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OCD: still unsolved in non-perturbative
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Gauge bosons: gluons (8)
2004 Nobel prize for “"asymptotic freedom”’

One of the top 10 challenges for physics!
QCD: Important for discovering new physics beyond SM

Nucleon structure is one of the most active areas



What is inside the proton/neutron?

1933: Proton’s magnetic moment 1960: Elastic e-p scattering

Nobel Prize
In Physics 1943

Nobel Prize
In Physics 1961
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electrons on protons ...". interaction”. ’



Lepton scattering: powerful microscope!

Clean probe of hadron structure

Electron (lepton) vertex is well-known from QED
Vary probe wave-length to view deeper inside
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Unpolarized electron-nucleon scattering

(Rosenbluth Separation)
e Elastic e-p cross section
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super Rosenbluth Separation (Jlab Hall A experiment)



Recoil proton polarization measurement from e-p elastic scattering

Rear straw chambers
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e Recoil proton polarization

— recoil proton scatters
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Asymmetry Super-ratio Method

Polarized electron-polarized proton elastic scattering

e Polarized beam-target asymmetry

—2TV cos 9*G§42+2 27 (147)vpps sin 0* cos ¢*G},GL

Proton
Polarization

BLAST pioneered this technique, later also
used in Jlab Hall A experiment



Tremendous advances in electron scattering

Unprecedented capabilities:

* High Intensity and duty factor

* High quality polarized beams

« Large acceptance detectors

- State-of-the-art polarimetry,
polarized targets

Focal plane polarimeter

-0.6 E—, ol ,_5 Polarized 3He target

— Jefferson Lab
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Proton Charge Radius

* An important property of the nucleon
— Important for understanding how QCD works

— An important imnput to bound state QED calculations,
affects muonic H Lamb shift (2S ,,—-2P,,) by as
much as 2%

* Electron-proton elastic scattering to determine electric form
factor (Nuclear Physics)

NeROSCIENCE  MeDiolE

SCIENTIFIC

) AMEBICAN
i%iflm : /\\*\\\\\\\ y/ /\'{\ ‘P
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— Hydrogen Lamb shift Z M

— Muonic Hydrogen Lamb shift
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Hydrogen Spectroscopy
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Relativity

The absolute frequency of H energy levels has been measured with an
accuracy of 1.4 part in 10'* via comparison with an atomic cesium fountain
clock as a primary frequency standard.

Yields R__ (the most precisely known constant)

Comparing measurements to QED calculations that include corrections for
the finite size of the proton provide an indirect but very precise value of the
rms proton charge radius
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Muonic hydrogen Lamb shift at PST (2010, 2013)

————

naty ”C Nature 466, 213-216 (8 July 2010)
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r, = 0.84087(39) fm,

New PSI results reported in Science 2013
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A. Antognini et al., Science 339, 417 (2013)



Recent ep Scattering Experiments

Three spectrometer facility of the Al collaboration:
7 S AN R Y

-~

— Large amount of overlapping data sets
— Cross section measurement

— Statistical error <0.2%

— Luminosity monitoring with spectrometer
= Q2=0.004-1.0 (GeV/c)?

result: rp =O-879(5)stat(4)sys(2)mod(4)group

J. Bernauer, PRL 105,242001, 2010

Measurements @ Mainz
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Jlab Recoil Proton Polarization Experiment

LHRS
* Ap/p0: £4.5% ,
* out-of-plane: = 60 mrad

* in-plane: = 30 mrad
* AQ: 6.7msr

)~ QQDQ
* Dipole bending angle 45°
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The proton radius puzzle intensified

muonic hydrogen

Pohl et al

Antognini et al

|

scat. experiment

Sick

A 0.84184(67)

A 0.84087(39)

|

|

=

Bernauer et al

Zhan et al

CODATA

CODATA
(spectroscopic data)

1

0.78

r, = 0.879(11) fm by Arrington and Sick (2015) from reanalysis of ep data

0.82

0.86 0.90

0.94 0.98

Proton Charge radius (fm)
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Charge Radius of Other Light Nuclel

Deuterium Helium
- D (2013
HD (2013) u'He (Prelim)
—— CODATA (2010)
—— Sick (1998) - SHAK (2008)
e-D (1970) — Sick (1998)
— e-D (1973)
McCarthy et al (1977)
. e-D (1981)
—_— Ottermann et al. (1985)
e n-p scatt.
i 1 A A A A 1 A A i A " i " i 1 i M " " 1 " i M A 1 i " i "
2.05 2.1 2.15 22 16 1.65 1.7 1.75 1.8
24 charge radius (fm) 4He charge radius (fm)

Electron scattering consistent with p-spectroscopy



Revisits of QED Calculations....

An additional 0.31 meV to

Contribution \A'alu:o Lhc.:g{taiﬂ?f match CODATA value

(meV] (107" meV]
Uchling 205.0282
Kiillen-Sabry 1.5081
VP iteration 0.151
Mixed pt —e VP 0.00007 .
Hadronic VP [21,23] 0.011 20  Evaluation by Jentschura,
Sixth order VP [24] 0.00761 A 1 Ph 326 500 2011
Whichmann Kroll ~0.00103 nnals ys. > ( )
Virtual Delbriick 0.00135 Recent summary by
Light- by light - 10 .. .

A. Antognini et al., arXiv:1208.2637

Muon self-energy and muonic VP (24 order) ~0.66788
Fourth order electron loops —0.00169 . .
VP insertion in self energy [17] —0.0055 10 Birse and McGovern, arXiv:1206.3030
Proton self-energy [18] —0.0099 0.015(4) meV (proton polarizability)
Recoil [17,43] 0.0575
Recoil correction to VP (one photon) —0.0041 JM. Alarcon, etal. 1312.1219
Recoil (two-photon) [19] —0.04497 0.008 meV
Recoil higher order [19) —0.0096
Recoil finite size [32] 0.013 10
Finite size of order (Za)* [32] —5.1975(1)r2  —3.979 (620)  G.A. Miller, arXiv:1209.4667
Finite size of order (Za)® 0.0347(30) 7 0.0232 (20)
Finite size of order (Za)® —0.0005
Correction to VP —().UIU{)I‘Q) ~0.0083 New experiments at HIGS and
Additional size Q&[:)] —0.0164 3 —0.0128 . . e
’roton polarizability [18;33] 0.015 40 Mainz on proton pOIarlzablllt‘es

Fine structure AE(2Py ;5 — 2P, ;) 8.352 10
213:{,52 hyperfine splitting 1.2724
25{‘2,72' hyperfine splitting [42], (—22.8148/4) —5.7037 20
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Incomplete list

New physics: new particles, Barger et al., Carlson and Rislow; Liu
and Miller,....

New PV muonic force, Batell et al.; Carlson and Freid; Quantum
gravity at the Fermi scale R. Onofrio;.......

Contributions to the muonic H Lamb shift: Carlson and

Vanderhaeghen,; Jentschura, Borie, Carroll et al, Hill and Paz, Birse
and McGovern, G.A. Miller, J.M. Alarcon,....

Higher moments of the charge distribution and Zemach radii, Distler,
Bernauer and Walcher,.....

J.A. Arrington, G. Lee, J. R. Arrington, R. J. Hill discuss systematics
in extraction from ep data, no resolution on discrepancy

Donnelly, Milner and Hasell discuss interpretation of ep data,.........

Discrepancy explained by some but others disagree

Dispersion relations: Lorentz et al.
Frame transformation: D. Robson

New experiments: Mainz (e-d, ISR), JLab (PRad), PSI (Lamb
shift, and MUSE), H Lamb shift
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PRad Experimental Setup in Hall B at JLab

PRad Setup (Side View)

Hydrogen
gas

2HO0 Cryocooler;
Harp

Collimator & bellows
Tagger

—

bellows bellows

GEM
chamber

New cylindrical
vacuum box —

High resolution, large acceptance
calorimeter

Windowless H, gas flow target

Simultaneous detection of elastic and
Moller electrons

GEM detectors
Q? range of 2x10 — 0.14 GeV?

Future sub 1% measurements:

(1) ep elastic scattering at Jlab (PRad)
(2) up elastic scattering at PSI- 16 U.S.
institutions! (MUSE)

(3) ISR experiments at Mainz

Ongoing H spectroscopy experiments

19



PRad Running Setup

___]

Solenoid
Magnet

~

Distance: 2H00 wire harp to Solenoid support frame ~13.7 m



High Resolution Calorimeter

HyCal is a PbWO, and Pb-glass calorimeter
2.05 x 2.05 cm?x18 cm (20 rad. Length)

1152 modules arranged in 34x34 matrix

~5 m from the target,

0.5 sr acceptance

Energy Resolution -

225 [ X /ndl wse /s . .

1X1 8E/E=3.4% 100% et pooe Position Resolution
200 F , 120 [ ‘ X'/ ndf 97.13 / 52

6X6 AE/E=1.3% , 1 - Constant 8634
175 ¢ | Mean -1.534
150 ¢ o,/ E=1.3% 100 r 1288
125 F at E=4Ge\| i

80| ; o,= 1.3 mm
100 7 [
75 | 1 60 |-
50 | J 40 |
25¢ \L [
0 i MY ‘L-AA/ J .......... 20 :- ;
2 25 3 35 4 45 5 55 ‘J
Electron Energy (GeV) %3020 10 0 10 20 30 40 50

Reconstructed Position (mm)



Vacuum Box and GEM

Two-cylinder design for vacuum box
GEM detector to replace veto counter to improve Q2 resolution
(particularly with using lead blocks)

(550)
550 cm HyCal Face
(65.54)

GEM

s N

Gate valve

A

|
u o
(38.606)—f=a——=

"GEM detector funded by DOE

Varian 1000HT



Windowless H, Gas Flow Target

= Target cell (original design):

cell length 4.0 cm

cell diameter 8.0 mm

cell material 30 um Kapton
input gas temp. 25K

target thickness 1x10'® H/cm?
average density 2.5x10"7 Hicm3

gas mass-flow rate 6.3 Torr-l/s = 430 sccm

= Target components:

pumping system
cryocooler

motorized Manipulator
chillers for pumps and
cryocooler

Target and secondary
chambers

= Kapton cell

IN

:

-—

!

«—75 um Kapton Gas Inlet

30 um Il(apton Tgt Cell

|
[

OUT =) |3

N
g Ir— 10 pm Kapton Window

001

8 J

Cryocooler

3D Motorized
Manipulator

Target Cell

Gas Feedthrough

Target supported by NSF - MRI grant and is complete



PRad Projected Result

e | Sick et al
—e— Zhan et al
A CODATA
H&H
(This exp.)
Pohl et al A 0.84184(67)

0.78

0.82 0.86 0.90 0.94
Proton Charge radius (fm)

0.98
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The BEPCII electron-positron double storage rings

e BBr BB RE

Beam energy: 1.0-2.3 GeV
Design Luminosity: 1x10% ¢m2s!

Optimum energy: 1.89 GeV
Energy spread: 5.16 x10
., No. of bunches: 93

No. e* or e /bunch  4.5x10'2
Bunch length: 1.5 cm

Bunch distance 2m

Beam size o,/c; 380/5.7 pm
Current/bunch 9.8 mA
Total current: 091 A
Circumference: 237m
Injection rate for e+ S0 mA/s
Injection rate for e- 200 mA/s

Only running experiment: BESIII

Start data taking: 2009

Estimated end of BESIII life time: 2022

Can we do more experiments with BEPCII?

e PRad at BEPCII?



Beam energy measurement

Barkmg in progress

€ Reconstruction of the beam energy from an energy
spectrum of laser photons backscattered on beam
particles:

max

Ebeam — w? X (1 + \/1 + mg/w()wma:c>

€ Achieved accuracy is AE/E = 4 x 10-5
@ This allows us to tune the BEPCII operation
regimes, to monitor the beam energy, and to

apply corrections during data analysis . Photon spectrum

| Etectrons: 2015.05.01 (07:53:19 - 08:05:21) 2015.05.01 115.475 /121
Beam Energy Measurement System Status (Fri May 1 07:53:36 2015)
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800 HI 2.962 +0.202
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3 | S EEEE : ; ; : ; P : ;
= L : : :
~ C —+ BEMS: e*
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o o) 200__ .....
E e B [
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Summary

* Proton charge radius puzzle still unresolved awaiting new
results

* The PRad Experiment at Jefferson Lab will be ready to
take data by the end of 2015

* Potential opportunities: Mainz, and BEPII?
« Stay tuned

Thanks to D. Dutta, A. Gasparian, R. Holt, M. Khandaker, H. Li, M.
Meziane, Z.-E. C. Peng, J.W. Qiu, M. Vanderhaeghen .........
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