauth et al. (2015) : compilation of potential models
Gorchtein et al. (2014) 1.748(740) data based: dispersive analysis
B Experimental check of polarization correction: el e e S )

o Ricco q=0.35fm1, 155°
Central Value
Central Value + Uncertainty

- can be related using a dispersive analysis to deuteron 0.25¢
FFs, unpolarized structure functions, polarizabilities

O
(S

©
—
o1

- present fit to world data yields large uncertainty (740 peV)

d2o/dQdE’ (ub/MeV)
o

- nearly all uncertainty at present arises from
deuteron threshold disintegration region

o
o
o

o
SN LA N B

22 24 26 28 3 32 34 36 38
v (MeV)

0.003 — 0.006 (GeV /c)?
6 — 10 MeV data needed ! 17




Part 2: Proton / Barvov\ spo&i&i skructure

1.7 1 +0.5, 855 MeV.
1.6 Sl

e el 2 Articles published week ending 25 JANUARY 2008

Libirary ar {ther Bnssessionsd Use Prohibiied Lset 201
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1.4 +0.3, 585 MeV

1.3

+0.2, 450 MeV
1.2 WM

Cexp/Sstd. dipole

11 L +0.1, 315 MeV
A - S I e S b ]
1 RSty s o= 5o a s s S g R R R A g st o s tatass
180 MeV
09 r | | | | | ! 1
20° 40° 60° 80° 100° 120°
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Published by the %E‘S_‘
American Physical Society physice Volume 100, Number 3
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e scattering: unpolarized cross sections

1.03
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0.0 0.2 04 0.6 08 1.0 b Christy [54]  ted Hanson [98]  + Murphy [82]
t=# Simon [58] 4 Janssens [55] t+ Bosted [66]
E
Andivahis et al. (1994) Bernauer et al. (2010, 2013)
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Form factors: 2D light-front densities of hadrons

unpolarized

c ey
M= [ GEQABQR(@) Dirac FF F;

oo d 2
+ sin(¢p — ¢3) / QQ 2?4 J1(bQ)F»(Q?)—>» transverse
Bp s ) polarization
Pauli FF F>
proton neutron
unpolarized
charge density ]?121]5]33“21303)
~1.5-1-050 0.5 1 1.5 -1.5-1-050 0.5 1 1.5 Miller (2007)
b (fm) b (fm)
: Carlson,
density vdh (2008)

for transverse
polarization

-1.5~1-0.50 0.5 1 1.5 -1.5-1-050 0.5 1 1.5



e scattering: double polarization

E+p—e+p

Akhiezer, Rekalo (1974)

21



Rosenbluth vs polarization transfer
measurements of Gg/Gwm of proton

150 F T T T T O
1.00
o =
(o)
s
B 0.50
(=W -
i . A this work
- W Gayou
- @ Jones, Punjabi
0.00
—0.50 —

0.0 2.0 4.0 6.0 8.0

Q* (GeV?)

S

Two methods: two different results

most likely: 2y-exchange correction

) Rosenbluth data
SLAC, JLab (Hall A, C)

‘ Polarization data
JLab (Hall A, C)

GEpl Jones et al. (2000)

Punjabi et al. (2005)

GEpll Gayou et al. (2002)

(3Ep”| Puckett et al. (2010)
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2v-exchange in e scattering: general

Dl
P=" —(k—k)2 u=(k—p)
el s=(p+k)° ”:SZU
2
discrete symmetries me = 0 «f———> @ucture amplitudE
2 £ PH K pH
L 6—25(/@’, h )y yue(k, h).N(p', ) [Gur (v, )" — Fa(v,t) == + Fa(v, t) —=-1N(p, A)
Q M M
Guichon, Vdh (2003)
Leading contribution to cross section - interference term
1 photon diagram 2 photon exchange diagram
& 2

orpr ~ NG, ]WF o, N F3
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observables including 2y-exchange

Gu(v, Q%) = Gu(Q%) + G
Fo(v, Q) = Fa(Q?) + 6F%
Fg(V, QQ) = 0L 5F3

for real part:

|

3 independent observables

. 5G
YMv.0*) =R il

SE 2\ (SGE
V(. Q*) =R (GM )

—

% e G2
G—f — 1+—G£
M TSy
.' GE .k E ‘
2YM 4 2¢ VE +2¢(1 5
T 2"+ TG 2’+ +7‘G]\[ 2
+ O(e?)
B (1+¢e) P Gg
2¢e P - G
G , 2¢ G
E_YE M B E -3
+ YQW G v YZW i (1 I1+¢ G]\,[) ’
+ O(e*)
P !
PlBov‘n
G2\ " a3 G ‘
—25(1+5—2E) {[ - (1— ’§>+ E v

24




extraction of 2y-amplitudes: data

Rosenbluth data: JLab (Hall A)

Q%= 2.64 GeV?

D
o
S
Q.
=
—~
24
o]
t 1 ! 1 |
0 0.2 0.4 0.6 0.8 1.0
14

Qattan et al. (2005)

Polarization data: JLab (Hall C)

Q%= 2.5 GeV?
[ — fit .
~1~— 075 e GEp-2y
ol ' A GEp-|
g PR
— |\ [
0703 IA
. | ¥
Q »
' 0651  IEE—
[ |
0 0.2 0.4 0.6 0.8 1.0
€
i — 1+a& In(1-s)(1-e)”2‘
— fit 1+ a,£%(1-¢)"2
c 1.02 | ® GEp-2y
o
m
Q. -
~ ——
-— 1 - ==
a 00
0.981 ! !
0 0.2 0.4 0.6 0.8 1.0
£
F q

Meziane et al. (2011) 25



extraction of 2y-amplitudes: fit

I
- Q2=2.64 GeV?
0.02

.'Yé ~
—0.04
i i
~0.06 - | |
0 02 04 06 08 1.0
£

Hadrons and Nuclei

Guttmann, Kivel,
Meziane, Vdh (2011)

extracted 2y amplitudes are in :

the (expected) 2-3 % range
—
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2y-exchange in ep elastic scattering

N, 1tN,...
- box graph model (on-shell vertices) Blunden, Melnitchouk, Tjon (2003, 2005)
- unsubtracted DR formalism Borisyuk, Kobushkin (2008)

- subtracted DR formalism, inelastic states = Tomalak, vdh (2014),

. . 00159 A eseveres
resent deviation relevant Feshbach

p s glastic TPE

. . F1F1 contribution
for a precise extraction

of magnetic radius j

N 7

24,



recent TPE experiments measuring e*/e

CLAS Kinematic Reach of Two-Photon Experiments
O e torytoet/~ 2.5 | | | |
-beam

VEPP-3 2 -
O 1.6/1 GeV beam
O no field

O preliminary results

OL¥MPUS
O DORIS @ DESY 0.5 -

QO 2 GeV beam

O data taking finished 0
01/2013 °

O no results yet :(

1.5

Q? [GeV/c]?

28



Ratio R (standard RC applied)

VEPP-3 results for e™ /e ratio
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Olympus experiment of e*/e" ratio

experiment: DORIS@DESY

data taking in 2012,
analysis ongoing,

first results end 2014

et /e~ - ratio

Ec=2GeV, Q?inrange 0.6 -2.2 GeV?

1.2

1.15

Yount+Pine 1062
Browman 1965
Mar 1068
Bouquet 1968

- Olympus projected

HEH
HH
4
o
e

Yang phen.
Guttmann phen.
Bernauer phen.
Afanasev

Blunden (g.s.
Blunden (gs. + A

Bori uk(g.s. —
Tomasi-Gusta n
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normal spin asymmetries in elastic e'N scattering

m) directly proportional to imaginary part of 2-photon amplitudes

spin of beam or target

normal to scattering plane

m) order of magnitude estimates:

target: A, ~ Qepy ~ 1072

Me

beam: .o B ool
€

o
or :

on-shell intermediate state
measures the absorptive part of

double virtual Compton scattering

e =105

31



beam normal spin asymmetry in e'N elastic

Ee =315 MeV

o Phys. Rev. Liett. 94, 082001 (2005) i -
E 0 . % m— elastic inter, state ‘% E_
& -10 %-20_ === inelastic inter. states %GOE
v= -20 40— — sum of el, and inel, 50;—
= -30 S0 w0
-40 -
-50 80 e
3 - n
'gg | E, =0.855 GeV w P e
0 50 100 150 0 50 100 150 «F PVA4 oF PVA4
Co b Lo b Lo b Lo b b i b by || A S ; bt ' Lol N,
0., (deg) 0., (deg) 7S e W W w0 :::Ie R me
T — EE—— S — L —— T
Phys.Rev.Lett. 107 (2011) 022501
2 of — :
N A 0
= 1\ Tre.l. K .
<TEN Tl : elastic
e 20 . T = .
g ; \\ -------------- — -50 '_— :
e 3F e 3 : GO, SAMPLE, PVA4
< 4F \\\ ’ & 3 o 362 MoV, iy =123°, this work
B SE \a ) GO // nm: -100 » Theory, flgm =120°
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target normal spin asymmetry in e'N elastic
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% {—GMZ(éGE+WF3> = GEI<5GM—I- (1+5) M2F3>}

SHBT(G, 6') quasi-elastic scattering on neutron

A= \/25(1—|—5) (G3s +¢/7G%)”

JLab (HaII A) Zhang et al. (2015)

elastic contribution
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= GPD model calculation
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at present: no proton data exist
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Summary/Outlook

1) Proton radius puzzle:

AR,
oD
T 0
ﬂ precision muonic atom spectroscopy | Y. o

has shaken textbook knowledge

W\

ﬂ generated a large activity to scrutinize result

ﬂ what can be expected (timescale) ?

eH Lamb shift (~ 1/2 - 1 year)

new e scattering (~ 1-2 years)

CHRIS MADDEN.

W scattering (~ 3 years)

‘ new expt: LU vs e e* pair production as lepton universality test

2) Proton spatial structure: form factors, two-photon processes

ﬂ deuteron, 3He, “He, light nuclei e.m. obsevables:
impact on precision atomic physics, connect with ab initio EFT

ﬂ two-photon exchange observables (e”/ e* ratio, asymmetries):
precise understanding needed to use electron scattering as a precision tool
input in polarizability corrections in atomic spectroscopy

‘ many new opportunities for precision measurements 34
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