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The Proton Radius Puzzle

e Whatis the problem ?

e How do we solve it: MUSE ?

RA
nn
IVIL)

ol

This work is supported by Ly
(NUFACT 2019) L
&)



The Proton Radius Puzzle

July 2010

OUET AR B FEI-LGL e TINE

PLAGIARISM

It's worse than

you think

. CHIMPANZEES
. Thebattle for

TON

trims radius

’SHRINKING



The Proton Radius Puzzle

April 2013
July 2010 S s

OUET AR B FEI-LGL e TINE
v

PLAGIARISM
It's worse than
you think
- CHIMPANZEES
The battle for
viva

Activities and Research Mows
*Frignn Sae Pl Aoindnded
= hula P e SchoodAWeson

::;‘:;mnlmﬂ Cenmakagy



e AT

BRSO DT

The Proton Radius Puzzle

July 2013

April 2013
July 2010 = assacu

B July 2000 wwwenature.comdnature £10 £

First hints of how their minds differed from ours

OILSPILLS
There's mor
to come

PLAGIARISM
It's worse than
you think

CHIMPANZEES
The battle for »
survival &

il

o Moy oy O L b el Frim Amtarctica
Mg

»Ennmand fRephl
ot TR R A oy
Epesimien

* DR gai irnisrd 0f Floy i
Ak Limveirgly




The Proton Radius Puzzle

July 2013 Janiiry 2014

April 2013

AS

JUIy 2010 SCHC AT First hints nfhuwthe:r

s PR SCIENTIFIC

| AMERICAN
& TINY

o PARTICLER ﬁg‘

B"} ‘ rgrf) ot
PHl]BI.E bt

Could scientists
I:'.“.r DJ_J!,_J | E ..;fj_
IN MINIATL
Faature Articlas Activities an It works differently if yo

be seeing signs of
-;.:'- :|'.'|.I-I-'-_.‘|-(:|.1'i_'-: dre

\

OILSPILLS
There's morey
to come

PLAGIARISM

It's worse than
you think

| CHIMPANZEES
g The battle for
survival

a whole new realm

of physics?

th.htu

S T T | "'"-*-F‘-'-' PR EL | LB Ty * Dl i 0 Fly s
1o TR A Ay AEay Ly,




The Proton Radius Puzzle

------------

SCIENTIFIC
AMERICAN

Das Proton- &

Paradoxon _va,
s U
ey

Doux mosures
inconcibablos
de son ryon

roca | s | oot INVESTIGRCION =
MIpERANY s
el

A




The Proton Radius Puzzle

------------

SCIENTIFIC
AMERICAN

Das Proton- &
Paradoxon

i Y CTENCIA
é\}m; TR (| S

A

@

What exactly is the puzzle ?




How do you measure proton radius?

T T T
\ ELECTRON SCATTERING
10729 FROM HYDROGEN ——
\ (188 MEV LAB)

o Scattering experiments

(Hofstadter @ Stanford: 1950s -electron scattering) \\
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How do you measure proton radius?
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How do you measure proton radius?

\ ELECTRON SCATTERING :
= . 10729 FROM HYDROGEN —
e Scattering experiments S B L
(Hofstadter @ Stanford: 1950s -electron scattering)
' (c)
d d 2 g 0¥ : \ ?(;?u]'?TMCg;EgET'_
g g = dg x(G(Q")) : | sl
. a~ e
point § < Mm@ !
8 oI — .
<rEZ > — dG (Q ) % EXPERILIENTAL CUW%Q
Q" o ETSaN
o “30 50 70 90 IIIO 130 150
[ Atomlc Energy LeveIS LABORATORY ANGLE OF SCATTERING (IN DEGREES)
2P
_2ma ‘¢ (0)‘< > Laser.
2S

- Lamb Shift: Finite size of proton
changes hydrogen energy level

(only affects s states significantly, not p states)

2keV vy

- Extract from hydrogen spectroscopy 152




Electron Scattering Measurements

Cross section for ep scattering (Born approximation)

OR
do do 1 1 8
= [TG,\Z,I + eGé ] ;
dQ2  dQly eQ+7) - 4 N
current | charge
density distr.

Classical Rosenbluth separation

— measure the reduced cross section
at several values of € (angle/beam
energy combination) while keeping
Q? fixed

— linear fit to get intercept and slope

Note: G,, is suppressed at low Q?
— G dominates cross section at low Q?
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Electron Scattering Measurements

Cross section for ep scattering (Born approximation)
OR

1 — : o7
[’L‘G,\Z,I +SG|§]; with Z'ZQ—2 : g:[l+2(1+r)tan2—
vor EL+T)E 4 N AM 2

current | charge

density distr. Gé (O) =1 GI\Z/I (O) = H,

do do
dQ dQ

O R
Classical Rosenbluth separation

v
— measure the reduced cross section '+/
at several values of € (angle/beam -
energy combination) while keeping +’
/

Q2 fixed P tg B= Gé

— linear fit to get intercept and slope +r
g

Note: G,, is suppressed at low Q? ’
— G dominates cross section at low Q2 g3t

Alternatively: direct fits of G, (Q?) and
Ge (Q?) to experimental cross section data



Hydrogen Spectroscopy Measurements

T — The Proton Radius from H Lamb Shift
S
2 n=
L 2P
— 3/2
2812, 2P pp 2P F=0
Shift:
-43.5 GHz 8.2 GHz 1.4 GHz 1.2 MHz
n=1
\ =
1531/ F=0
Bohr Dirac Lamb hfs-splitting Fp
E—=R../n’ e~ spin QED proton-spin proton size
V~l/r relativity HYS o i - 1, Voo l/r

comparing measurements with QED calculations that include corrections
for finite size of proton provide indirect but very precise value for (rg?)
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Hydrogen Spectroscopy Measurements

. I The Proton Radius from H Lamb Shift
2
- N=
a 2P
n=2 3/2
251/2 F=1 0.15 MHz
28172, 2P 2Py F=0

0.014% of
the Lamb
Shift: Shiftl

-43.5 GHz 8.2 GHz 1.4 GHz 1.2 MHz

n=1 \ F=1
181, F=0
Bohr Dirac hfs-splitting Fp

E—=R../n’ e~ spin QED proton-spin proton size
V~l/r relativity HYS o i - 1, Voo l/r

comparing measurements with QED calculations that include corrections

for finite size of proton provide indirect but very precise value for (rg?)
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Hydrogen Atom Spectroscopy

R. L
4 LS

ESE—
. n? = nd

Lamb shift: Lig(rp,) =8171.636(4)+1.5645(r;) MHz

* 2 measurements required to determine R_and r,

» A single narrow transition: 15-2S (Av = 1.3 Hz)
measured with high accuracy.

» Other transitions: natural width ~ MHz.

Each measurement, combined with 1S-28,
yields a correlated pair (R,.7,).

il

n=3=—

RZZ—“

15-25

243 nm 1

ot

A:'IP 486 nm

| 1535

205 nm

n=1
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The Proton Radius from H Lamb Shift and ep

o%f——00——m —r —— .
0.90} } + + I
SRUTEE
= |l | X
= 0.85}
O |
* CODATA |
_ Zhan et al. (JLab) |
0'80, Bernauer et al. {Mainz) |
Older eP Data |
H-Lamb Data |
1960 1970 1980 1990 2000 2010

Year

proton rms charge radius measured with electrons:
0.8770 £ 0.0045 fm (CODATA2010+Zhan et al.)




The Proton Radius from H Lamb Shift and ep
o%——————"—r——"—-——"—+——————

-H#IHH

| All is good:

0 80‘ scattering data and H-atom data agree very well

| But can we do better?
| use Muonic Hydrogen

ren [fm]
o
fos)
5
L
——

1960 1970 1980 1990 2000 2010
Year

proton rms charge radius measured with electrons:
0.8770 £ 0.0045 fm (CODATA2010+Zhan et al.)
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Why Measure with pH ?

Regular hydrogen:

electron e~ + proton p

electron

figure not to scale

Muonic hydrogen:

muon - + proton p

muon mass m =207 mg
Bohr radius ap, = 1/207 age

muon

©

18



Why Measure with pH ?

Regular hydrogen:

electron e~ + proton p

electron

figure not to scale

Muonic hydrogen:

muon - + proton p

muon mass m =207 mg
Bohr radius a; = 1/207 ag,

Probability for ;~ to be inside
proton:

3
i
~ (ij = (rpa)3 m°

— 2073 = 8 million

muon

©

muon IS much more sensitive
to proton radius

19



The Proton Radius from H & uH Lamb Shift and ep

o%———m™ ™ —8¥ 0 —4— M
0.90} } + + I
L 4
£ ‘ { $ ¢t
= 0.85
& QO
CODATA
| s Zhan et al. (JLab)]
0.80} + Bernauer et al. {Mainz).
| Older eP Data;
H-Lamb Data;
....................... Pohl et al.
1960 1970 1980 1990 2000 2010

Year
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The Proton Radius Puzzle

Proton radius measured with

atomic physics and electron scattering:

muonic hydrogen:

0.8751 + 0.0061 fm
0.8409 £+ 0.0004 fm

Radius from Muonic Hydrogen 4% below previous best value

Proton charge radius (fm)

up 2013 ¢ — & eclectron avg.
* + scatt. JLab
up 2010 fre ® + scatt. Mainz
. . H spectroscopy
| | | | | | | | | | | | | | | | | | | | |
083 084 085 0.86 0.87 0.88 0.89 09

— 12% smaller (volume), 12% denser than previously believed

21



Why do the muon and electron give
different proton radii?



Why do the muon and electron give different proton radii?

« Experimental error in yp measurement ?

Water-line/laser wavelength: Av water-line to resonance:
300 MHz uncertainty \ / 200 kHz uncertainty
5 7 % ““our value
g 5 e stallel iy 5:
o |
E’ : H,O Statistics: 700 MHz
g calib. Systematics: 300 MHz
3

llI|II.II|IIII|III!|]III|EIII|I

é 4 +

49.75 9.8 4985 499 49.95
laser frequency [THz]

[AE(2P3§;2 —25731) = 209.9779(49) — 5.2262r2 + 0.0347r] [meV]]

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

23



Why do the muon and electron give different proton radii?

« Experimental error in yp measurement ?
o Seems unlikely

« Experimental error in ep measurements ?
o both scattering and H-spectroscopy are wrong?
o Rydberg constant off by 5¢ ?

24



Why do the muon and electron give different proton radii?

« Experimental error in yp measurement ?

o seems unlikely

 Experimental error in ep measurements ?
o both scattering and H-spectroscopy are wrong?
o Rydberg constant off by 5¢ ?

« Theory Error?

to nuclear polarizability of Za)®me

# | Contribution Owr selection Fachucki [31-33] Borie [34]
Ref. Value Une. Value Unc. Value Une.
1| NR One loop electron VP 31,32 205.0074
2| Relativistic correction (corrected) [31-34] 00168
3| Relativistic one loop VP [34] 205.0282 205.0282
4 NR twi-loop electron VP [14,34] 1.5081 15070 1.5081
5| Polarization insertion in two Coulomb lines [31,32,34] 0.1509 01500 0.1510
& | NR three-loop elactron VP [35] 0.00529
T | Polarisation insertion in two |35, 36] 000223
and three Coulomb lines (corrected)
& | Thres-loop VP (total, uncorrected) 0,006 0.00m61
9| Wichmann-Kroll [34, 37,38] —0.00103 —0.00103
10 | Light by light electron loop contribution [39] 000135 000135 000135 0.00015
(Virtual Delbriick scattering)
11| Radiative photon and electron polarzation  [31,32] —0.00500  0.0010 —0.006  0.001 —0.005
in the Coulomb line o (Ze)d
12| Electron loop in the radiative photon [40—42] —0.00150
of arder a?{Za)d
13| Mixed eleciron and muon loops [43] 0.00007 000007
14| Hadronic polarization o(Zae)*my [44-48] 0.01077  0.00033 0.0113 0.0003 0011 0002
15 | Hadronic polarization aZa)me [45, 48] 0.000047
16 | Hadronic polarization in the radiative [45, 48] —0.000015
photon a®{Za)*me
17| Recoil contribution [47] 008750 0.0875 0.0575
18 | Recoil finite size [34] 0.01300  0.001 0013 0.001
19| Recoil correction to VP [34] —0.00410 —0.004d1
20 | Radiative corrections of order n"{Zn)*m-.- [19, 32] —D.6ETT0 —0.66TT —0 GE6TAR
21| Muon Lamb shift 4th order [+4] —0.00168 —0.00169
22 [ Riecoil corrections of order a2 w)® %m, [19,32, 34, 39] —0.044097 —0.045 —D.04397
23| Recoil of order o [33] 0.00030 0. 000
24 | Radiative recoil corrections of [18,31,32] —0.00960 —0.0099 —0.0096
order a{Zo)™ Gme
3% | Nuclear structure correction of order (Za)® [32,34,45 48] 0.015 0,004 0012 0002 0015 0004
(Proton polarizability contribution)
26 | Polarization operator induced correction [48] 0.00019
to nuclear polarizability of Za)5m,
27 | Radistive photon indueed corraction [48] —0.00001

Sum

2060573 0.0045

206.0432 0.0023 206.05856 0.0046

25



Why do the muon and electron give different proton radii?

 Experimental error in gyp measurement ?
o Seems unlikely

« Experimental error in ep measurements ?
o both scattering and H-spectroscopy are wrong?
o Rydberg constant off by 5¢ ?

« Theory Error?
o checked, rechecked, and checked again
o ....Is framework wrong?

26



Why do the muon and electron give different proton radii?

Experimental error in yp measurement ?
o Seems unlikely

Experimental error in ep measurements ?
o both scattering and H-spectroscopy are wrong?
o Rydberg constant off by 5¢ ?

Theory Error?
o checked, rechecked, and checked again
o ....Is framework wrong?

Everybody is correct ? New Physics !

« BSM Physics
o Violation of lepton universality

 Novel Hadronic Physics
o proton polarizability affects y, but not e (effect xm#)
o two-photon exchange corrections (effects important at high Q2)

27



Why do the muon and electron give different proton radii?

Experimental error in yp measurement ?
o Seems unlikely

Experimental error in ep measurements ?
o both scattering and H-spectroscopy are wrong?
o Rydberg constant off by 5¢ ?

Theory Error?
o checked, rechecked, and checked again
o ....Is framework wrong?

Everybody is correct ? New Physics !

« BSM Physics
o Violation of lepton universality

 Novel Hadronic Physics
o proton polarizability affects y, but not e (effect xm#)
o two-photon exchange corrections (effects important at high Q2)

Need More Data

28



The Quest for New Data

* Experiments include
— redoing atomic hydrogen
— light muonic atoms for radius comparison in heavier systems
— redoing electron scattering at lower Q2

— Muon scattering!

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

— BSM: compare ep to pp scattering

— Hadronic: enhanced 2y exchange effects

29



The Quest for New Data

* Experiments include
— redoing atomic hydrogen
- conflicting results: more careful systematics?

— light muonic atoms for radius comparison in heavier systems

- puzzle seenin H & D, but not in He: (Z=1 radius puzzle?)

— redoing electron scattering at lower Q2
- many efforts

- PRad (windowless H, gas flow target — removes major bkgds)
IS consistent with up results!

— Muon scattering!

- MUSE (2019-2021)
- plans at COMPASS (100 GeV SPS muon beam: 2021-2023)

30



p Scattering — The missing Piece




MUon Scattering Experiment (MUSE) at PSI

§ Paul Scherrer Institute ——— .
Villigen, Switzerland R ..

Direct comparison of yp and ep scattering!

— beam of e*/n*/p* or e-/n~/u~ on LH, target
- separate particles by TOF, charge by magnets
charge reversal. test two photon effects

absolute cross sections for ep and pp
- use ratio to cancel systematics

momenta: 115 — 210 MeV/c; Q2 =0.002 — 0.07 GeV?
extract Gg and G,, from fits to experimental cross section data

l

l

l

l



MUSE: an unusual Scattering Experiment

Beam-Line
Monitor

I\
L\
)
u!
ul
Scattered --l‘
. . Particle
Secondary beam — identify Scinilltor ¥
and track beam particles g Straw-Tube
Tracker
Low beam flux (3 MHz)
— large acceptance, non-
magnetic spectrometer
MIXEd beam —> PID |n y Detectors
tri
gger ) Si.PM Scintillator
Thin Scintillator .

l.’" /
ll.,-' !
M1 {-"
Beam-Line f.f’

~100cm



LH, Target (U-M)

Target system

Liquid hydrogen target
— 280 ml Kapton cylinder

— full and empty targets Lifling Mechanism
Bellows

Cryocooler

Target chamber in PiM1

Trapezoidal &
Chamber W

Targets

X,Y,Z Translation

Stand




Target Performance

72 hr period
i i T
209 ! | —— Condenser temp 1 Mean=20.67K
: 25000 - _——
! | —— Target temp 0=0.01K
20.8 | | i
| I 1
20.7 : l ' 20000 -
| .
goel s i
g 15000 -
[} 20.5 I I 1
£ | | |
Q I | 1
= 204 1 1 1
| : i 10000 A
20.3 l |
20.2 ' : ! 5000 -
201 17 Dec ! 18 Dec ! 19 Dec : 20 Dec
| | i
20-0 T T T T I T T T T T II T T T T T II T T 0_ T T T T T
2 6 10 14 18 23 27 31 35 40 44 48 52 56 61 65 69 73 78 20.62 20.64 20.66 20.68 20.70 20.72
Time (hr) Temp (K)

* Target Temperature: 20.67 £ 0.01 K
— corresponds to a pressure of ~1.1 bar
e Target density: 0.070 g/cm? (stable to 0.02%)

— once equilibrium concentration of para (>99%) and ortho (<1%) hydrogen has
been reached

35



Current status

_ et L TR W [ T
18 test runs (2012 2019) (beam studies, detector development and commissioning)
demonstrate simulation agreement & reliable performance

Construction completed
— commissioning almost complete
— 12 months total data-taking in 2019 - 2021

36



Two-photon exchange at low Q?

High precision test of TPE for electron and muons at low Q2

TPE largest theor. uncertainty in
low-energy proton structure

expect sign change for etand e-

projected relative uncertainty

In u*p to u—p elastic
Cross sections

1.02

systematics: 0.2%

-y
o
g

o(p+p) / o p)
D:III|IIII|IIII||1%

115 MeV/c 153 MeV/c 210 MeV/c

|

&

I_

Hl[ e e - S - B .

M R

1 1 L 1 1 Il 1 L 1 I L 1 1 1 I L 1 L 1 I L 1
0.02 0.03 0.04 0.05 0.06 0.07

Q2 (GeV?)

1 I 1
0.08

[
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Comparison of ep to gp cross sections

e projected relative statistical uncertainties in the ratio of ep to up
elastic cross sections (mass difference removed in ratio)

e systematics: 0.5%

-115 MeV/c -153 MeV/c -210 MeV/c
1.02 1.02 1.04
1.01:— ; 1.014 & 1.02}-
<. 1.00h © 100 <1% < 1.00—-1&-}”””[ ’
bm : bw bﬂ)
0.99:— | 0.99}- — 0.98
0'908.00 R I 0.I05 e 0.10 0'%8.00 R ' 0.:)5 I . 0.10 0'906.00 . 0.(|)5 I R 0.10
Q? (GeV?) Q? (GeV?) Q2 (GeV?)

» relative statistical uncertainties in the form factors are half as large

38



Projected sensitivity for MUSE

absolute radius extraction
uncertainty similar to current
experiments

o(re), o(r ) = 0.009 fm

radius difference; common
uncertainties cancel

— comparison of ytoe, or uy*to u-
insensitive to many syst. errors

o(re—r,) = 0.005 fm

Sick (2003) |
CODATA:2006 (2008) |
Bernauer (2010)
Pohl (2010) |-

Zhan (2011) |

Antognini (2013)

CODATA:2014 (2016) ||

Beyer (2017)

Fleurbaey (2018) |

Projected MUSE

— almost factor two more sensitive

than absolute radius extraction
— almost factor ten better than
current discrepancy

current discrepancy: re-r , = 0.034 fm

T T T A
Jym———

i

002 000 002 004 006

AR (fm)
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Summary

We are still (possibly more) puzzled!

Proton radius puzzle

— discrepancy between muonic and electronic measurements remains a
serious problem

— need new data
Expect new results in the coming years

MUSE (w/ electron & muon scattering)
— give first precise muon scattering results
— will test existing values of radius
— will test two photon exchange / proton polarizability

— lepton universality

40
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Finite-size shift of atomic energy levels

arb. units
o0
N

proton charge 48

3S 3D

—true potential o 10mp, potential: V = 1/r

for point-like proton

1 11 | I | | 1111 | 111 | | I I | | 11
0 0.5 1 1.5 2 2.5

radius [fm]
S states: max. at r=0 P states: zero at r=0
Electron sometimes inside the proton. Electron is not

. inside the proton.
S states are shifted. P

Shift ist proportional to the

size of the proton . 1§ ——

Orbital pictures from Wikipedia
Pictures: R. Pohl 42



0.82

Redoing Atomic Hydrogen

0.85 0.86 0.87

| " 1 L 1

0.88

-
3.30

H world data

A4

1S-3S

CODATA 2014

18-2S,,, combined with nS-n'

25-4pP
——

1535 —e—
F—v— H world data

0.82 0.84

I ' I 4 1 '
0.86 0.88 0.90 0.92
Proton charge radius 7, (fm)

MPQ (Garching): NEW
proton is small in regular
hydrogen, too!

LKB (Paris): Prelim.
No, it's not!

Systematics need to be
carefully determined

uH and eH difference is only significant when results are averaged
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Light Muonic Atoms

44

T 8 9 10 11

N Be || "Be Be Be Be

©

o CE Bl | %Li || CL ML
g 2.5890 (390)

3 4 6 8

Z He|| "He He He

£ 1.96xx( 10)|| 1.67xx( 5) 2.06xx ( 80 1.9 (2486)

@) 1.9780-(160) | 1-6810-(40) 2.0680 (110 1.9290 (260

-t}

9 1 H < D 3 T electron scattering
D_ 0.8409 ( 4)|| 2.1277( 2) mucnic atom spectroscopy

0:8776-(5T) | | 2-4424+(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
CREMA Collaboration moved on to heavier atoms!

Deuterium radius from uD agrees with uH
— deuteron charge radius: ry again 7c away from CODATA
Helium isotopes seem to agree (preliminary results)

Puzzle seenin H & D (Z=1 radius puzzle?)
Pictures: R. Pohl 44



Redoing electron scattering at lower Q?

 Jlab: PRad

low intensity beam in Hall B @ JLab into windowless gas target (1.3 billion H events)
Preliminary G slope favors smaller radius

« Mainz: ISR
ISR
— exploit information in radiative tail . e PSR o
— dominated by coherent sum of ISR and FSR
reduced Q? + Q?
— investigate G down to Q? = 104 GeV?/c?
Ge p’ P Ge p’

e LPSC, Grenoble: ProRad

results not precise enough — upgrades underway

- PRAE
New accelerator to be built in France & 1
constrain Q2-dependence of G¢ 008l 100 daye of data taking
and extrapolation to zero [ EEOm
. 0.96— e
non-magnetic spectrometer, frozen =ty
hydrogen wire / film target 094 |} Sonewai o)
B « Murphy (1974)
0.92 :— MAMI (taking data)
- PR:-JLab (planned 2016) >
10° 10* 10° 1 8‘5- (GoVAle?)
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MUon Scattering Experiment (MUSE) at PSI

58 MUSE collaborators from 25 institutions in 5 countries:

A. Afanasev, A. Akmal, J. Arrington, H. Atac, C. Ayerbe-Gayoso, F. Benmokhtar,

N. Benmouna, J. Bernauer, A. Blomberg, E. Brash, W.J. Briscoe, E. Cline, D. Cohen,

E.O. Cohen, K. Deiters, J. Diefenbach, B. Dongwi, E.J. Downie, L. El Fassi, S. Gilad,

R. Gilman, K. Gnanvo, R. Gothe, D. Higinbotham, Y. llieva, L. Li, M. Jones, N. Kalantarians, M. Kohl, G.
Kumbartzki, J. Lichtenstadt, W. Lin, A. Liyanage, N. Liyanage, W. Lorenzon, Z.-E. Meziani,

P. Monaghan, K.E. Mesick, P. Moran, J. Nazeer, C. Perdrisat, E. Piasetzsky, V. Punjabi,

R. Ransome, R. Raymond, D. Reggiani, P.E. Reimer, A. Richter, G. Ron, T. Rostomyan, A. Sarty,

Y. Shamai, N. Sparveris, S. Strauch, N. Steinberg, V. Sulkosky, A.S. Tadepalli, M. Taragin, and L. Weinstein

=]

George Washington University, Montgomery College, Argonne National Lab, Temple University, College of
William & Mary, Duquesne University, Massachusetts Institute of Technology, Christopher Newport
University, Rutgers University, Hebrew University of Jerusalem,,Tel Aviv University, Paul Scherrer Institut,
Johannes Gutenberg-Universitat, Hampton University, University of Michigan, University of Virginia,
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