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Outline

+ Why are we puzzled:

= What is a radius? How do we measure it?

= Electron scattering measurements

= The source of all the trouble: muonic spectroscopy measurements
+ Are we still puzzled?

= Possible explanations

-2 What are we doing now?

¢ Conclusions



Proton Radius Problem

R. Pohl et al., Nature 466, 09259 (2010)
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Proton Radius Problem
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Proton Radius Problem
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Proton Radius Problem
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Proton Radius Problem
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Proton Radius Problem

Che New JJork Cimes

+ The Proton Radius Puzzle (PRP) has garnered a lot of interest!
+ Not just interesting:
- Tests our theoretical understanding of proton
= Radius of proton is dominant uncertainty in many QED processes

+ What exactly is the puzzle?



NewScientist Proton Radius Problem

How big is a proton? Mo one knows exactly, and that's a problem
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+ The Proton Radius Puzzle (PRP) has garnered a lot of interest!

+ Not just interesting:
= Tests our theoretical understanding of proton

= Radius of proton is dominant uncertainty in many QED processes

+ \What exactly is the puzzle?



Newscientist Proton Radius Problem

DARILY HEWS 11 August 2016

How big is a proton? No one knows exactly, and that’s a problem

These new numbers show that the proton radius problem isn't going away, says Evangeline |. Downie at the George Washington University in
Washington DC. "It tells us that there’s still a puzzle,” says Downie. “It’s still very open, and the only thing that’s going to allow us to solve it is
new data.”

The espermments wsed modified hydrogen atoens to get ot the size of the proton
Fritz fioraThe LT P Cobortion ety lnag:

By Awiva Ruthin

It's a subatomic mystery with big implications. Six years after physicists announced a bafflingly too small measurement of the size of the proton,
we're still not sure what's going on. With the release of new data today, the mystery has, if anything, got deeper.

+ The Proton Radius Puzzle (PRP) has garnered a lot of interest!
+ Not just interesting:
- Tests our theoretical understanding of proton
= Radius of proton is dominant uncertainty in many QED processes

+ What exactly is the puzzle?



!.quSCientiSt Proton Radius Problem
= INTERNATIONAL BUSINESS TIMES

WORLD
The ‘Proton Radius Puzzle’ Is Very Real, New
Experiment Confirms

BY AVANEESH PANDEY ON 08/13/16 AT 4:19 AM

“It tells us that there’s still a puzzle,” Evangeline Downie from the George Washington University in
Washington D.C., who was not involved in the study, told New Scientist. “It’s still very open, and
the only thing that’s going to allow us to solve it is new data.”

That awparamprntt und modithed bdroptn asome t g€ 56 tha po of the prosss

17’5 a subanomic myRery with big impications, Six years afver phwsicksts annourced a bafMingly 100 small measuremsnt of the 5ize of the proson,
wa'ne 34l ot sure what's poing on. With the release of rew data todary, the mystery has, if amything, got deeper.

+ The Proton Radius Puzzle (PRP) has garnered a lot of interest!
+ Not just interesting:
- Tests our theoretical understanding of proton
= Radius of proton is dominant uncertainty in many QED processes

+ What exactly is the puzzle?



The Proton Radius
+ What is a radius? How do we measure it?
¢ Classical physics: ré = f p(r)erSr
+ Non-relativistic quantum mechanics: 7 = [ <o (r)|r2|y(r) > d3r

+ Relativistic quantum mechanics: 2 = —6dG (Q2)/ dQ2[Qg:0
Electron Scattering Atomic Energy Levels

2keV v

2P

| 8

NRQM: finite size of proton perturbs
energies of s states - rp <<<< ratomic,
so effect proportional to w2:(r=0).

Fit form factor trend with g,
to data, find slope as g* - 0



The Proton Radius as a function of time
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Electron Scattering Measurements

QQ
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s
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CROSS SECTION IN CM%/STERAD

Electron Scattering Measurements 1950s

'\ 1 ELEC[:THON éCATTEII?ING
o~29 FROM HYDROGEN —
\ (188 MEV LAB)
\
= (rg) =0.74(24) fm
POINT CHARGE,
o e POINT MOMENT |
(ANOMALOUS)
+ Fit to RMS radius Stanford 1956
(a)
. et + R.W. McAllister and R. Hofstadter,
e . Phys. Rev. 102, 851 (1956)
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Measurement Techniques
5
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+ A single measurement gives ratio of form factors.

+ Interference of “small” and “large” terms allow measurement at practically all
values of Q2.



Taxe/Osid, dipole

Electron Scattering Measurements

¢ Bernauer et al. PRL 105, 242001: world's largest data set

¢ Fit functional forms to data rather than Rosenbluth separation

¢ Zhan et al. PLB 705 (2011) 59-64: Polarisation measurements to get

G_/G,, valuable over a large Q’ range

+ Fit(Jlab + world — Bernauer) gives radius compatible with Bernauer

1.02

1.01 f

1

Bernauer et al. (2010)
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Time evolution of the radius from eP data
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Components of the Hydrogen Energy Levels
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Components of the Hydrogen Energy Levels
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Components of the Hydrogen Energy Levels
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Components of the Hydrogen Energy Levels

A
—
n=3 2P3/2
n=2 F=1
Y 2512
o —
2S12, 2Pz 2P F=0
1.4 GHz
43.5GHZ g 5 Ghz F=1
n=1 \ 1S4 o *'<
Bohr Dirac Lamb F=0
Darwin Term
Spin-Orbit QED HFS

Relativity



Components of the Hydrogen Energy Levels
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Components of the Hydrogen Energy Levels
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Time Evolution of the radius from Hydrogen Lamb Shift
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Time Evolution of the radius from Hydrogen Lamb Shift and eP
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Why measure with pH?

+ While lepton is inside proton, attractive potential is lower

S-Orbital P-Orbital

+ Average potential reduced the longer lepton spends inside proton
¢ Strongly affects S orbitals, much less so P, so SP transitions change
+ Probability for lepton to be inside proton = volume of P / volume of atom:

. () ~ (rp)’m’

apB
e m =~205m_is pH is ~205° ~ 8 million times more sensitive to r_

Orbitals: http://chemistry.umeche.maine.edu/CHY251/Quantum.html



Mechanics of measuring with pH

“prompt” (¢ ~ 0) "delayed” (¢t ~1 ps)
n~14— — ’p
| % 99 % Lase
2P 28
25—
2keV 7y 2kevV v
1S — | 1 S——

+ Beautifully simple, but technically challenging!

» Form pH*(n~14) by firing muon beam on 1mbar H_ target

¢ 99% decay to 1s, giving out fast y pulse

+ 1% decay to longer-lived 2s state
¢ Excited to 2P state by tuned laser & decay with release of delayed vy

+ Vary laser frequency to find transition peak - 2P to 2S AE - r

Pictures: R. Pohl



Mechanics of measuring with pH

time spectrum of 2keV x-rays (~ 13 hours of data @ 1 laser wavelength)

10*

events in 25 ns
I 1 II1|I||

K IIIIII|

10
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0.5 | 1.5 ‘7- 4

time [us]

Pictures: R. Pohl



time spectrum of 2keV x-rays

events in 25 ns
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Mechanics of measuring with pH
“‘prompt” (r ~ 0)
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Pictures: R. Pohl
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Mechanics of measuring with pH

time spectrum of 2keV x-rays -t Ll i

I

Laser:
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Pictures: R. Pohl



time spectrum of 2keV x-rays

events in 25 ns
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Mechanics of measuring with pH

“prompt” (¢
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Mechanics of measuring with pH

time spectrum of 2keV x-rays PRI W <) O ¢ o~ 1 i)
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The Proton Radius from excitation spectrum

Water-line/laser wavelength: Av water-line to resonance:
300 MHz uncertainty \ / 200 kHz uncertainty

i * our value

7

6P

Statistics: 700 MHz

; Systematics: 300 MHz

delayed / prompt events [10™]
|IIII|I||||||II|1III|EIII||
0
D
o
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i

t 'l 1 1 J

1 1 1 1 1 1 1 1 I 1
.8 49.85 49.9 49.95
laser frequency [THz]

] |
0%9.75

+ Take ratio of delayed to prompt as a function of laser frequency:

Randolf Pohl et al., Nature 466, 213 (2010):
0.84184 + 0.00067 fm 50 off 2006 CODATA




Time evolution of the Lamb Shift Measurements & eP data
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Curiouser & Curiousetr...

+ Aldo Antognini et al. Science 339, 417 (2013)
¢ Further analysis of data taken in Pohl measurement

+ Magnetic radius agrees with e” scattering data

¢ Electric radius in agreement with Pohl 0.84087 £+ 0.00039 fm
¢ 7.90 from 2010 CODATA

12__“4&, 3 laser on resonance A singlet 12 '_,-, B triplet
1020l | class | 10f2 class |
B et e £
8 £t r e € 8i#
‘E 8,1 o is
— GL° |, L T N P PP PRl : - |
= B FE "6f a3 1 1z 14
4 E 4+ time [us] ]
o 2f 4 i &
E i 1 . L 4 u Lt - ;
E u: -.lllmernnraamunmul
O 6} neohy \.—,J
classin | £ [58 "M I‘fus%kaj class Il
E. 4t
8 |2
g3
2
't '3
450 500 550 600 650 750 BOOD B850 900 950
v - 54.0 THz (GHz) v - 49.0 THz (GHz2)

Fig. 3. Muonic hydrogen resonances (solid circles) for singlet v (A) and triplet v, (B) transitions. Open drcles show data recorded without laser pulses. Two
resonance curves are given for each transition to account for two different classes, | and II, of muon decay electrons (12). Error bars indicate the standard error.
(Insets) The time spectra of K, x-rays. The vertical lines indicate the laser time window.



Curiouser & Curiousetr...

+ Aldo Antognini et al. Science 339, 417 (2013)
+ Further analysis of data taken in Pohl measurement

+ Magnetic radius agrees with e scattering data
¢ Electric radius in agreement with Pohl 0.84087 £+ 0.00039 fm
¢ 7.90 from 2010 CODATA

+ Analysis gives:

up 2013 ‘ — e electron avg.
— +  scatt. JLab
Up 2010 | ——+e—— scatt. Mainz
= . H spectroscopy
1 | I 1 | L 1 I | 1 1 | | 1 1 | 1 I 1 [ 1 1 | [ 1 | 1 1 I | 1 1 1 I 1 1
0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9

Proton charge radius R ] [fm]
C



Are we still puzzled?



Why do the muon and electron give different proton radii?

* Assuming the experimental results are not bad, what are viable theoretical
explanations of the Radius Puzzle?

* Novel Beyond Standard Model Physics: Pospelov, Yavin, Carlson, ...: the

electron is measuring an EM radius, the muon measures an (EM+BSM)
radius

* Novel Hadronic Physics: G. Miller: currently unconstrained correction in
proton polarizibility affects y, but not e (effectoam*)

¢ Basically everything else suggested has been ruled out - missing atomic
physics, structures in form factors, anomalous 3rd Zemach radius, ...

¢ See Trento Workshops on PRP for more details:

http://www.mpd.mpg.de/~rnp/wiki/pmwiki.php/Main/WorkshopTrento (2012)
http://www.ectstar.eu/node/1659 (2016)


http://www.mpq.mpg.de/~rnp/wiki/pmwiki.php/Main/WorkshopTrento

How do we Resolve the Radius Puzzle

* New data needed to test that the e and u are really different, and the
Implications of novel BSM and hadronic physics

=2 BSM: scattering modified for Q2 up to m?sswm (typically expected to
be MeV to 10s of MeV), enhanced parity violation

= Hadronic: enhanced 2y exchange effects
¢ Experiments include:
= Light muonic atoms for radius comparison in heavier systems
= Redoing atomic hydrogen
=2 Redoing electron scattering at lower Q2

= Muon scattering!



How do we Resolve the Radius Puzzle

* New data needed to test that the e and u are really different, and the
Implications of novel BSM and hadronic physics

=2 BSM: scattering modified for Q2 up to m?sswm (typically expected to
be MeV to 10s of MeV), enhanced parity violation

= Hadronic: enhanced 2y exchange effects
¢ Experiments include:
= Light muonic atoms for radius comparison in heavier systems
= Redoing atomic hydrogen
=2 Redoing electron scattering at lower Q2

= Muon scattering!



Light Muonic Atoms

CODATA-2010
l.ld —— : o :

+ 180 -
Up : D spectroscopy
&

® e-d scatt.

Pohl[et al. (CREMA) ScienceI 353 (2016)|669 .
212 2.125 2.15 2135 2.14 2.145
Deuteron charge radius I [fm]

¢+ CREMA Collaboration moved on to heavier things
¢ Deuterium radius from uD agrees with uH (using isotope shift)

¢ Recent analysis gives 3.5c¢ difference between atomic and muonic D
Pohl et al. arXiv:1607.03165v2 [atom-ph]

¢ Electron scattering on Deuterium too imprecise for comparison

+* More to follow...



Light Muonic Atoms

H/D isotope shift: r§ —r; = 3.82007(65) fm? C.G. Parthey, RP er al., PRL 104, 233001 (2010)

CODATA 2010 rq =2.14240(210) fm
rofrom uH gives rq =2.12771( 22) fm <« 70 from r,
Muonic DEUTERIUM  rq = 2.12562( 13)exp (77 )theo fM RP er al., Science 353, 417 (2016)
(

electronic D (rp indep.) rq =2.14150(450) fm < 3.50  RPeral arXiv 1607.03165

3.50 indep. of 1, = "; D spectr.
ub e~ another 7o discrepancy!
— i
uH + 1so H/D(1S-2S) > CODATA-2010
(70 from uH) —
- o
e-d scatt. &
1 1 | | 1 | | | 1 | | 1 I | | 1 1 | | 1 | | | 1 | | | I | | 1 1 | | 1 1 | | 1 |
2.11 2.115 2.12 2.125 213 2.135 2.14 2.145

* R. Pohl, Talk at Jlab / W & M Jan 20, 2017 Sttt Shtgenadus P



Light Muonic Atoms

A
N Be|| ®Be || "Be || ™Be || "Be
O
o DA N 5L || °Li U
g 2.5890 (390)
Z SHe || “He ®He 8He
.
) 1.9730 (160) | 1.6810 ( 40) 2.0680 (110) 1.9290 (260)
-
O Ty 2n 3T rms charge radii in fm
i ¢ electron scattering
0.8775 (51)| | 2.1424 (21)] | 1.7550 (850)

e muonic atom spectroscopy (medium-to-high Z)

N e H/D: precision laser spectroscopy + theory (a lot!)

e °He, ®He, ...: laser spectroscopy of isotope shift

Neutron number N

* R. Pohl, Talk at Jlab / W & M Jan 20, 2017



Light Muonic Atoms

7 8 9 10 11

N Be | “Be Be Be Be

©

QO B | °Li || CLi Ll

g 2.5890 (390)

3 4 6 8

< e = Fle e He

- 1.96xx( 10)|| 1.67xx( 5) 2.06xxX( 80 1.9xxx (246)

@) 1.9730-(160) | 1:6810-(30) 2.0680 (110) 1.9290 (260)

]

9 : H 2D - i electron scattering
D_ 0.8409 ( 4)|| 2.1277( 2) muonic atom spectroscopy

08776-(5T) | | 2:1424-(21) | | 1.7550 (860) H/D: precision laser spectroscopy + theory (a lot!)
n ®He, ®He, ...: laser spectroscopy of isotope shift
* = preliminary laser spectroscopy of muonic atoms/ions

-

Neutron number N

¢ Helium isotopes seem to agree (preliminary results)

¢ R. Pohl, Talk at Jlab / W & M Jan 20, 2017

¢ Puzzle seen in H & D (Z=1 radius puzzle?)



How Do We Resolve the Radius Puzzle?

* New data needed to test that the e and u are really different, and the
Implications of novel BSM and hadronic physics

=2 BSM: scattering modified for Q2 up to m?sswm (typically expected to
be MeV to 10s of MeV), enhanced parity violation

= Hadronic: enhanced 2y exchange effects
¢ Experiments include:
= Light muonic atoms for radius comparison in heavier systems
2 Redoing atomic hydrogen
= Redoing electron scattering at lower Q?2

= Muon scattering!



Proton is small in regular hydrogen, too!

Proton radius puzzle is NOT “solved”.
Our main systematics do NOT affect the previous measurements.

—— PRELIMINARY!

S12° 2P = * : 25 — 4P1};2 and 4!03/2
Sip- 2P, ’ - r ’
15-2515;;2.. j:m | i . cold H(2S) beam

| Hird
15-2S + 15~ 4D,

15-25 +25- 4P,

optically excited (15 — 25)

1S-28 +28- 4P,,| . i
2 : : P f

15-25 + 28. 651,.-1 F . 4 ﬂ\-" s 2 kHZ — F/IG UUO III
18-2S +28- 6D, : -
18-28 +28- 85, —e Beyer, Maisenbacher, Matveev, RP,
18-25 +25- 8D, — Khabarova, Grinin, Lamour, Yost,
15-28 + 28- 8D, - H—te—
el e : i H,, = 0.8779 +0.0094 fim Hansch, Kolachevsky, Udem,
182§ + 25-12D,, —eth p : 0.84087 +- 000039 fm submitted (2016)
18-28 + 15-35,, : L ; e | : !

0.8 0.85 0.9 0.95 1

proton charge radius (fm)
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How do we Resolve the Radius Puzzle

* New data needed to test that the e and u are really different, and the
Implications of novel BSM and hadronic physics

=2 BSM: scattering modified for Q2 up to m?sswm (typically expected to
be MeV to 10s of MeV), enhanced parity violation

= Hadronic: enhanced 2y exchange effects

¢ Experiments include:
= Light muonic atoms for radius comparison in heavier systems
= Redoing atomic hydrogen

2 Redoing electron scattering at lower Q?
NB: Many efforts, not an exhaustive list!!!!

= Muon scattering!



Jlab: PRad

PRad Setup (Side view)
GEM

Hydrogen

gas chamber
2H00 Cryocooler HyCal
Hamp J
bedkows
Collimator '
Tagger - & L
. : New cylindrical .
i - w
i — = vacuum box =

1.5m

-

¢ Low Iintensity beam in Hall B @ Jlab into windowless gas target
¢ Scattered ep and Moller electrons into HYCAL at 0 deg.

+ Lower Q¢ than Mainz. Very forward angle, insensitive to 2y, G,

¢ Data taking: May & June 2016, 1.1 & .2.2 GeV beams, 1.3 billion H events

APS “April” Meeting 2017, Weizhi Xiong, Duke University



Jlab: PRad

Cluster Energy E’ vs. Scattering Angle 6
(after cluster matching between GEMs and HyCal, and background subtraction)

g R R S S

.. ep scattering

~10% of 1.1GeV data

800
600
400F

200

4IIIII‘|I”IIIIII I.iIII !Illlr

scattering angle 6 (deqg) scattering angle 6 (deg)

¢ Calibration complete: expected energy resolutions achieved

¢ Preliminary result for HyCal trigger efficiency of >99.5%
¢ Detector alignment completed, matching of GEMS & HyCal achieved
¢+ GEM position resolution of 72um and preliminary efficiency of ~92%

¢ Cross section analysis ongoing

APS “April” Meeting 2017, Weizhi Xiong, Duke University



Mainz: ISR

Exploit information in radiative tail

» Dominated by coherent sum of two
Bethe-Heitler diagrams: ISR and FSR

» ISR: Electron energy reduced —
Lower QZ at given scattering angle

» Investigate Gg down to
Q? =10"*GeV?/c?

» ISR and FSR cannot be distinguished
— Sophisticated simulation needed

ISR
FSR
& e/ e e’
reduced Q2 + Q2
P Ge p’ P Ge p’

@* at Vertex [GeV?/¢?]

10-1

10-3

10—

Q@ at Detector [GeV?/ ¢

0% 103 102

10!

| ISR

— a a 2 a 10"
50 100 150 200 250 300 350 400 450 500

Energy of scattered Electron E' [MeV]

Ulrich Mueller, KPH Mainz, SPIN 2016

Events



Mainz: ISR

1.02

| | | | | | | | | | | | | | | | | |
This experiment —e—
1.01 = ISR fit — .y
+ Bernauer (2010) —e—
1 Simon (1980) —<— -
+ Borkowski (1975) —e—
0.99 Murphy (1974) —=—
0.98 =
TH0.97 |
0.96 =
0.95 f=
0.94 =
0.93 = Systematic uncertainty "
092 [ ] [ ] [ [ | [ ] [ [ | [ ] [ ]
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

Q% [GeV?/c?

FIG. 3. (Color on-line) The proton electric form factor as a function of Q*(= Q%,,). Empty black points show previous
data [19-22]. The results of this experiment are shown with full red circles. The error bars show statistical uncertainties.
Gray structures at the bottom shows the systematic uncertainties for the three energy settings. The curve corresponds to a
polynomial fit to the data defined by Eq. (2). The inner and the outer bands around the fit show its uncertainties, caused by
the statistical and systematic uncertainties of the data, respectively.

¢ Experiment & analysis complete, paper submitted (arXiv:1612.06707)

+ Result: rp:(O.81Oi0.035statio.O74Systio.003AaAb)fm, not precise enough
to differentiate

* New experiment with jet target (and MESA) planned



Platform for Research and Applications with Electrons: ProRad

J.-M. Gheller et al. AIP Conf. Proc. 1573 (2014) 58

Cryogenic system in the cryostat
: PRAE Extruder driver CHyME NE
1

: Cold head
0.98 —_ 100 days of data taking —— Detal |S from

i AEIE ~ 0.1% 7 . .

- Eric Voutier
r LPSC, Grenoble

- B , (France).
0.941— v Borkowski (1975) Thesmal hridge

K + Murphy (1974) €. o . 8

= . Thermal bridge
0.92— < MAMI (taking data) (Copper_part)

i < PRad-JLab (planned 2016) > Bi-national ANR proposal with

ul = il ' Francfort University submitted.

107 10 10

1 -2
& (GeVA/c?)

Droplet Sream

* New accelerator to be built in France,

¢ Beginning measurement 2020

* Measurements in unexplored Qz-range
21.5%x10-5- 3x10-4(GeVlc2)2

¢ Constrain Q2-dependence of G¢ and extrapolation to zero

Inner capillary

Outer fube
Piezo actuator cables adjusting front plate

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



How do we Resolve the Radius Puzzle

* New data needed to test that the e and u are really different, and the
Implications of novel BSM and hadronic physics

=2 BSM: scattering modified for Q2 up to m?sswm (typically expected to
be MeV to 10s of MeV), enhanced parity violation

= Hadronic: enhanced 2y exchange effects
¢ Experiments include:
= Light muonic atoms for radius comparison in heavier systems
= Redoing atomic hydrogen
=2 Redoing electron scattering at lower Q2

= Muon scattering!



How do we Resolve the Radius Puzzle

* New data needed ta
Implications of novel BSM and hadronic physics

test that the e and p are really different}and the

2 BSM: scattering modified for Q2 up to m2ssu (typicall

expected to

be MeV to 10s of MeV), enhanced parity viol

= Hadronic:

enhanced 2y exchange effects

¢ Experiments include:

=2 Redoing atomic hydrogen

MUSE tests these

= Light muonic atoms for radius comparison in heavier systems

=2 Redoing electron scattering at lower Q2

= Muon scattering!



MUSE Experiment

Muon scattering ???

electron scattering
.

Muonic-H spectroscopy
-

H spectroscopy
L
1 | 1 | 1 | I 1

0.83 0.84 0.85

0.86

0.87 0.88

0.89

Proton charge radius R [fm]

ch

¢ Simultaneous measurement of e*/u" e’/ at beam momenta of
115, 153, 210 MeV/c in tM1 channel at PSI allows:

= Determination of two photon effects

2> Test of Lepton Universality

= Simultaneous determination of proton radius in both eP

and uP scattering



Paul Scherrer Institute tM1 Beam

ﬁ_VlIIlgen, Switzerland

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

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

* Separate out particle species by timing relative to beam RF

¢ Cut as many pions as possible, trigger on e*, p*



MUSE Experiment

Beam-Line

Scattered |
Particle
Scintillator

o

Chambser

L, Detectors f

veto (| l
Scintillator
el A

Iy
S ,‘ ~ 100 cm

SiPM [
Thin Scintillator

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

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



MUSE Experiment

¢ PSI M1 channel

+ P=115, 153, 210 MeV/c mixed
beams of e*, y* and Tt*

+ FPGA trigger with beam PID
(GWU / Rutgers)

+ 0 =20°-100°
+ Q?=0.002 - 0.07 GeV?

¢ About 3 MHz total beam flux, =2-
15% p's, 10-98% e's, 0-80% 11's

Beam-Line
Monitor

Scattered | ’i
Particle .1

Scintillator

traw-Tube
Tracker |

- “

£

Target

+ Beam monitored with SiPM (Tel = N | e
Aviv/Rutgers/PSl), GEMs U«V :
(Hampton) [ sem Scintilator

LThin Scintillator

¢ Scattered particles detected with 7
straw-tube trackers (HUJI/Temple) [ M1 1

Beam-Line

and scintillators (USC) i
¢ Liquid H target (UMich)




Test Beam Results

; . ; i
® g4FP31(2015)
A 2015 Data, p=-115 MeV/c

15
E
£
bx
=
s S
of
15
E
§'1o
UM
=
=
=

=09 | W 295
Z Position (mm)

n

@ g4PSsI (2015)
A 2015 Data, p =-210 MeV/c

.
z Position (mm)

(2015) beam profile data
agrees with simulation

Counts

Counts

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

Boarr: o, 1563 MoV
Run: #8235
— Nakb g
— iFS

electrons

153 MeV/c

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

ﬂfg—
10;"5—

10

Bmarre p*, 153 MaVie
Fum #0235
— lal gaoaoc)

153 MeV/c

1000 2000 3000 4000
ADC

(2013) pulse height data
agrees with simulation



Where are we now?

+ Many test beams demonstrate simulation agreement & reliable performance
+ Physics approved by PSI
¢ Construction fully funded by NSF in mid-September 2016

2>“Dress Rehearsal” run 2017: all beamline detectors, complete side of
detector

>Detector complete and two six-month data-taking runs in 2018/19



Anticipated MUSE Results

¢ Extract radius from ep and up form factors

¢ Error on radius difference ~0.009fm

* MUSE will: Sick{QODB)—IHEEHI nglll.'" '5'_
= Verify the effect CODATA:2006 (2010) |
= Compare form factors Bernauer (2010) |- o -
= Compare cross sections Zhan (2011) - —— -
> Test two photon effect =~ CODATA:2010(2012) - v .
= Solve the PRP? Antognim (2013) -)]i _

MUSE (future) *H—| ......................................... -

i |

L AR SR RN NN TN TR SR N SN S L1
-0.02 0 002 004 006 0.8
R -R , (fm)



Theory | Extraction Update

—
Horbatsch, Hessaels, Pineda 2016
Higinbotham et al. 2016
Griffioen, Cgrlson, Maddox 2016 Lee, Arrington, Hill 2015’
Horbatsch, Hessels 2015
. Sick.2012
Peset, Plneda 2015 Hill, P%z 2010
hd 2016 _ . CODATA-2014
up 2013 s
Lorenz et al. 2012 . . e-p scatt.
up 2010 |
Beltishkiln et Ial. 2007 ° H spectroscopy
I|‘II|I|II|||I|II|I||I ||II‘II||‘|I
0.83 08 08 086 087 088 0.8 09

Eanaﬂlf Pohl

Proton charge radius R N

[fm]

JLab/ W&M, Jan. 20, 2017



Conclusion

“It tells us that there’s still a puzzle,” Evangeline Downie from the George Washington University in
Washington D.C., who was not involved in the study, told New Scientist. “It’s still very open, and

the only thing that’s going to allow us to solve it is new data.”

* Spectroscopy: INTERNATIONAL BUSINESS TIMES

2CODATA 2014 5.6 from uH

The ‘Proton Radius Puzzle’ Is Very Real, New

2uH disagrees with (almost) all atomic H =~ Experiment Confirms

EEEEEEEEEEEEEEE

2uD disagrees with atomic D (3.5¢ disagreement)
2>*He results seem to agree (preliminary)

+ Elastic scattering:
2Depending on extraction agrees with / disagrees strongly with uH
2>More low Q° measurements in preparation / analysis / underway
2>MUSE under construction to give first precise muon scattering results

¢ Conclusion: we are still (possibly more) puzzled!
¢ Several undefeated, but not conclusively proved explanations remain

¢ Still much work to be done, and many groups doing it!



Thank you for your attention!

Thank you to:
Ashot Gasparyan, Harald Merkel, Ulrich Mueller, Randof Pohl,
Eric Voutier, Weizhi Xiong

The MUSE Collaboration
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