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Introduction
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The Proton Radius Puzzle

How big is the proton?

]

@ Easy question to ask, not so
easy to answer! :

@ Currently an unanswered
problem in physics olLspiLLs |

There's mor
tocome
PLAGIARISM
It's worse than
you think

CHIMPANZEES

ssryamEaan

The battle for

Das Proton- &
Paradoxon
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The Proton Radius Puzzle

What is the proton radius puzzle?
The proton charge radius, measured via muonic hydrogen spectroscopy, is

4% smaller than results from hydrogen spectroscopy and elastic electron
proton scattering experiments.
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The Proton Radius Puzzle - scattering

Rosenbluth scattering:

do_do [ SHO)GE)
aQ dQ(point.) 14 x

+2xG3(Q?) tanzg >

Sach’s form factors
(F1, F2 Dirac and Pauli FFs)

GE(Q?) = Fi(@%) — xF2(Q?)
Ge(Q?) = Fi(Q%) — xF(Q?)

4N\
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The Proton Radius Puzzle - scattering

Rosenbluth scattering:

do _ do < GE(@?) + xGiy(Q%)
aQ dQ(point.) 14 x

/ Derivative in the Q2 — 0 limit
¥ 2
dGE(Q?)
2 o E
- STEST O
e’, u* N

+2xG3(Q?) tanzg >

Q20
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The Proton Radius Puzzle - scattering

Rosenbluth scattering:

do_do [ SHO)GE)
aQ dQ(point.) 14 x

/ Derivative in the Q2 — 0 limit
¥ 2
dGE(Q?)
2 o E
- STETE O
e’, u* N

We expect identical results for
hq 2 experiments with ep and pup
scattering...

+2xG3(Q?) tanzg >

Q20
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The Proton Radius Puzzle: electron scattering

080 16" cw

] . N
Chambers and Hofstadter, (Zzhoalnl)et al., PLB705, 59

Phys Rev 103, 14 (1956)

4

Q@ [(Gev/e)]
Kelly, Phys. Rev. C70, (2004)
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Significant experimental
interest in the Form Factors!

Bernauer et al., PRL 105, (2010)
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— Inv. poly. Double Dipole
poly R ExtendedpGo.K.
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The Proton Radius Puzzle: electron scattering

Electron scattering experiments give a fairly consistent extraction
of the proton radius of approximately 0.88 fm.

0.95
0.90 +
I I x L ]
< 0.85
s t
CODATA
0.80 + Zhan et al. (JLab)
Bernauer et al. (Mainz)
Older e-p scattering
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The Proton Radius Puzzle: H spectroscopy

Radius can also be studied from a spectroscopy approach:

88 == ==
as —f— ——
38 ——

25-88

u

Two Unknowns — Two transitions!

28 —

o Rydberg constant: R
o Lamb Shift: L5 (< r} >)

18-28

~ Roo LlS
E,s = ?—FF

Lys(rp) = 8171.636(4) + 1.5645< r; > MHz
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The Proton Radius Puzzle: H spectroscopy

Radius can also be studied from a spectroscopy approach:
Again we find a radius consistent with 0.88 fm.

0.95

Hydrogen Spectroscopy
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The Proton Radius Puzzle: Muonic Hydrogen

Why is muonic Hydrogen interesting?

Electron orbit

Muon orbit

Cristina Collicott
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The Proton Radius Puzzle: ;4/H spectroscopy

2S — 2P Lamb Shift

7 ;— SODATA-¢ %i " Our value
e ﬂ Pohl (2010):
‘% 55_ H,0 calibration
s rp = 0.84184 £ 0.00067 fm
B
B E !
gz: % L Antognini (2013):

[ P

—e
o

rp = 0.84087 £ 0.00039 fm

P TS S S S S S RS SO S S IS S S S R
49.75 49.8 49.85 49.9 49.95

Laser frequency (THz)

Pohl et al., Nature 466 (2010)
A. Antognini et al., Science 339 (2013)

o
T
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The Proton Radius Puzzle: ;4/H spectroscopy

0.95

Proton radius puzzle

CODATA
Zhan et al. {JLab}
Bernauer et al. (Mainz)

Hydrogen Spectroscopy

0.90t Older e-p scattering | + * *

Lplel

E { J [ttt h
éU.BS I .
‘ Pohl /

0.80 + Antognini
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Year

Hydrogen: r, = 0.88 fm
p-Hydrogen: r, = 0.84 fm
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Pohl (2010):

rp = 0.84184 £ 0.00067 fm

Antognini (2013):

rp = 0.84087 £ 0.00039 fm
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The Proton Radius Puzzle: What about muon scattering?

rp from muonic-H and electronic-H

Muon scattering 2?? electron scattering

—

Muonic-H spectroscopy H spectroscopy

+ —
L Ll | P T E
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Proton charge radius R ) [fm]
<h
p-p v. e-p elastic difference
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o(p — p)/o(e — p) = 1.0 £ 0.04 (£8.6% systematics)

A. Entenberg et al (1974)
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Form factors from elastic p-p

1.4] Claa/B
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Ellsworth et al. Phys. Rev. 165 (1968)

Previous scattering experiments
confirm universality to 10% level.
Insufficient precision to test
proton radius issues!
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Resolutions to the Puzzle
°

Resolutions to the Puzzle

Experimental problems?

e-p problems p-p problems

@ underestimated uncertainties @ 3-body effects

@ incorrect radius extractions

v

New physics?

@ Lepton non-universality

New force / particle (dark photon?)

°
@ Two-photon exchange
°

\

— New (high-quality) data is needed to solve the puzzle.
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MUSE - MUon Scattering Experiment
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MUSE - MUon Scattering Experiment

PAUL SCHERRER INSTITUT

World’s most powerful proton beam!
@ Secondary e+, u+, 7=+ in tM1 beamline
@ Planned momenta coverage: (115, 153, and 210) MeV/c.
@ Q2 range of ~ 0.002 - 0.07 GeV?
@ Separate out particle species by timing relative to beam RF

o Cut as many pions as possible, trigger on e+, u+
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MUSE - MUon Scattering Experiment

O0e0000

MUSE - MUon Scattering Experiment: Detector Overview

Beamline:
@ Beam species ID/tracking via beam line detectors (SiPMs/GEMs).

@ Vetos reject large m-induced background (beam line decays).

Scattered particle detectors:

@ Straw Tube Tracker detector
(2850 channels).

Chambers . . .
@ Scattered particle scintillators

(184 channels).

@ Scattering angle coverage:
20° — 100°.

Target

Target Chamber
Scifi Beam GEMs

Cerenkov

Cristina Collicott SPIN 2016

13/17



MUSE - MUon Scattering Experiment
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MUSE - MUon Scattering Experiment: Beamline

Scintillating SiPM Detector Array (Tel Aviv, Rutgers, PSI)
— Thin, fast, scintillators, double-ended SiPM readout

~ e

GEM Chambers (Hampton)
— Inherited from OLYMPUS
— < 10 mr resolution

3 GEMs 10x10 cm? fl’Oﬂ’I-_PLYMPUS@pESY
A i3 [

Cristina Collicott

VerticalPosition (cm)

Beam spot measured with GEM

Entries 717589 ||
Mean x -0.3098 |}
Meany 0.3282 ||
RMSx  1.014
RMSy 0.8266 |

"RMS: 1.¢cm X 0.8 cm

'8 ) 2

2 4 6
Horizontal Position (cm)
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MUSE - MUon Scattering Experiment
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MUSE - MUon Scattering Experiment: Scattering Det.

Straw Tube Tracker (HUJI, Temple) [k
— Position/angular res. 140pm/1mr
— Same design tested with PANDA

— ‘ CLAS12 design
Scintillator Walls (USC)

— 92 bars, double-ended readout
— 100 cm /200 cm front/back bars

@ Scintillator 6 cm x 6 cm x 220 cm
L best fit m

)
38

Time Resolution o (ps)
@
=]

% t

i

" .
0 100 200
Position (cm)
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MUSE - MUon Scattering Experiment
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MUSE - MUon Scattering Experiment: Projections

MUSE Pseudodata: Estimated Errors for u/e G Ratio
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MUSE - MUon Scattering Experiment
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MUSE - MUon Scattering Experiment: Projections

Sick (2003)

CODATA:2006 (2008)
Bernauer (2010) :

Pohl (2010) A

Zhan (2011)
CODATA:2010 (2012)

Antognini (2013) A

Projected MUSE ep ‘ —o—
Projected MUSE e'p ‘ —o—
Projected MUSE up —n— ;
Projected MUSE p'p H——

082 084 086 088 090 092
Proton Charge Radius (fm)
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MUSE - MUon Scattering Experiment
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Summary

Sick (2003)
CODATA:2006 (2008)
Bernauer (2010)

The proton radius puzzle is a high Pohl 2010) N
. . H 1 Zhan (2011) —e—
prc_;ﬁle problem in physics! CoDATAZ010 2012
(still unresolved) Antognii (2013) N
Projected MUSE ep —e—
Projected MUSE &'p —e—
. . . Projected MUSE p'p —e—
MUSE (MUon Scattering Experiment) will [ o0,

provifle high c!uality e—p/u.—p scattering data S R TR Yy e ey
allowing for direct comparison of proton Proton Gharge Radius (fm)
charge radius with reduced systematics.

Up Next: Discussion of PRad!

\7
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Backups — What about the deu
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RESEARCH ARTICLE
Laser spectroscopy of muonic deuterium

Randolf Pnhlu-l, Frangois Neze, Luis M. P. Fernandes{ Fernando D. Amaml, Frangois BirahenE, Jodo M.
R. Cardoso?, Daniel S. Covita®, Andreas Dax®, Satish Dhawan®, Marc Diepold, Adolf Giesen”51,
Andrea L. Gouvea®, Thomas Graf’, Theodor W. Hansch'®, Paul Indelicato’, Lucile Julien3, Paul
Knnwlesli":, Franz Kntimann“, Eric-Olivier Le BigntE, Yi-Wei Liulg, José A. M. anes*lg, Livia
Ludhoval%%, Cristina M. B. Monteiro?, Frangoise Mulhauser'01l, Tobias Nebel'Y, Paul Rabinowitz'?,
Joaquim M. F. dos Santos?, Lukas A. Schaller'?, Karsten Schuhmann!815, Catherine Schwob?, David
Taqqu', Jodo F. C. A. Veloso®, Aldo Antognini'!'5, The CREMA Collaboration

Quote:

We measured three 25-2P transitions in ud and obtain ry [ -] 7.50
smaller than the CODATA-2010 value rq. The pd value is also 3.50
smaller than the ry value from electronic deuterium spectroscopy.
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Backups — What about TPE?

JLab (polarization transfer technique)
showed a linear drop in the ratio of Gg/Gpy
with Q? from unity.

— TPE to explain

Compare p+/u— and e+/e— ratios:
@ TPE opposite sign for switched polar.

@ TPE dominates uncertainty of
radiative corrections for p (not e)

@ Ratios (p+/p— and e+/e—) - --
some systematics cancel ()
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Backups — Error Budget

MUSE Error Budget Evie Downie
Scintillator efficiency 0.1%
Solid angle 0.1%
X X . Beam momentum 0.1%
MUSE measuring relative cross sections offset
Theta offset 0.2%
Multiple scattering 0.15%
Point-to-point uncertainties, most important Muon decay in flight 0.1%
Radiative corrections 0.1% n; 0.5%
Target wall subtraction 0.3%
Uncertainties mostly well controlled: Beam PID mis-ID 0.1%

largest from angle and radiative corrections.

Have six settings and two independent detectors, consistency check
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