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Story of the Proton

Proton is the most studied sub-atomic particle
* It has been over hundred years since Rutherford postulated the

existence of the proton

Gold Foil

a -Particle
emitter

Detecting Screen

* In 1933 Stern measured the anomalous magnetic moment of the

proton to show that proton is NOT an elementary point like particle.
"




Electron Scattering to Probe the Proton

Hofstadter 1958: electron scattering to measure proton radius ~ 0.8 fm.
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Electron Scattering to Probe the Proton

Hofstadter used the charge form factor to describe the charge
distribution of the proton:

Fig= [ p(re™d’r

volume
So the probability of elastically scattering off the proton:

P’ F(q) is the probability
amplitude for the proton
to absorb the exchanged
photon

7(0.) = ormon|F(Q)]? = [F(q)? = (q)

O Mott (Q)



Story of the Proton, continued....

MIT-SLAC experiments 1967: Deep Inelastic electron Scattering off

protons to confirm the quarks inside the proton.

Kendall, Friedman and Taylor et al.
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Story of the Proton, continued....

* 1970’s: Quantum Chromo Dynamics (QCD): theoretical framework
for strong interaction between quarks medicated by gluons.

. 1980 S — Today Looking deep inside the proton

\
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Many deep questions to

answer
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Proton: an ideal
laboratory to understand
strong interaction

_—

———

How does proton acquire its mass: only ~1% of proton mass comes from
Higgs.

What are the different contributions to nucleon spin ?

How does the confinement come about ?

What role does the gluon play in all these ??



Exciting times ahead for the proton

- Jefferson Lab 12 GeV
* 3D structure of the proton: GPDs
* Ground stated properties with high resolution: high Q? FF.
* Electron Ion Collider
* Understand the role of gluon
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Surely, there is a lot to learn about the proton, ...

But we thought we at least understood the ground state bulk properties of the

proton well, until....
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Surely, there is a lot to learn about the proton, ...

But we thought we at least understood the ground state bulk properties of

the proton well, until....
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The Big deal about the Proton Radius
/7 Che New Hlork Times

—

OK, the proton may be
~5% smaller than we
thought, so what’s the big
deal ?

* Important bench-mark quantity for many calculations.
* nuclear physics (QCD, Lattice, ...)
e atomic physics (QED, Lamb shifts, ...)
* directly correlated to the Rydberg constant ( most accurately known constant in
physics)
* potential for “New Physics”
* Lepton universality in question ??? !!

13
* Coupling to unknown particles ?



Elastic electron-proton Scattering Formalism

In one photon approximation the elastic ep scattering

e e
or = (do/dQ)/(do /dQ)mots = TG, + G2
> g2 © 07 _ 01"
Q =4FFE" sin 3 T = -’I-M; E = 1+2(1 +T) tan 5 GE(QQ) ,GM(QZ)
Gp(Q) and Gyy(Q) d us =
. an extracted usin ::
k M 5 © | @ =0.593 (GeV/c)
Rosenbluth separation 0.2[

 Measure the reduced cross section at
several values of € while keeping Q? fixed.

* Extract Gy from the slope

* At extremely low Q? the Gy, contribution

is small, like in the PRad experiment oAl




Proton Mean Square Charge Radius

Classically: <r2>= fp (P

Using the QED formalism: with the
Expanding Electric FF G(Q? in Taylor series:

We have: <7‘2>=—6 dGE(Qz)




Proton Mean Square Charge Radius
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Proton Radius from electron-proton Scattering

Mcunz Mlcro’rron
Wire Ghambers O CW electron beam

o 10 pA polarized,
Targer | 100 A unpolarized

o MAMI A+B: 180-855 MeV
o MAMI C: 1.6 GeV

Toroid Magnet

Al 3-spectrometer facility
0 28 msr acceptance

o angle resolution: 3 mrad
o> momentum res.: 104
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Mainz data come from a wide
range of beam energies and
spectrometer angles: required

separation of Gy from Gy,

Mainz Gy, agrees with Gg
from Jlab Hall A; but Gy,

disagrees

Gep/Gp

electron-proton Scattering
data from Mainz

Bernauer et. al. Phys. Rev. Lett, 105, 242001
(2010), Phys. Rev. C 90. 015206 (2014)
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Time evolution of Proton Radius from e-p Scattering
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How is the same <7?> measured in Atomic Physics ?

Electron /

'l
- W e e a-"
_—_—— — — — A - = = -
Prot
e-p bound state: e-p scattering state:
Atomic Physics Nuclear Physics

In either case electron interacting with proton through Coulomb

interaction,

Coulomb interaction which is modified due to the extended
20

charge distribution of the proton



- proton charge

arb. units

Coulomb potential: V = 1/r

The difference between true proton
potential and the potential for a

point like proton

Clc o b b

0 05 1 15 2 25
radius [fm]

SV (r) = Ve(r) — Vgt(r) = —4ru

(27-[)3 qZ
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Energy

Bohr

E =R../n?
V~1/r

n=1 \
151/2

Regular Hydrogen spectroscopy

0.15 MHz

1.4 GHz
F=1

1.2 MHz

2512
2812, 2Py 2 2Py
Shift:
-43.5 GHz 8.2 GHz
Dirac Lamb
e~ spin QED
relativity

F=0

hfs-splitting

proton-spin
thS ~ ﬁp . ﬁe

'p
proton size
Vol/r

R. Pohl



arb. units

L proton charge

— true potential

Coulomb potential: V =1/

* While electron is inside the proton
attractive potential is lower.

* Strongly affects the S orbital, much
less so the P.

F=1

0.15 MHz

1.5

2

F=0

1.4 GHz
F=1

~ 0.014% of the
Lamb sbift

1.2 MHZJ

2812
\11111111[11112{511 2P1/2
radius [fm]
8.2 GHz
Lamb
QED

F=0

hfs-splitting

proton-spin
ths ~ ﬁp . ﬁe

'p
proton size
Vol/r

R. Pohl



2513=2P 5
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Proton Radius Before 2010

CODATA-2014
——

H spectroscopy
—_—

1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 | 1 1 1
0.8 0.82 0.84 0.86 0.88 0.9 0.92
Proton charge radius Rp (fm)

CODATA average: 0.8751 + 0.0061 fm
ep-scattering average (CODATA): 0.879 £ 0.011 fm
Regular H-spectroscopy average (CODATA): 0.859 + 0.0077 fm

Very good agreement between ep-scattering and H-spectroscopy results !



Electronic and Muonic Hydrogen

Regular hydrogen: Muonic hydrogen:

Proton + Electron Proton + Muon

Muon mass = 200 * electron mass

electron
Bohr radius = 1/200 of H

2003 = a few million times more
sensitive to proton size

muon

Probability for lepton inside proton

~ volume of proton / volume of atom

R. Pohl Vastly not to scale



Muonic Hydrogen Spectroscopy Experiment

PAUL S(HERRER INSTITUT

* Form uH* (n~14) by firing muon beam on 1 mbar H, target.
* 99% decay to 1S emitting prompt 2 keV photons.

* 1% decay to long lived 25 state.
* Excite from 28 to 2P using tuned laser: decay from 2P to 15

emitting delayed 2 keV photons.

* Vary laser frequency, n~14—
17 99 %

find 2S-2P resonance. 5P

2 Dy
2keV vy

prompt (t=0) “delayed” (t = 1 us)

Plots from R. Pohl



Muonic Hydrogen Spectroscopy Experiment
Resonance in muonic hydrogen

CODATA-06 ;i “ our value
§
*o

delayed / prompt events [10™]
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Pohl et al. (CREMA Coll.), Nature 466, 213 (2010)



Muonic Hydrogen Specfroscopy Experiment
2 transitions in muonic H

signal [arb. units]
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AE, ., = 206.0336 (15) meV,, + 0.0332 (20) meV .. —5.2275 (10) meV/im? * Rp’-

\ N\

,
f j 17

Uehling E ?
% D
& ; n Proton form
Kallen-Sabry g ' " factor

P P P

Muon SE+VP <:> : f’?
p )

i i elastic and inelastic two-photon

and 20 more.... exchange
(Friar moment and polarizability)

R. Pohl



So, how do we resolve this puzzle ?

Spectroscopy

Scattering

cp

up

New measurements with
lower systematics

new transitions

v

New measurements with
lower systematics
reaching lower Q?

ProRAD, ULQ?2,

ISR @ MESA, PRad

No data yet.

MUSE at PSI coming soon




Proton Radius Puzzle, getting even more puzzling......

Antognini 2013 (uH spect.)

Regular hydrogen average (CODATA):
Muonic hydrogen (CREMA coll.):
Regular H (2S5 = 4P, CREMA coll.):
Regular H (1S =» 3S, LKB, Paris):

Proton charge radius r [fm]

Pohl 2010 (uH spect.) ol ] 1+ CODATA-2014 (ep scatt.)
Beyer 2017 (H spect.) ') ——

* 1+ Fleurbaey 2018 (H spect.)

Bezginov 2019 (H spect.) ) ! ——rs Bernauer 2010 (ep scatt.)

) Mihovilovic 2019

(ep scatt.)

L L 1 l L L L l L 1 1 l L 1 1 l L 1 1 l L 1 L l L 1 L l 1 L
0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92

0.8751 £ 0.0061 fm
0.8409 + 0.0004 fm
0.8335 + 0.0095 fm
0.877 + 0.013 fm

Regular H-spectr. (2S = 2P, York Univ. Canada, Just published in Science)
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So, how do we resolve this puzzle ?

Spectroscopy

Scattering

cp

up

New measurements with
lower systematics

new transitions

v

New measurements with
lower systematics
reaching lower Q?

ProRAD, ULQ?2,

ISR @ MESA, PRad

No data yet.

MUSE at PSI coming soon




A New ep Scattering Experiment?

A 1% level Rp measurements requires
* Q?down to 10* GeV?level or lower
*  Measurements over wide enough Q? range for a fit
* ~< 0.5% accuracy in absolute cross section

* ~< 0.2 mrad in scattering angle determination

These conditions are VERY difficult to achieve with the

standard methods used for ep scattering experiments



Difficulties with traditional ep Scattering Experiments

Practically all ep-scattering experiments have been performed with
magnetic spectrometers and LH, targets.
> many experimental settings to cover the Q? range!
> angle (O ), energies (E)
> limitation on minimum Q?: 103 GeV/C?

Thr

. . n
Mainz magnetic spectrometers
— B o o \ =

S «




limitation on minimum Q?: 1073 GeV/C?
min. scattering angle: 0_= 59

beam energies: ~ 0.1 +1 GeV

Jlab Hall A HRS

36



A New ep Scattering Experiment?
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A New ep Scattering Experiment?

limitation on absolute cross sections  (do/dQ): ~ 2 = 3%

> statistics is not a problem (<0.2%)

> control of systematic errors???
> beam flux, target thickness, windows,
> acceptances, detection efficiencies,
g Detector Detector Hut
Package
A new high precision

measurement I'quliI'CS d NEwW

experimental method.




The PRad Experimental Approach

PRad initial goals:

> large Q2 range in one experimental setting
> reach to very low Q? range (~ 10* GeV/C?)

> reach to sub-percent precision in cross section



PRad suggested solutions

use high resolution high acceptance calorimeter:
v reach smaller scattering angles: (&,=0.70—7.0°):
(Q?=2x10* + 6x1072% ) GeV/c?;

v large Q? range in one experimental setting!;




PRad Experimental Apparatus: GEM coordinate detectors

= Tvx_f(_) 1-21-rge area GEM detectors
(largest GEM detectors in the
world at the time)

| = Small overlap region in the

middle

= Excellent position resolution

(72 um)

= Improve position resolution of
the setup by > 20 times

* Large improvements in Q?
determination




Our setup also allowed simultaneous detection of ee — ee

Moller scattering (best known control of systematics).

same acceptance. HyCal + GEM

Moller /& .

Hydrogen

e-beam )

° .

Elastic

/n}/ = Experimental design allows:
> control of systematics

> eliminates need to monitor

luminosity

Fiviis

Molle ¥

ee — ee Moller scattering cross section is known with very high

accuracy from QED



E (%eV)
3
o

2000

1500

1000

500

PRad data

Cluster energy E' vs. scattering angle 6 (2.2GeV)

ep scattering

gd‘—.---.-,p-.

10°

10



Windowless Gas Flow Target

use high density windowless H,
gas flow target:
v beam background under
control;
v minimize experimental

background.

N '\ e

8 cm dia x 4 cm long target cell

2 mm holes open at front and back kapton foils,
allows beam to pass through
Areal density: 1.8x10"® H atoms/cm?
= cell pressure: 471 mtorr i
= chamber pressure: 2.34 mtorr
= cell vs. chamber pressures: 200:1 was reached.

Gas temperature: 19.5 K

Rad Setup (side View)

GasIN, 25K

Gas OUT €= Gas OUT

40 mm

44



PRad experiment was carried out at Jefferson lab, located in

Vlrglma

@\\&\

=% PRad Xperimelfltﬁll data
>4 taking May/June 2016

B Two beam energies 1.1

GeV and 2.2 GeV

PRad was one of the first experiments to run at Jefferson lab
after its major upgrade



on Lab



PRad Experimental Setup in Hall B at JL.ab (schematics)

" Beam line equipment:

" Main detector elements:
> windowless H, gas flow target
> PrimEx HyCal calorimeter

> vacuum box with one thin window
at HyCal end

> XY - GEM detectors on front of
HyCal

PRad experimental data taking May/June
2016: Two beam energies 1.1 GeV and 2.2
GeV

Cryo-coolor, g

::.‘.‘:.",':‘” """" ’”
OB

>
>
>

standard beam line elements (0.1 - 50 nA)
photon tagger for HyCal calibration

collimator box (6.4 mm collimator for photon
beam, 12.7 mm for e~ beam halo "cleanup”)

Harp 2HOO

pipe connecting Vacuum Window through
HyCal

Thin Al. window <

Vacuum chamber



Detector Position Calibration

= Engineering survey, done before the experiment.

Detector offsets and z position from double-arm Moller events:

= co-planarity to determine offsets;

= Moller kinematics to determine detector z position (cross check
surveyed data);

= offset with ~ 50 pm and z with ~ 1 mm precision;

Double arm Moller vertex z
x10°
Hycal = [TTTT | T T 17T : T T 17T | T T 17T | T T 17T | T T 17T

vertex z, GEM coor

A GEM2
vertex z, HyCal coor

y| R VO S N A
> SO0 et

coun
T

e o s

400

o =25.0 mm

MZT R ____________________________ 300

- 0=923mm

..................................................................

S
XXX

200

100

100 200 300 400 500

vimvkAass = (A



Recent Developments in Fitting Procedures

v" X.Yan, D.W. Higinbotham, D. Dutta et al.
"Robust extraction of the proton charge
radius from
electron-proton scattering data”

Published in: PRC 98, 2, 025204, 2018

> The input form factors (with known Rp) are
used to generate pseudodata with
fluctuations mimicking the binning and random
uncertainty of a set of real data.

> All combinations of input functions and fit
functions can then be tested repeatedly
against regenerated pseudodata.

> Since the input radius is known, this allows us
to find fitting functions that are robust for
proton radius extractions in an objective
fashion.

> ... we find that a two-parameter rational
function, a two-parameter continued fraction,
and the second-order polynomial expansion of
z can extract the input radius regardless of
the input charge form factor function that is
used.

frationat(Q%) = poGE(Q%) = po

BIAS (fm)

o (fm)

RMSE (fm)

-0.02

0.03

0.02

0.02

Dipole
Monopole Arrington-2004

Gaussian Ye-2018

Alarcén-2017

Rational CF Polynomial z Dipole Polynomial z
(N=M=1) order 2 order 2 order 4
Rational CF Polynomial z Dipole Polynomial z
(N=M=1) order 2 order 2 order 4
Rational CF Polynomial z Dipole Polynomial z
(N=M=1) order 2 order 2 order 4

1+ ZzNzl PEG)Q%

1 + 2?4:1 Pﬁ-b)QZj ,
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Proton Electric Form Factor with Recent Models

Proton Electric Form Factor G'

_wl1.05
(5 -
1
0.95—
- . 1.1 GeV data \
0.9 B 2.2 GeV data |
B PRad (Current), R = 0.831+ 0.007 (stat.) + 0.012 (syst.) fm
] ———------ G, J. C. Bernauer et al. PRC 90 (2014) 015206, R = 0.887 fm
— G, S. Venkat et al. PRC 83(2011)015203, R = 0.878 fm \
085 — — — Gg, Z. Ye etal. PLB 777 (2018) 8, R = 0.879 fm \
0 8 | 1 1 1 L1 1 l 1 1 | | 1 L1 1 I | | 1 1
. -3 -3 —~ —
2x107* 10°  2x10 102 2x107% , >
0° (GeV9)

Plots courtesy of Weizhi Xiong



PRad result from Duke analysis

Proton Electric Form Factor G'

ED“” .05 | . 1.1 GeV data
- . 2.2 GeV data
— PRad (Current), R =0.831+ 0.007 (stat.) + 0.012 (syst.) fm
-] emmeeeeee-. G, J. C. Bernauer et al. PRC 90 (2014) 015206, R = 0.887 fm
1 » —— —— — Gg, S. Venkat et al. PRC 83(2011)015203, R = 0.878 fm
| —— —— — Gg Z Yeetal. PLB 777 (2018) 8, R = 0.879 fm
095 — cs APRIL MEETING
B of Dark Matter i - - -
0.9 _— eandRobertR.Wilsor.‘Fj A
B s -
| e Physics Beyond the Stand b
: the LHC and B-Factories
-based Neutrino Sou~
0.85—
0 8 | | | | I | | 1 | I | | | | | | | | 1 l | | | | | | l | |
0.01 0.02 0.03 0.04 0.05 0.06
0’ (GeV?)

Prad result:
R,=0.831 +0.007 (stat.) + 0.012 (syst.) fm

Plots courtesy of Weizhi Xiong
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PRad result from UVa analysis courtesy of Xinzhan Bai

1:—* ¢ I
Et i*i?iif;iii*'}z* z ; § b 1GeV
- ; $ i
099 + 1
: ¢
0.98/— * {
3 E # % G
%7 - |4 xinzhan l ‘
B —~+ weizhi
0.96 —
0.95 f— '
5x10_31 - 11(;4 2><1lo-2 l 02 - 11<;" 2)(1] 0’ l
(fm?®)

0.98

0.96

0.94

0.92

0.9

0.88

0.86

0.84

Prad result from Duke:
R,=0.831 +0.007 (stat.) + 0.012 (syst.) fm

Prad result from UVa:
R, =0.833 +0.007 (stat.) + 0.012 (syst.) fm

:_'“'..°'.'ll.o **se,
- 2GeV
: ]
- N
[ H
- ¢
- H
—  |4-xinzhan
- |+ weizhi
- .
— L )
2x1072 107 2x10™

Q? (fm?®)
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AGe /G

PRad result: UVa analysis
compared to Duke analysis.

0.01

0.008|—

0006 E_.. ................................................................................................................... I

—~0.006 :._. .....................................................................................................................

O S -
o } ............... | \ ................... { ................... | ................................. |
;::%*”*"”’l‘m*‘H’Hl »

-0.008 E__ ..........................................................................................................................................

~0.01b———
x1

-0.008

Prad result from Duke:

R,=0.831 +0.007 (stat.) + 0.012 (syst.) fm

Prad result from UVa :

R, =0.833 +0.007 (stat.) + 0.012 (syst.) fm

courtesy of Xinzhan Bai

e e
Tttty |l !
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Systematic Uncertainties on Rp (Preliminary)

Showing only major items

Item R, uncertainty n, uncertainty n, uncertainty

(fm) (1GeV) (2GeV)
Event selection (0.0052)0.0092 (0.0002)0.0008 (0.0005)0.0011
Acceptance (0.0024)0.0054 (0.0001)0.0001 (0.0001)0.0001
Beam background (0.0038)0.0039 (0.0017)0.0020 (0.0003)0.0003
Detector efficiency (0.0038)0.0045 (0.0001)0.0001 (0.0001)0.0001
Beam energy (0.0022)0.0084 (0.0001)0.0001 (0.0002)0.0003
HyCal response (0.0020)0.0032 (0.0000)0.0000 (0.0000)0.0001
Inelastic ep (0.0009)0.0051 (0.0000)0.0001 (0.0000)0.0000
Radiative corrections | (0.0070)0.0070 (0.0011)0.0009 (0.0011)0.0009
Total (0.0109)0.0175 (0.0020)0.0023 (0.0013)0.0015

(Current numbers in brackets)




Proton Radius from PRad

R, =0.831+0.007 (stat.) + 0.012 (syst.) fm

Nature paper in print: will come out on Nov 7

Antognini 2013 (uH spect.) . ————
Pohl 2010 (uH spect.) 1ol ° CODATA-2014 (ep scatt.)
Beyer 2017 (H spect.) ® ———— CODATA-2014 (H spect.)
° Fleurbaey 2018 (H spect.)
Bezginov 2019 (H spect.) ° — 00— Bernauer 2010 (ep scatt.)
_ ° Mihovilovic 2019
This work (ep scatt.) i (ep scatt.)
(Current)
L L L l L L 1 l L L L l L L L l L 1 L l L l L L l
0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92
Proton charge radius r [fm]
Prad result:
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What's Next ?

[ Several other experiments around the world.

3 uP scattering: MUSE at PSI

3 ProRad at Grenoble

d ULQZ2 at Tokohu

[ ISR measurement at MESA @ Mainz
1 DRad and an even more precise PRad
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MUSE @ PSI

Paul Scherrer Institute TtM1 Beam

e e DAY

Paul Scherrer Institute
g Villigen, Switzerland &

+ 590 MeV proton beam, 2.2mA, 1.3MW beam, 50.6MHz RF frequency
+ World's most powerful proton beam

¢ Converted to e*, u*, n* in piM1 beamline

¢ Separate out particle species by timing relative to beam RF

+ Cut as many pions as possible, trigger on e, pu*
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MUSE Experiment
/4

A Monitor ' |

lif & M Tracker (STT)

Scattered Particle
Scintillator (SPS)

‘ Hodoscope - ‘
1r,M1 l , ~
Beam Line
I ~ 1 00 cm

¢ Low beam flux. — Large angle, non-magnetic detectors.
¢ Secondary beam. — Tracking of beam particles to target.

* Mixed beam. — ldentification of beam particle in trigger. 58



MUSE expected results

Absolute radius extraction
uncertainties similar to previous
experiments

n? AN b 1 LA I
" I |
Sick(2003) - m A |

1" I |

Bernauer(2010) T h——|
n I |
1" I I

Zhan(2010) 1 S
n | |

CODATA + F—A—H
1" I |
Pohl a -
" | |
" I |

PSI: e-p :: ﬁ'—u—:—

PSI: e+p + by Brr—id
" Lo
" | |
PSL: u-p ‘ J'} i : :
PSI: u+p —{— | |
I |
O

0.82 0.84 0.86 0.88 0.90
RMS charge radius [fm]
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MUSE expected results

AL R AR
Sick(2003) + - e |
» Absolute radius extraction = Bernauer(z010) f o
uncertainties similar to Zhan(2010) 1 ——
previous experiments CODATA i H*—
Pohl u o
» However, common n |
L PSL: e-p T o
uncertainties cancel I wia ; o
PSI: u-p _JE_{ b
PSI: u+p HH E E
]_::l L L l N ;J llll l

0.82 0.84 0.86 0.88 0.90
RMS charge radius [fm]



Mainz ISR

Qz % 1 .0 ] :§
Reconstruct S e
& -1.5- 107 3
vg | é
C 43
Rd />\/\)/> g 2.0 1073
2, FR 3
S «F L 10°
O, 251
g 10%

&
=)
:

(_ €>6erfex

4.5 : 10"
BH I] (BH f) 5.5 4.0 3.5 3.0 2.5 2 0 1.5 1.0

log, oofm [log, (GoVIc) ]

NUVATINY,
VN J"I.',”UI"

35

o Use inifial state radiation to reduce effective beam
energy

o Have to subtract FSR

Jan Bernauer
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G

Mainz ISR

1.02

This experiment —e—

1.01 ISR fit
Bernauer (2010) —s—
1 + Simon EIQSO e
Borkowski (1975) —e—

Murphy (1974) —&—

0.99
0.08 +
0.97
0.96
% b
' ﬁ%g i
o s e— TR
0.93 Systematic uncertainty "
0.92 1 L 1. it I IL . 1 I
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

Q* [Ge\"z/' c"’]

Result from the pilot measurement: R = 0.810 +0.035 (stat.) £ 0.074 (syst.) fm

Not competitive

New measurement planed with MESA with the Jet target
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Mainz ISR

o For Mainz datq, systematic errors
dominate

o Background from farget walls
o Acceptance correction for
extended target

o Eliminate with jet target

Q point-like
@ no walls
o but less density

o Rinse, repeat with D,*He *He, ...

Jan Bernauer
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Platform for Research and Applications with Electrons: ProRad
J.-M. Gheller et al. AIP Conf. Proc. 1573 (2014) 58

R e L T R R T R T R e Sl R N e T I . Cryogenic system in the cryostat
: PRAE Extruder driver CHYME NE
1
: Cold head
o GH,in le -
0.08}— 100 days of data taking : e Deta| IS from
C AE/E ~0.1% e . ‘
- Eric Voutier
r B LPSC, Grenoble
- O 26=05mrd
0 94 .'-— Aty Thermal bridge (France) i
) E v Borkowski (1975)] i
3 «  Murphy (1974) -
- L Thermal bridge
0.92— MAMI (taking data) > {Copper part
- ERadILsb (lanned 2016) > sucersoron | Bi-national ANR proposal with
ul P . PR 1 « === Francfort University submitted.
10° 10°* 10° To—laEe

+ New accelerator to be built in France,

10%
82 (GeVic?)

¢ Beginning measurement 2020

¢ Measurements in unexplored Qz2-range

21.5x10-5—- 3x10-4(GeVIic2)2
+ Constrain Q2-dependence of Gg and extrapolation to zero

Droplet Sream

a) Gas supplies

-~ //\

. Outer glass ube

P ~~

-

Inner capillary

+* Non-magnetic spectrometer, frozen hydrogen wire / film target



ULQ2 @ Sendai

ULQ2 collaboration
(Ultra-Low Q?2)

Tohoku Univ.
Sendai

< -
A

60 MeV e-linac



1)
2)
3)
4)

5)
6)
7)

elastic e+p scattering at ultra-low Q2 region
Ge(Q?) at 0.0003 < Q2 < 0.008 (GeV/c)?
Ge is extracted by Rosenbluth separation
Absolute cross section measurement
relative to 12C(e,e)2C : sys. err. ~3x10-3
Ee = 20 - 60 MeV, 6 = 30 - 150°
the new beam line, and spectrometer are under construction

the experiments will start in 2019



Article

PRad Nature publication will appear on Nov 7.

A small proton charge radius from electron—
proton scattering experiments
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Chao Peng (Duke)
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' Xinzhan Bai (Uva)

Elastic electron—proton scattering (e—p) and the spectroscopy of hydrogen atoms are

Abhisek Karki (MSU)

the two methods traditionally used to determine the proton charge radius, r,,. In 2010, a

new method using muonic hydrogen atoms' found a substantial discrepancy
compared with previous results?, which became known as the ‘proton radius puzzle'.
Despite experimental and theoretical efforts, the puzzle remains unresolved. In fact,
there is a discrepancy between the two most recent spectroscopic measurements
conducted on ordinary hydrogen®*. Here we report on the proton charge radius
experiment at Jefferson Lab (PRad), a high-precision e-p experiment that was
established after the discrepancy was identified. We used a magnetic-spectrometer-
free method along with awindowless hydrogen gas target, which overcame several
limitations of previous e—p experifrrerresarrerraiedreasarenrertspt very small
forward-scattering angles. Our repult, r,= 0.831+ 0.007 . + 0.012,,. femtometres, is
smaller than the most recent high-precision e p measurement and 2.7 standard
deviations smaller than the average of all e-p experiment results®. The smaller r, we
have now measured supports the value found by two previous muonic hydrogen
experiments®’. In addition, our finding agrees with the revised value (announced in
2018) for the Rydberg constant®—one of the most accurately evaluated fundamental
constants in physics.

= Postdocs:

Chao Gu (Duke)
Xuefei Yan (Duke)
Mehdi Meziane (Duke)
Zhihong Ye (Duke)

The protonisthe dominantingredient of visible matter in the Universe.
Consequently, determining the proton’s basic properties—such as its
root-mean-square chargeradius, r,—is of interestinits ownright. Accu-
rate knowledge of r, is also important for the precise determination of
other fundamental constants, such as the Rydberg constant (R.)% The
value of r,, is also required for precise calculations of the energy levels
and transition energies of the hydrogen atom—for example, the Lamb
shift. In muonic hydrogen (uH atoms), in which the electron in the H
atom is replaced by a ‘heavier electron’ (a muon), the extended pro-
ton charge distribution changes the Lamb shift by as much as' 2%. The
first-principles calculation of r, fromthe accepted theory of the strong
interaction (quantum chromodynamics, QCD), is notoriously challeng-
ingand currently cannotreach the accuracy demanded by experiments,
butlattice QCD calculations are on the cusp of becoming precise enough
to be tested experimentally®. Therefore, the precise measurement of
r,is critical not only for addressing the proton radius puzzle but also

important for determining certain fundamental constants of physics
and testing lattice QCD.

Prior to 2010 the two methods used to measure r, were ep > ep elas-
tic scattering measurements, in which the slope of the extracted proton
(p) electric (E) form factor, G2, as the four-momentum transfer squared
(@*» approaches zerois proportional to rg: and Lamb shift (spectroscopy)
measurements of ordinary H atoms, which, along with state-of-the-art
calculations, can be used to determiner,. Although the e—p results can
be somewhat less precise than the spectroscopy results, until 2010 the
values of r, obtained from these two methods>* mostly agreed with each
other. Since that year, two new results based on Lamb shift measure-
ments in pH were reported®’. The Lamb shift in pH is several million
times more sensitive to r,because the muoninapH atomis about 200
times closer to the protonthanisthe electroninaHatom. To the surprise
of both the nuclear and atomic physics communities, the two pH
results'’, displaying unprecedented precision with an estimated error

'Duke University and Triangle Universities Nuclear Laboratory, Durham, NC, USA. ?North Carolina A&T State University, Greensboro, NC, USA. *Mississippi State University, Mississippi State, MS,
USA. “ldaho State University, Pocatello, ID, USA. University of Virginia, Charlottesville, VA, USA. °Thomas Jefferson National Accelerator Facility, Newport News, VA, USA. ’Argonne National
Lab, Lemont, IL, USA. ®University of North Carolina, Wilmington, NC, USA. °Kharkov Institute of Physics and Technology, Kharkov, Ukraine. '°Massachusetts Institute of Technology, Cambridge,
MA, USA. "Old Dominion University, Norfolk, VA, USA. ?Alikhanov Institute for Theoretical and Experimental Physics NRC “Kurchatov Institute”, Moscow, Russia. University of Massachusetts,

Maxime Lavikin (NC A&T)
Krishna Adhikari (MSU)
Rupesh Silwal (MIT)
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Summary

O PRad was uniquely designed and performed in May/June of 2016 to
address the "Proton Radius Puzzle”:

0 data in a large Q2 range have been recorded with the same
experimental settings, [2x10-4 = 6x10-2] GeV/C?.

0 lowest Q? data set (~10* GeV/C?) has been collected for the first
time in ep-scattering experiments;

0 simultaneous measurement of the Moller and Mott scattering
processes has been demonstrated to control systematic
uncertainties.

A The final result from the PRad experiment is:
R,=0.831 £ 0.007 (stat.) + 0.012 (syst.) fm

O The article with the Final result will appear online in a few days.
O Stay tuned for PRad-II and DRad
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Background Subtraction

* Runs with different target condition taken for background subtraction and studies
for the systematic uncertainty

* Developed simulation program for target density (COMSOL finite element analysis)

[ ——

H,

Beamline

—=

H.

Beamline

o

[

linn

i

[ S——
H,
Beamline

—
H;

[

Beamline

Pressure:

[:] ~470 mTorr
( J~3mTon

[ )<o.1mTom
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Background Subtraction

* ep background rate ~ 10% at forward angle (<1.3 deg, dominated by
upstream collimator), less than 2% otherwise

* ee background rate ~ 0.8% at all angles

ep Background Contribution ee Background Contribution

0.12 T
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Eﬂ [ | »  bgrun, gasout, cell out -é; - P = bgrun, gas out, cell out
2 04 . bgrun, gas out, cell in éO 012k «  bgrun, gasout,cellin
g [ : v residual hydrogen gas contribution g : M residual hydrogen gas contrlbutlon
4 [ iy, i : F Z 001 I NSNS S S——
' t P = 7 i, L ¥ = ]
[ty 2 22 GeVdata] F 226 L‘ dsta =
R L B 1 o P A AP S S S
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Elastic cut and inelastic contribution

» Using Christy 2018 empirical fit to study inelastic ep contribution
* Good agreement between data and simulation

* Negligible for the PbWO, region (<3.59), less than 0.2%(2.0%) for
1.1GeV(2.2GeV) in the Lead glass region

spectrum for 3.0°< 8 <3.3° ( Q%~0.014 GeV)) spectrum for 6.0° < 8 <7.0° ( Q2 ~ 0.059 GeV?)
% 300 S data Y Ty I Y T l Y 1 %J — a2
p> —— simulation : : 1 S gl — simuaton
a8 —— Inelastic ep (C'\nsty 2018} : : - 3 Inelestic ep (Christy 2018) |
c 250 _ : - T I
§ wao ] § 70_

- region ; o reglon T T
S DR EE RN
T e b :

| I |
50p R “*r T

: | | clasticlty cutz 10p- elastlclty cut

01 PR S l PRI B | 0

i T T : : | ‘ i -
1600 1700 1800 1900 2000 2100 2200 1600 1700 1800 1900 2000 2100 2200 2300 2400
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HyCal and GEMs on the beamline

beam view

downstream view




Vacuum chamber with one thin window

01/0W2008

two stage, S m long vacuum box

1.7 m dia, 2 mm thick
Al window



Extraction of ep Elastic Scattering Cross Section

To reduce the systematic uncertainty, the ep cross section is normalized to
the Mgller cross section:

d_O' _ N, exp(ep —>epin 0; Aaz) Eggom Eﬁzt do
)., Nexp (€€ — ee) Egoom Egqer | \dQ2/ .

Event generators for unpolarized elastic ep and Mgller scatterings have been

developed based on complete calculations of radiative corrections
1. A.V.Gramolin et al., J. Phys. G Nucl. Part. Phys. 41(2014)115001
2. |. Akushevich et al., Eur. Phys. J. A 51(2015)1 (fully beyond ultra relativistic approximation)

A Geant4 simulation package is used to study the radiative effects:

O_Born(exp) _ (Jep)exp (Uep)sml ) (aep)Born(model) . GBorn(modeZ)

ep ee
Oce Oee Oee

Iterative procedure applied for radiative correction
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1GeV elasticity cut sensitivity

Data vs. simulation
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2GeV elasticity cut sensitivity

Data vs. simulation
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Radiative corrections

ep cross section / ee cross section

4 4
— Bom — Bomn
—— Rad corrected —— Rad corrected
31 34
21 2 -
14 \ 14
o o
= =
= 0- E o
-1 -1
-2 -2 -
-3 -3
) 1.1 GeV 2.2 GeV
- T T T T T T L] -4 T T T T T T T
0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
electron scattering angle electron scattering angle

* Event generators for ep and ee elastic scattering developed based on complete
calculation of radiative correction beyond URA!

* Cross checked with results from second generator?

* Include hard emission radiative photons for full correction of radiative effect
with HyCal

* Include effect from two photon exchange?

1. |. Akushevich et al., Eur. Phys. J. A51(2015)1 3. 0. Tomalak, Few Body Syst. 59, no. 5, 87 (2018)
2. A. V. Gramolin et al., J. Phys. G Nucl. Part. Phys. 41(2014)115001



Elastic ep—ep Cross Sections, 1.1 GeV (Preliminary)

O Differential cross section vs. @Q¢, with 1.1 GeV data (preliminary).
[ Statistical uncertainty at this stage: ~0.2% per point.
O Systematic uncertainties at current stage: 0.3% ~0.6% (shown as shadow area).
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Elastic ep—ep Cross Sections, 2.2 GeV (Preliminary)

O Differential cross section vs. Q¢, with 2.2 GeV data.
O Statistical uncertainty at this stage: ~0.18% , per point.
O Systematic uncertainties at current stage: 0.3% ~ 1.3% (shown as shadow area).
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GE compare

e 1.1 GeV data fit to: nif(Q* 1 0?
1A(Q7) Q%) = ngz G’E =Gg/n
« 2.2 GeVdatafitto: nyf(Q? L+ p@Q
1:_ ®ecege . 1k %ecege o
:l'u. 880000 ¢35, i, 2GeV :.'u' 6980000 g1 = ZGeV
0.98— i : 0.98— . ;
E . a ;
ok : 0.96— i
[ * - .
0.94— i 094/ t,
0_92:_ i ; © 0.92:— ! §
09 |4 xinzhan $ ; 09f- [+ xinzhan $ i
- - weizhi B - weizhi
0.88] -+ weizhi # 0881 = o *
0.86— 0.86—
B ; B $
_—I L I L MEASH e L I L I i 084_ L ] L L L . pHEEET e
0.84 Sens 1(|)—1 9510~ ] 2%1072 10 2%10™" 1
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Fit 1.1 GeV data only:
Fit 2.2 GeV data only:

Fit 1.1GeV and 2.2GeV data:

R, = 0.845802 fm £ 0.0248939 fm;
R, =0.82863 fm £ 0.00529776 fm;
R, = 0.833086 fm £ 0.0070957 fm;

ny = 0.999835 + 0.000226
na = 0.995738 £ 0.000151314
ny = 0.99694 £ 0.00019  ne = 0.995816 £ 0.00017





