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O
utline

 W
hy m

easure the radius?
 W

hat is a radius? H
ow

 do w
e m

easure it?

 E
lectron scattering m

easurem
ents

 The source of all the trouble: P
ohl m

easurem
ents

 P
ossible explanations

 The M
U

S
E

 experim
ent 

 C
onclusions 



 
 

 It has raised public interest!
 N

ot just interesting:
➔

 Tests our theoretical understanding 
of proton

➔
 R

adius of proton is dom
inant 

uncertainty in m
any Q

E
D

 processes 



Electron Scattering M
easurem

ents 1950s

 Fit to R
M

S
 radius S

tanford 1956 

 R
.W

. M
cA

llister and R
. H

ofstadter, 
P

hys. R
ev. 102, 851 (1956)



 
 

The Proton R
adius

 W
hat is a radius? H

ow
 do w

e m
easure it?

 C
lassical physics: 

 N
on-relativistic quantum

 m
echanics:

 R
elativistic quantum

 m
echanics:

Electron Scattering
A

tom
ic Energy Levels

NRQ
M

: finite size of proton 
perturbs energies of s states - r

p  
<< r

atom
ic , so effect proportional to 

ψ
2a (r=0).

Fit form
 factor trend w

ith q
2 to 

data, find slope as q
2 

 0



 
 

The Proton R
adius as a Function of Tim

e

C
ham

bers and H
ofstadter, 

P
hys R

ev 103, 14 (1956)
A

tom
ic Energy Levels

From
 P

ohl, G
ilm

an, M
iller, P

achucki 
review

, arX
iv:1301.0905, 

A
nnR

evN
P

S
, m

odified 



Low
 Q

2 in 1974

  Fit to G
E (Q

2)=a
0 +a

1 Q
2+a

2 Q
4

 S
askatoon 1974

 J. J. M
urphy, Y. M

. Shin, D. M
. Skopik, Phys. Rev. C 9, 2125 (1974)





 B
etter m

easurem
ents to higher Q

2 lead to a cornucopia of fits
 J. J. K

elly, P
hys. R

ev. C
70, 068202 (2004)

A M
ultitude of Fits



A M
ultitude of R

adii



C
O

D
ATA

Zhan et al. (JLab)
B

ernauer et al. (M
ainz)

O
lder eP D

ata

Tim
e Evolution of the R

adius from
 eP D

ata



C
om

ponents of the H
ydrogen Energy Levels



C
om

ponents of the H
ydrogen Energy Levels



C
om

ponents of the H
ydrogen Energy Levels



C
om

ponents of the H
ydrogen Energy Levels



C
om

ponents of the H
ydrogen Energy Levels



C
om

ponents of the H
ydrogen Energy Levels



Tim
e Evolution of the radius from

 H
ydrogen Lam

b Shift



C
O

D
ATA

Zhan et al. (JLab)
B

ernauer et al. (M
ainz)

O
lder eP D

ata
H

-Lam
b D

ata

Tim
e Evolution of the radius from

 H
ydrogen Lam

b Shift and eP



 
 

W
hy m

easure w
ith µH

?

S-O
rbital

P-O
rbital

 W
hile lepton is inside proton, attractive potential is low

er
 Average potential reduced the longer lepton spends inside proton

 S
trongly affects S

 orbitals, m
uch less so P, so S

P transitions change
 P

robability for lepton to be inside proton = volum
e of P / volum

e of atom
:

  m
µ =~205m

e  > µH
 is ~205

3 ~ 8 m
illion tim

es m
ore sensitive to rP   



 
 

M
echanics of m

easuring w
ith µH

 S
im

ple, but technically challenging!

  Form
 µH

* by firing m
uon beam

 on 1m
bar H

2  target

 99%
 decay to 1s, giving out fast  pulse

 1%
 decay to longer-lived 2s state

 E
xcited to 2P state by tuned laser &

 decay w
ith release of delayed 

  Vary laser frequency to find transition peak →
 2S

 to 2P E
 →

 rp  

P
ictures: R

. P
ohl



 
 

M
echanics of m

easuring w
ith µH

P
ictures: R

. P
ohl



 
 

M
echanics of m

easuring w
ith µH

P
ictures: R

. P
ohl



M
echanics of m

easuring w
ith µH

P
ictures: R

. P
ohl



M
echanics of m

easuring w
ith µH

P
ictures: R

. P
ohl



M
echanics of m

easuring w
ith µH

P
ictures: R

. P
ohl





 
 

The Proton R
adius from

 excitation spectrum

R
andolf P

ohl et al., N
ature 466, 213 (2010): 

0.84184 ± 0.00067 fm
 5σ off 2006 C

O
D

ATA

 Take ratio of delayed to prom
pt as a function of laser frequency:



C
O

D
ATA

Zhan et al. (JLab)
B

ernauer et al. (M
ainz)

O
lder eP D

ata
H

-Lam
b D

ata
P

ohl et al.

Tim
e evolution of the Lam

b Shift M
easurem

ents &
 eP data



Sources of uncertainty

P
ictures: R

. P
ohl



 
 

C
uriouser &

 C
uriouser...

 Latest paper: A
ldo A

ntognini et al. S
cience 339, 417 (2013)

 Further analysis of data taken in P
ohl m

easurem
ent &

 new
 data

 M
agnetic radius agrees w

ith e
- scattering data (0.87 ± 0.06 fm

)

 E
lectric radius in agreem

ent w
ith P

ohl 0.84087 ± 0.00039 fm
 

 7σ
 from

 2010 CO
DATA 

 A
nalysis gives:



 M
ystery getting w

orse, not better, w
hat are w

e planning to do...



W
hy do the m

uon and electron give different proton radii?

 A
ssum

ing the experim
ental results are not bad, w

hat are viable theoretical 
explanations of the R

adius P
uzzle?

 N
ovel B

eyond S
tandard M

odel (B
S

M
) P

hysics: P
ospelov, Yavin, 

C
arlson, ...: the electron is m

easuring an E
M

 radius, the m
uon m

easures an 
(E

M
+B

S
M

) radius

 N
ovel H

adronic P
hysics: G

. M
iller: currently unconstrained correction in 

proton polarizibility affects µ, but not e (effect∝
m

l 4)

 B
asically everything else suggested has been ruled out - m

issing atom
ic 

physics, structures in form
 factors, anom

alous 3rd Zem
ach radius, ...

 S
ee Trento W

orkshop on P
R

P for m
ore details:

http://w
w

w
.m

pq.m
pg.de/~rnp/w

iki/pm
w

iki.php/M
ain/W

orkshopTrento



H
ow

 do w
e R

esolve the R
adius Puzzle?

 N
ew

 data needed to test that the e and µ are really different, and the 
im

plications of novel B
S

M
 and hadronic physics

➔
 B

SM
: scattering m

odified for Q
2 ~ m

2  (typically expected to be a 
few

 M
eV

 to 10's of M
eV

), enhanced parity violation

➔
 H

adronic: enhanced 2γ exchange effects
 E

xperim
ents include:

➔
 R

edoing atom
ic hydrogen

➔
 Light m

uonic atom
s for radius com

parison in heavier system
s

➔
 R

edoing electron scattering at low
er Q

2

➔
 M

uon scattering!



H
ow

 do w
e R

esolve the R
adius Puzzle

M
U

SE tests these

 N
ew

 data needed to test that the e and µ are really different, and the 
im

plications of novel B
S

M
 and hadronic physics

➔
 B

SM
: scattering m

odified for Q
2 ~ m

2B
S

M  (typically expected to be a 
few

 M
eV

 to 10's of M
eV

), enhanced parity violation

➔
 H

adronic: enhanced 2γ exchange effects
 E

xperim
ents include:

➔
 R

edoing atom
ic hydrogen

➔
 Light m

uonic atom
s for radius com

parison in heavier system
s

➔
 R

edoing electron scattering at low
er Q

2

➔
 M

uon scattering!



H
ow

 do w
e R

esolve the R
adius Puzzle

M
U

SE tests these

 N
ew

 data needed to test that the e and µ are really different, and the 
im

plications of novel B
S

M
 and hadronic physics

➔
 B

SM
: scattering m

odified for Q
2 ~ m

2B
S

M  (typically expected to be a 
few

 M
eV

 to 10's of M
eV

), enhanced parity violation

➔
 H

adronic: enhanced 2γ exchange effects
 E

xperim
ents include:

➔
 R

edoing atom
ic hydrogen

➔
 Light m

uonic atom
s for radius com

parison in heavier system
s

➔
 R

edoing electron scattering at low
er Q

2

➔
 M

uon scattering!

Possible 2
nd generation expt.



H
ow

 do w
e R

esolve the R
adius Puzzle

M
U

SE tests these

 N
ew

 data needed to test that the e and µ are really different, and the 
im

plications of novel B
S

M
 and hadronic physics

➔
 B

SM
: scattering m

odified for Q
2 ~ m

2B
S

M  (typically expected to be a 
few

 M
eV

 to 10's of M
eV

), enhanced parity violation

➔
 H

adronic: enhanced 2γ exchange effects
 E

xperim
ents include:

➔
 R

edoing atom
ic hydrogen

➔
 Light m

uonic atom
s for radius com

parison in heavier system
s

➔
 R

edoing electron scattering at low
er Q

2

➔
 M

uon scattering!

Pos. 2
nd generation expt.

C
R

EM
A

Jlab &
 M

ainz



Previous e-µ Scattering C
om

parisons

E
llsw

orth et al.: form
 factors from 

elastic µp
K

ostoulas et al. param
eterization of µp vs. ep 

elastic differences

no difference

 1970's &
 80's several scattering ep &

 µp tests
 S

upported lepton universality at 10%
 level

 Insufficient precision to test proton radius issues



Tw
o-photon exchange tests in µp elastics

 C
am

illeri et al. P
R

L 23: N
o evidence for tw

o-photon exchange effects, 
but very poor constraints by m

odern standards.

N
o difference betw

een µ
+p and 

µ
-p elastic scattering

R
osenbluth plot is linear.



12C
 R

adius and e-µ U
niversality

 12C
 radius determ

ined w
ith e

12C
 scattering and µ

12C
 atom

s agree

➔
 O

fferm
ann et al. e

12C
: 2.478 ± 0.009 fm

➔
 S

challer et al. µ
12C

 X
 rays: 2.4715 ± 0.016 fm

➔
 R

uckstuhl et al. µ
12C

 X
 rays: 2.483 ± 0.002 fm

➔
 S

anford et al. µ
12C

 elastic: 2.32 +0.13-0.18  fm

 P
erhaps carbon is right, e’s and µ’s are the sam

e.

 P
erhaps hydrogen is right, e’s and µ’s are different.

 P
erhaps both are right - opposite effects for proton and neutron cancel 

w
ith carbon.

 B
ut perhaps the carbon radius is insensitive to  the nucleon radius, and 

µd or µH
e w

ould be a better choice?

 A
lso: A

. A
ntognini et al: M

uonic H
 + eH

/D
 isotope shift ➮ rd  = 

2.12771(22) fm
 vs. 2.130(10) fm

 from
 ed scattering.



 
 

M
U

SE Experim
ent

 S
im

ultaneous m
easurem

ent of e
+/μ

+ e
-/μ
- elastic scattering on the proton 

at beam
 m

om
enta of 115, 153, 210 M

eV
/c in pM

1 channel at P
S

I allow
s:

➔
 D

eterm
ination of tw

o photon effects
➔

 Test of Lepton U
niversality

➔
 S

im
ultaneous determ

ination of proton radius in both eP and m
P 

scattering

r
p (fm

)
ep

µp

atom
0.877±0.007

0.841±0.0004

scattering
0.875±0.006

?



PSI π
M

1 C
hannel C

haracteristics

≈100 - 500 M
eV

/c m
ixed beam

 of µ’s + e’s + π
’s

+160 M
eV/c

B
eam

 spot (nom
inal): 1.5 cm

 X 
x 1 cm

 Y, 35 m
r X

’ x 75 m
r Y

’

M
om

entum
 acceptance: 3%

 resolution: 0.1%

Dispersion at 
IFP: 7cm

/%

S
pots from

 0.7x0.9 cm
2 up to 16x10 cm

2, Δ
p/p from

 0.1-3.0%
, used previously.



 
 

 Low
 beam

 flux. →
 Large angle, non-m

agnetic detectors.

 S
econdary beam

. →
 Tracking of beam

 particles to target.

 M
ixed beam

. →
 Identification of beam

 particle in trigger.

M
U

SE Experim
ent



 
 


P

S
I π

M
1 channel


≈115, 153, 210 M

eV
/c m

ixed beam
s 

of e
±, µ

± and π
±


FP

G
A trigger w

ith beam
 P

ID

θ ≈ 20

o – 100
o


Q

2 ≈ 0.002 - 0.07 G
eV

2


A

bout 5 M
H

z total beam
 flux, ≈2-

15%
 µ's, 10-98%

 e's, 0-80%
 π

's


B
eam

 m
onitored w

ith S
ciFi, 

``quartz'' C
erenkov, G

E
M

s


S
cattered particles detected w

ith 
w

ire cham
bers and scintillators

M
U

SE Experim
ent



 
 


C

ustom
 beam

 P
ID

 FP
G

A


S
ciFi &

 R
F signals →

 P
ID


C

ount particle types &
 reject pions


Trigger FP

G
A – C

A
E

N
 v1495: beam

 P
ID

 + 
scattered particle = trigger


U

sing one S
ciFi plane 99.9%

 efficient to reject 
pions or ID

 electrons &
 m

uons @
 153 / 210 M

eV

FPG
A

s
(R

utgers U
.)



 
 

A
t target


 Tim

ing (~1ns s) for P
ID

 in com
bination w

ith beam
 R

F


 B
eam

 flux norm
alisations for absolute cross sections &

 triggering


 P
osition &

 tim
e for correlations w

ith G
E

M
S

A
t IFP


 P

ID
 for triggering and position to determ

ine m
om

entum
C

om
bined


TO

F betw
een counters for P

ID
Properties


2m

m
 fibres, double-ended m

aP
M

T readout. X
X

' (X
Y

U
) orientations 

for IFP (target) detectors w
ith ≈ 120 (100) fibres &

 8cm
 active area  

SciFi B
eam

 D
etectors

(H
U

JI / Tel Aviv)



 
 


 D

eterm
ine trajectory into target for scattering angle &

 Q
2 


 Third G

E
M

 to reject ghosts


 G
E

M
S

 from
 D

E
S

Y O
LY

M
P

U
S

 experim
ent


 O

n w
ay to P

S
I


 N

eed w
ork to speed up readout algorithm

G
EM

 C
ham

bers
(H

am
pton U

.)

3 tG
E

M
s 10x10 cm

2 in O
LY

M
P

U
S

 @
 D

E
S

Y



 
 


 Im

proved tim
ing at target region


 B

etter R
F tim

e P
ID

 in analysis stage


 M
uon decay event rejection


 Q

uartz C
herenkovs A

lbrow
 et al. (FN

A
L) 10ps resolution


Q

uartz / S
apphire at C

erenkov angle


 M
U

S
E

 few
er photons ≈100ps (≈50ps after corrections)

Q
uartz C

erenkov
(H

ebrew
 U

.)



 
 


P

arasitic m
onitor of random

, non-triggering beam
 particles


S

am
e design as for C

LA
S

 12


Test run data verified sim
ulations


S

o. C
arolina scintillator spectra:

B
eam

 Scintillators
(U

. So. C
arolina)



 
 


 D

etect scattering particles depositing few
 M

eV
 in each of tw

o planes


H
igh precision tim

ing for P
ID

 &
 rejection of electons from

 m
uon decay


JLab C

LA
S

12 design


Front: 17 paddles, 6cm
 w

ide x 2cm
 thick x 103cm

 long, 50cm
 from

 target


R
ear: 27 paddles, 6cm

 w
ide x 6cm

 thick x 163cm
 long, 73cm

 from
 target


R

esolution: ≈40ps front, ≈50ps rear

Scintillators
(U

. So. C
arolina)



 
 


D

eterm
ine scattered particle trajectories w

ith high efficiency &
 resolution


C

opy of H
all A / U

va B
igbite design


98%

 plane efficiency &
 98%

 tracking efficiency in harsh conditions


3U
U

'V
V

'X
X

' cham
bers


W

ire position to 35m
m

, particle position to 100m
m


C

alibrated relative to G
E

M
s by rotating cham

bers into beam

W
ire C

ham
bers

(M
IT)



 
 


µp and ep com

parison: 


B
S

M
 physics could lead to different FF and radii although the effect in 

scattering experim
ents could go aw

ay once Q
2 > m

2new  


M
easure both µ

±p and e
±p for 2γ exchange


P

roton polarisability effect enhances 2γ exchange


M
U

S
E

 is in the low
 Q

2 region, 0.002 - 0.07 G
eV

2, (sim
ilar to M

ainz 
and JLab experim

ents) for sensitivity to radius


A variety of 2nd generation experim
ents (low

er Q
2, µ

±n, higher Q
2, P

V, 
"heavy" nuclei ...) are already being considered.

M
U

SE µp Scattering at PSI



53

π
M

1 C
hannel - R

F tim
e in target region

+160 M
eV/c

O
ld spectra, for com

parison - 160 reversed from
 our 158

e
+

e
-

μ
+

μ
-

π
+

π
-

O
btained R

F tim
e spectra for 

several m
om

enta from
 ≈110 to 

225 M
eV

/c, and used these to 
determ

ine relative particle fluxes

R
F peaks 

broader w
ith 2.2 

m
A protons, ≈350 

ps (σ) for e's and 
400 - 500 ps (σ) 
for µ's and π

's



π
M

1 C
hannel – Particle Fluxes 


Lim

iting flux to 5 M
H

z total, by cutting the 3%
 m

om
entum

 bite


Flux of electrons 1.4 – 35 tim
es larger than flux of m

uons 

P (M
eV

/c)
p (M

H
z)

m
 

(M
H

z)
e (M

H
z)

M
om

entum 
bite (%

)
+115

0.43
0.43

4.0
1.8

+153
2.10

0.59
2.3

0.9
+210

4.1
0.39

0.54
0.2

-115
0.01

0.14
4.9

2.0
-153

0.55
0.17

4.3
1.3

-210
2.23

0.77
2.0

0.6



B
eam

 Line Sum
m

ary


G

ood flux of µ's at target, m
uch better flux of e's


B

eam
 spot sm

aller than nom
inal (σ)


B

eam
 properties independent of particle type


P

rotons not an issue at our m
om

enta


P
articles can be separated by ≈ns level R

F tim
ing at ≈115, 153, 210 

M
eV

/c for our geom
etry


B

eam
 em

ittance requires event by event tracking into target w
ith 

G
E

M
s


Tim

e w
idth of particles appears to be 500 ps (σ), except electrons 

appear to be ≈350 ps ➮ necessitates high tim
ing precision beam 

C
erenkov for rejection of µ decays



N
ext Few

 Years for M
U

SE

Feb 2012
First PA

C
 presentation

July 2012
PA

C
 / P

S
I Technical review

Fall 2012
1st test run in pM

1 beam
line

Jan 2013
PA

C
 approval

S
um

m
er 2013

2nd test run in pM
1 beam

line
Fall 2013

Funding requests
S

um
m

er 2014
M

oney arrives? - start construction
S

um
m

er 2015
S

tart assem
bling equipm

ent at P
S

I 
Late 2015

S
et up and have dress rehersal

2016 - 2017
2 6-m

onth experim
ent production runs



Second Test R
un


R

edo beam
 tests w

ith G
E

M
s


"Q

uartz" C
erenkov test


M

ini-scattering experim
ent



R
eference D

esign


B

eam
: IFP S

ciFi →
 shielding w

all →
 target S

ciFi →
 C

erenkov →
 G

E
M

 →
 

target →
 beam

 m
onitor scintillators


W

ire chanbers &
 scintillator w

alls for scattered particles


S
tandard technology


 G

eant4 estim
ates, target collim

ator bg. v. sensitive to beam
 distributions


C

ustom
 FP

G
A trigger to record scattering events and reject  



N
ew

 Equipm
ent Sum

m
ary

D
etector

W
ho

Technology
B

eam
 S

ciFi
Tel Aviv, 

S
t. M

arys
conventional

G
E

M
s

H
am

pton
detector exists

Q
uartz C

erenkov
H

ebrew
prototyped

FP
G

A
s

R
utgers

conventional
Target

H
ebrew

conventional
W

ire C
ham

bers
M

IT
C

opy existing system
S

cintillators
S

C
C

opy existing system
D

A
Q

G
W

U
C

onventional, except TR
B

3 prototyped

For m
ore inform

ation see proposal and TD
R

 on w
ebsite:

http://w
w

w
.physics.rutgers.edu/∼

rgilm
an/elasticm

up



Physics


R

adius extraction from
 John A

rrington


Left: independent absolute extraction


R

ight: extraction w
ith only relative uncertainties



e
+p

μ
+p

Estim
ated R

esults!


S

tatistical uncertainties only, sim
ilar results for ep &

 m
p


6 m

onth run, equal tim
e for each setting, θ

scatter = 20 – 100°


 U
ncertainities include endcap and m

 decay subtractions



e
+p

μ
+p

Estim
ated R

esults!


S

tatistical uncertainties only, endcap B
G

 m
ainly at ε near 1


µ lim

ited by decay rejection (conservatively estim
ated)


e

+/- m
ainly lim

ited by radiative corrections, here 1 cancels, prob. det. response



O
utlook

 The proton radius puzzle is a high-profile issue

➔
 E

xplanation unclear

➔
 P

S
I M

U
S

E
 tests interesting possibilities: A

re µp and ep 
interactions different? If so, does it arise from

 2γ exchange 
effects (µ

+≠µ
-) or B

S
M

 physics (µ
+≈µ

-≠e
-)?

 W
ithin 3-4 years (budgets w

illing) w
e should have new

 electron 
scattering results and start to see the m

uon scattering results, and 
possibly start to resolve the puzzle, perhaps seeing new

 physics!



M
U

SE C
ollaboration

For m
ore inform

ation see proposal and TD
R

 on w
ebsite:

http://w
w

w
.physics.rutgers.edu/∼

rgilm
an/elasticm

up



For m
ore inform

ation see proposal and TD
R

 on w
ebsite:

http://w
w

w
.physics.rutgers.edu/~rgilm

an/elasticm
up

Thanks
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System
atics

 W
e are m

ainly concerned w
ith relative system

atic uncertainties as w
e 

plan to norm
alize data. R

enorm
alization consistent w

ith estim
ated 

absolute system
atic uncertainties adds confidence to the relative 

system
atic uncertainty estim

ates and to the results.

 For relative system
atics, used w

hen the data are norm
alized to the Q

2 = 
0 point, m

ost effects are at the 0.1%
 level: detector efficiencies, solid 

angle, ...

 The larger system
atics are ≈0.3%

 for angle determ
ination, and m

ultiple 
scattering (show

n earlier), and 0.5%
 for radiative corrections.

For m
ore inform

ation see proposal and TD
R

 on w
ebsite:

http://w
w

w
.physics.rutgers.edu/∼

rgilm
an/elasticm

up



B
ackgrounds

U
sed G

eant4 to sim
ulate m

any 
backgrounds. M

ost lead to rates in 
detectors but not m

any triggers, and can 
be rejected in analysis. The m

ain issues 
are µ decays and end cap scattering, 
w

hich cannot be rem
oved at the trigger 

level.

210 M
eV/c 

π→
μ
ν

153 M
eV/c 

π→
μ
ν

115 M
eV/c 

π→
μ
νμ
 decay

πp 
scattering

N
ot show

n: 
M

oller, B
habha, & 

δ electrons 

π decay
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The m
ain issues are µ decays 

and end cap scattering, w
hich 

cannot be rem
oved at the 

trigger level.
E

nd cap scattering can only be 
rem

oved by subtractions. (M
ight 

be able to reduce orders of 
m

agnitude w
ith graphene 

w
indow

s.)
E

stim
ated relative rates below

.

B
ackgrounds II
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The m
ain issues are µ decays 

and end cap scattering, w
hich 

cannot be rem
oved at the 

trigger level.

M
uon decays are largely 

rem
oved by TO

F from
 quartz 

C
erenkov to scintillators - 

100%
 / 96%

 / 34%
 rem

oved at 
115 / 153 / 210 M

eV
/c

B
ackgrounds III


