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What is “stuff”?

The matter around us is described b nor [ '
guantum chromodynamics. NnpQCD.is -
Simplest QCD system to study




What is “stuff”?

100 years of profons!



What is “stuff”?

The matter around us is described by non- Ps rfurbative
quantum chromodynamics. np@ SDuis et

Simplest QCD system to sfu/ F



Motivation: “Normal” Hydrogen Speo’rroscopy
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Motivation: “Normal” Hydrogen Spectroscopy

°ll

» B —Tp
» Two transitions for two unknowns:

» Rydberg constant R,
1S =28 » 1S Lamb shift = radius

15 —— L5 =8171.626(4) + 1.5645 (12) MHz



Motivation: “Normal” Hydrogen Spectroscopy
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» B —Tp
» Two transitions for two unknowns:

» Rydberg constant R,
» 1S Lamb shift = radius

» Direct Lamb shift 2S5 — 2P

1S —— Lys = 8171.626(4) + 1.5645 (r2) MHz



15-25+25

15-25+425-4D,,
15-25+25-4P,

15-25+25-4P, ,

15-25+25-65

15-25+25-6D, ,
15-25+25-85,
15-25+25-8D, .
15-25+25-8D,
15-25425-120, ,

15-25+25-120,

15-25+15-35

Hydrogen Spectroscopy Results
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Elastic lepton-proton scaftering <

» Point-like probe
» No strong force :
» Lepton interaction “stt



Cross section for elastic scattering

( )MOﬁ 7 6(1]+7) [6@% (Q2> focz <@2>]

3

with:

Q2
amz’
» Rosenbluth formula

» Electric and magnetic form factor encode the shape
of the proton

» Fourier tfransform (almost) gives the spatial distribution,
in the Breit frame

T

; =1
&= (1 £2(1 + 7) tan? 9—;)



How to measure the proton radius

<r/§> = —Oh? ggg

adq?

0.15
Q? [(GeV/C)'Z]

@2=0 <r,%/,> _ _gpp 3(Cm/pp)

Q2=0



History of unpolarized electron-proton scattering
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High-precision p(e,e ) measurement af MAMI
- —

Mainz Microtron
. » cw electron beam
- » 10 pA polarized,
3 100 pA unpolarized L .
i » MAMI A+B: 180-855 MeV [ 24
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High- DreCJSIO
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Mainz Microtron
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Measured settings

1422 settings

JCB et al., Phys. Rev. Lett. 105 (2010) 242001,
M. O. Distler, JCB, Th. Walcher, Phys. Lett. B 696, 343 (2011)
JCB et al., Phys. Rev. C90 (2014) 015206




Cross sections
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Muonic Hydrogen Spectroscopy Q

» 200 fimes heavier —
» Probability to be |



PSI setup (CREMA)

_J ’ - |
Momentum filter

s

c g

5T solenoid

Pion beam line \ Protons

C-target

Cyclotron trap

Ti:Sa cw laser
Raman cell

Water vapor
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——
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Muonic Hydrogen Spectroscopy Results

ey Bie s Bl o e +

W

S =t
delayed / prompt events [10°]
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Vo
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delayed / prompt events [10]
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Muonic Hydrogen Spectroscopy Results

ey Bie s Bl o e +
W
S ==t

*%”“‘f’a‘w

350 900
v - 49.0 THz (GHz)

Ve
singlet v, = V(ZSf;" 2[{;])

Result
Two semi-independent measurements

Consistent results

F=0

v - 54.0 THz (GHz)




The Proton Radius puzzle

New

First hints of

SC%ENTIP:ISI
A
AVERICAY

be seeing signs of
a whole new realm

22



The Proton Radius puzzle

electron avg.

scatt. JLab
scatt. Mainz

H spectroscopy

0.88 0.89 0.9
Proton charge radius R . [fm]
C|
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Theory / Fitting

»

»

-

)

Many people have checked spectroscopy theory
» generally seems robust, but few papers pop up
with criticism
We are sure we are measuring the'same.thing: G.
Miller, Phys. Rev. C 99, 035202

For scattering, radiative corrections might be
problematic

Fitting: Many people fit data and get different results.

24



Theory / Fitting

»

»

»

»

»

Many people have checked spectroscopy theory
» generally seems robust, but few papers pop up
with criticism
We are sure we are measuring the'same.thing: G.
Miller, Phys. Rev. C 99, 035202

For scattering, radiative corrections might be
problematic

Fitting: Many people fit data and get different results.

BSM physics? Still alive and kicking, E.g.: Liu, Cloet,
Miller Nucl. Phys. B 944 114638 (also explains g,, — 2)
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The face puzzle that launched a thousand ships
experiments

Spectroscopy:

» MPQ

» York University

» Paris

» +measurements on d,3 He4 He, ...
Scattering: \'

» PRad (Jefferson Lab)

» Mainz: ISR, H-TPC, Next-gen FF

» Muon Hydrogen-TPC, CERN

» PRAE Paris

» ELPH Japan

» MUSE



New hydrogen results: MPQ (A. Beyer et al., Science 358, 79
(2017))

Proton charge radius r;, (fm)
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H world data
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New results: Paris (Fleurbaey et al., Phys. Rev. Lett. 120, 183001
(2018))

LKB\ \ Overview

0.82 0.83 0.84 0.85 0.86 0.87 0.88
N

H world data

V-

CODATA 2014

18-28,, combined with nS-n'

25-4P | "1S5-3S —e—
—e— —¥— H world data

T T T T
0.86 0.88 0.90 0.92
Proton charge radius r, (fm)




More spectroscopy . <

» AFAIK, all give somethi
radius! '

29



More spectroscopy

There are more spectroscopy results coming.

» AFAIK, all give something in agreement with small
radius!

» Some ready to declare victory.

» | think it’s to early. We should at least understand want
has gone wrong in Paris!

30



ISR method

2
QRecorwsTrucT

6/\%6
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» Use initial state radiation to reduce effective beam

energy
» Have to subfract FSR
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ISR at MAMII

»

»

»

»

Published: PLB
771:194-198

Radiative correction
correct on the 1%
level deep in the tail!

Radius extraction not
competitive in
precision

In principle: Larger
scattering angle for
G

=
>
=
o
]
E
=
<
=
5
3
o

— Simulation + Data at 195 MeV

--- Elastic Settings M H(e,e)n7rand
« Data at 495 MeV. H(e, ")p m° Contributions
= Data at 330 MeV Background

250 300 350
Electron energy E' [MeV]
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Updated analysis of ISR

-

»

»

»

-~

)

arXiv:1905.11182
Focuses on cs instead of FF

7o = 0.870 £ 0.014:5%
+0.024sy5 £ 0.003 00 fM

Slightly prefers large radius

Data/Simulation — 1

|
5
8
E
5]
&
©
a1

R

R

200 250 300
Electron energy E' [MeV]

=1.05fm

e
=0.95fm
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Slides provided by E. Pasyuk, presen’red at MENU
2019




The missing piece

EAGET ep | 1P |
Spectroscopy 0.8758 4+ 0.077 0.84087 4+ 0.00039
Scattering 0.8770 + 0.060 or not?"| ° 2270

Measure radius with muon-proton scattering!
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MUSE _::I‘\V{IéjqnﬁSCotr,e ' Expenmen’r at Pl

W PAUL SCHERRER INSTITUT s

World’s most powerful low-energy e/n/u-beam:
Direct comparison of ep and up!

>

» Beam of e /=T /u™ or e /=~ /u~ on liquid H, farget
» Species separated by ToF, charge by magnet

» Absolute cross sections for ep and up

» Ratio to cancel systematics

» Charge reversal: test TPE

» Momenta 115-210 MeV/c = Rosenbluth Gg,Gy,

-

A

36



Experiment layout

R. Gilman et al., arXiv:1303.2160 (nucl-ex)

» Secondary beam — frack
beam particles

» Low flux (6 MHz)— large
acceptance

» Mixed beam = PID in
frigger

37
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What do we know about G,
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What do we know about G,
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What do we know about G,
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Next generation experiments at Mainz Q

at MAMI and MESA
» Active target: high p

42
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Mainz future plans

» Cluster jet target to kill major conftributions to
systematic errors

» Repeat ISR with new target (mainly Gg)
» Use new target also for classical approach

» Already had test beam. Construct active veto and
collimator for further background reduc;Tion

it E: ) MAGIX at E=50 MeV  ——— MAMI at E=180 MeV/
MAGIX at E= e MAGIX at E=75 MeV, MAMI at E=240 MeV
MAGIX at E=100 M —— MAMI at E=300 MeV

0.001

0.0001
0
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Summary

» After @ years, the puzzle still stands

» Spectroscopy has many new results, mixed, but with
weight behind the smaller radius

» unknown what causes difference in spectroscopy
results

» Scaftering; First values released / about 1o be
released. Situation still unclear

» More scattering data in the pipeline
» Don’t forget about magnetic radius!

>
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Comments on some newer fitting results
2010: >0.870 Hill, Paz: old data, z expansion with disp. bounds

» Bounds on infinite exp. — bounds for truncated exp.?
2012: 0.840(10) Lorenz, Hammer, Meissner: Disp. relation fit.

» Same value but a lot more data. Probably model dominated.
2014: 0.84 Lorenz, Meissner: z expansion without bounds

» Fit did not converge. In real minimum, large radius is found.
2014: 0.8989(1) Gracyk/Juszczak: Bayesian estimmation

» Interesting technique, unbelievable? small errors
2016: 0.847 Higinbotham: F-Test fo select max. order

» Misunderstood F-test. Absence of proof # proof of absence.
2016: 0.847 Horbatsch/Hessels/Griffioen/Carlson/Maddox... Low-Q

» Low-Q fits with low order don’t work.
2018: XXX Yan/Higinbotham/...

» Small radius fraction finally does bias testing

47



MUSE: Predicted performance

Sick(R003)
Bernauer(2010)

Zhan(2010)

» Absolute radius extraction
uncertainties similar to
current exp’s.

CODATA

Pohl

PSL: e+p

0.82 0.84 0.86 0.88 0.90
RMS char
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MUSE: Predicted performance

Sick(2003)

Bernauer(2010)

Zhan(2010)

» Absolute radius extraction
uncertainties similar to
current exp’s.

» Difference: Common PSL: e+p
uncertainties cancel!

» — factor two more
sensitivity

CODATA

Pohl

0.82 0.84 0.86 0.88 0.90
RMS char

MUSE can verify 70 effect with similar significance!
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Mainz: Volume of Data
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