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Outline

= Proton form factors in the context of one-photon exchange (OPE)

= The limit of OPE or:
= What is GgP ?

* What is the nature of lepton scattering? /\ /\
= Two-photon exchange (TPE): New observables
= Current and future experiments to probe TPE
2> OLYMPUS & more

OLYMPUS @ DESY



Nucleon elastic form factors ...

= Fundamental quantities
= Defined in context of single-photon exchange

= Describe internal structure of the nucleons
* Related to spatial distribution of charge and magnetism

= Rigorous tests of nucleon models

= Determined by quark structure of the nucleon

= Role of orbital angular momentum and diquark correlation
= Ultimately calculable by Lattice-QCD

= |Input to nuclear structure and parity violation experiments

50 years of ever increasing activity

= Tremendous progress in experiment and theory
over last decade

= New techniques / polarization experiments

= Unexpected results
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Present form factor and TPE experiments

Recoil polarization and polarized target (Jlab)

GEp-II+lIl — high-Q? recoil polarization
2-Gamma — € dependence of recoil pol.
E08-007 — low-QZ recoil polarization
E08-007 — low-Q? polarized target
SANE - high-Q? polarized target
GEp-V (& GMp) — high Q? at Jlab-12

Rosenbluth separation (Jlab)
Super-Rosen — high-Q? Rosenbluth

Positron-electron comparisons
Novosibirsk/VEPP-3

CLAS/Jlab

OLYMPUS/DESY

Proton radius measurements

PSI / (muonic hydrogen Lamb shift, HFS)
MAMI / A1 (e-scattering)

MAMI / A1 (ISR)

Jlab / PRad (e-scattering)

PSI / MUSE (e*, u* scattering)

— published (2010)

— published (2011)

— published (2011)

— analysis in progress
— to be published

— proposed

— analysis in progress

— to be published
— to be published
— analysis in progress

— published (2010, 2013)
— published (2010)

— analysis in progress

— proposed

— proposed



Hadronic structure and EM interaction

Structure

Interaction

epton scattering

Factor

ization!

o(structured object)

|Form factor|? =

o(pointlike object)

Born Approximation

Electromagnetic
probe

Interact

Inelastic
Elastic

iStructure
: Hadronic
! object
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One-Photon Exchange Approximation




The beginnings

S,
o
(]
L~

AN

\

Y
N \\
\ \\
M
PROTON
632 EXPONENTIAL  MODEL b
Y

400 MEV

DIFFERENTIAL CROSS SEGTION (CM%/STERAD)
'3
o

o

1,:08
r.:08

2

1033
20 40 60 80 100 120 140 160
9 LAB (DEGREES)

Fic. 26. Typical angular distribution for elastic scattering of
400-Mev electrons against protons. The solid line is a theoretical
curve for a proton of finite extent. The model providing the
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Form factors from Rosenbluth method
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m In One-photon exchange, form factors are related to radiatively
corrected elastic electron-proton scattering cross section

do /dQ ) Y
= S0 = A(Q°) + B(Q°) tan“ —
(do /dS) prott @) Q%) 2
GE(Q%) + 7G3,(Q%) 0
— Lk 1 ips M _I_ZTG%W(QZ) tan2 5
eG4+ 7G3, 011
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GP. and GP,, from unpolarized data
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GP. and GP,, from unpolarized data
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" G(Q%)

m Dipole form factor Gp =

0 G%z

Fourier
—>

G1]7\4/Np ~

p(r) charge and magnetization density (Breit fr.)

1

2
2
(1)

pp(r) = poe”

v 0.71r

nun = Gp Within 10% for Q2 < 10 (GeV/c)?




Nucleon form factors and polarization
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m Double polarization in elastic ep scattering: U
Recoil polarization or (vector) polarized target normal
H(e,e'p), 'H(e,e’p) P (o on 1
e' ee '
m Polarized cross section : T @o Ol
o = 0y <1 + P, P;)A’) XZ plane a|zonga

m Double polarization observable = spin correlation

—oy 131, A= V27€(1 — €)G Gy sin 6* cos ¢* + 7v/1 — €2G ;? cos 0%

P A Gg

—_— — X —

B A Gu

indep_enc_lent of Dombey (1969)
polarization or analyzing power Donnelly and Raskin (1986)

m Asymmetry ratio (“Super ratio”)



Polarized targets
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external beam experiments

=
BLAST Internal Target:
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Recoil polarization technique

. ‘/} . = —2,/71(1 +TﬁEGMtan%e
LP, -1 (E +E')\/'r(1 +7)G3 tanzo—e
J4 M e e M 2

GE . -Pt (Ee+‘E;) 06 2 T 2

Akhiezer and Rekalo (1968+1974)

Applicable to protons and neutrons
Arnold, Carlson and Gross (1981)




Recoil polarization technique

= Pioneered at MIT-Bates V. Punjabi et al.,
= Pursued in Halls A and C, and MAMI A1 Phys. Rev. C71 (2005) 05520
= |n preparation for Jlab @ 12 GeV

FIG. 9: Schematic of the polarimeter chambers and analyzer,

. . a3 FIG. 15: Schematic drawing showing the precession by angle
showing a non-central trajectory; ¥/ is the polar angle, and ¢ e - P s

ve of the P; component of the polarization in the dipole of

is the azimuthal angle from the y-direction counterclockwise. the HRS.
Focal-plane polarimeter Spin transfer formalism to account for
Secondary scattering of polarized spin precession through spectrometer

proton from unpolarized analyzer
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Proton form factor ratio
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Jefferson Lab 2000-
e Qattan (Jlab 2005) Friedrich+Walcher 2003

1.8}~ = Christy (Jiab2004)  — — Kelly 2004 - ® All Rosenbluth data from SLAC and

s Andivahis (SLAC 1994) . )
" v Walker (SLAC 1994) TT 1 Jlab in agreement
YOI % craoesyiors | ] ™ Dramatic discrepancy between
A Berger (Bonn 1971) i M H
A s[4 Rosenbluth and recoil polarization
|« Bartel (DESY 1967) | technique
o = x Janssens (SLAC 1966) 7 [ I ) .
O 12 #17Hs |4 ™ Multi-photon exchange considered
o | best candidate
1“ 1 ‘.‘: -‘:-
0.8 Paolone (Jlab 2010) N
Ron (Jlab 2007) |
Crawford (Bates 2007)

Hu (Jlab 2006)

Jones (Jlab 2006)
MacLachlan (Jlab 2006)
Punjabi (Jlab 2000/2005)
Strauch (Jlab 2003)
Gayou (Jlab 2002)
Dieterich (Mainz 2001)
0.2 + Pospischil (Mainz 2001)
4 Gayou (Jlab 2001)

" = Milbrath (Bates 1993)

Y . -
0 | | | Illll 1 | llllll | | | I Dramatlc dlscrepancy!
10! 1 10
Q?%/ (GeV/c?)

0.4

> B 4 0 B > 9 0 4 ¥ F

>800 citations



15

Proton form factor ratio

Jefferson Lab 2000-

1.8 . -+ ® All Rosenbluth data from SLAC and
T ] ‘ Jlab in agreement
Dramatic discrepancy between
14k 4 i Rosenbluth and recoil polarization
s | - [ : technique
A i 1 ™ Multi-photon exchange considered
best candidate

1.6 ] [ |

Frledrlc_r-MWalcher 2003 1 ~ ~
021~ _ _ \eiy2004 | \L\—
..... Dipole ’ 7 - .
P I T .| Dramatic discrepancy!
2 4 6 8

0%/ (GeV/c?) >800 citations
ev/C
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Polarized target data at high Q2

E +
rm L
3 0
= World xn
O 08| ) =
= ¢ JLABOS ( ¢
- |w MIT-Bates ) 7
| & JLABOO |
4 JLABO2
- | » JLABOG .
06 |@ RSS i

Q’ [(GeV/c)]

M.K. Jones et al., PRC74 (2006) 035201

Polarized Target:
Independent verification of recoll
polarization result is crucial

Polarized internal target / low Q?: BLAST
Q2<0.65 (GeV/c)? not high enough to
see deviation from scaling

RSS /Hall C: Q2 = 1.5 (GeVi/c)?
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Polarized target data at high Q2

_III]

= O b 0O <« » B o

[ |
Qattan (Jlab 2005)
Christy (Jlab 2004)

Andivahis (SLAC 1994)

Walker (SLAC 1994)

Borkowski (Mainz 19y5)

Bartel (DESY 1973)

Berger (Bonn 1971)

Litt (SLAC 1970)
Bartel (DESY 1967)

Janssens (SLAC 196f)
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Paolone (Jiab 2010) i
Crawford (Bates 2007)
Hu (Jlab 2006)

Jones (Jlab 2006)
MacLachlan (Jlab 2006)_—
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Strauch (Jlab 2003) -
Gayou (Jlab 2002)
Dieterich (Mainz 2001) —
Pospischil (Mainz 2001)
Gayou (Jlab 2001) .
Milbrath (Bates 1993)
Zhan (Jiab 2011) =
Meziane (Jlab 2011)
Puckett (Jlab 2010) 7

Preliminary

— = = Kelly 2004 ~
i +« Dipole \\\;
roc v b P P Py
2 4 6 8 10 12
Q?/ (GeV/c)?

A. Liyanage, M.K. et al., to be published

Polarized Target:
Independent verification of recoll
polarization result is crucial

Polarized internal target / low Q?: BLAST
Q2<0.65 (GeV/c)? not high enough to
see deviation from scaling

RSS /Hall C: Q2 = 1.5 (GeVi/c)?

SANE/Hall C: completed March 2009
BigCal electron detector

Recoil protons in HMS parasitically
Ge/Gy, at Q%= 2.1 and 5.7 (GeV/c)?

Decline of G./G,, has been confirmed!

Future precision measurements at
high Q? are feasible



Effect of two-photon exchange
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J. Arrington, P. Blunden, W. Melnitchouk, Prog. Part. Nucl. Phys. 66, 782 (2011)

[ L L B B B B L B 0052 ———————————————
0150 F Fo1-001: Q*=2.64 GeV? | E01-001: Q%=4.1 GeV?

® 0140 .
S it o 0048 _
0135 11G? ope NIV
1| E T _PolaltTommmmm T 1GI_-:
LSO | | 0046
0130 ; [ 2 :
Gy, . - TGy
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per constructionem, theorists sought mechanism that
affects the “slope” in the Rosenbluth plot (e-dependence)

At high Q?, the contribution of G¢ to the cross section
is of similar order as the TPE effect (few %)




Two-photon exchange: exp. evidence

Two-photon exchange theoretically suqqgested

TPE can explain form factor discrepancy
J. Arrington, W. Melnitchouk, J.A. Tjon,
Phys. Rev. C 76 (2007) 035205

1.2 i
1.0 né-o-@g-e-ea-o ééﬁg-—_
. i
5 0.8 F
\m Rosenbluth data W|th
¢y 0.6 two-photon exchange
3_9‘ correction
0.4 - Polarization transfer data
0.2 F
o S Y Y
T 10° 10’

Q® [GeV?]
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Elastic ep scattering beyond OPE

K o poPtV o EtE
2 2
s=1/2 lepton s=1/2 proton Kinematical invariants :
Q> = —(p-p)
k p v = K-P=(s—u)/4

non— fli € _
TS i = oz UK h)yuulk, h)
~ - PH - ~v. K P*
x u(p’, N Gy — Fo— + F A
(Mg, = 0) u(p N)( MY 2M+ 372 )u(p N)

The T-matrix still factorizes, however a new response term F; is generated by TPE
Born-amplitudes are modified in presence of TPE; modifications ~a3

Cu(,Q%) = Gu(Q®) +Gu Gr=Gu—(1+7)F
F(v,Q%) = Q) +5 Gev,Q%) = Gr(Q?) + 6Gp
Fg(V,QQ) — O+(5F3

New amplitudes are complex! Inherited from M. Vanderhaeghen



Imaginary part: Single-spin asymmetries
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| |
I k > kl)t > k

|

spin of beam OR target :
NORMAL to scattering plane

on-shell intermediate state (My = W)

1 62(1—6)/ e 1
8@ e a5 ) “gegg T Lew AT

E.g. target normal spin asymmetry

2¢(1+¢) 1 . -
A, = \/ ( L ) {—GMI (()GE + - Fg)
T OR
Gt (6Gy + (2 ) LE
el M 2 ) e ;

irBeam: PVES at Bates, MAMI and Jlab; 1 Target: PR05-015, PR08-005

Inherited from M. Vanderhaeghen




Observables involving real part of TPE

/

2x(1-¢) G3

R (aéM) R (5(';'E)

P =- R KR Yar
t T d0ped G * Gy T,
G2, R6G,,) 2
P = (1+e)l-¢) do {1”2 G + 1+€8Y2y

R(6Gu) ®(5Gx)

N\~

E04-019
~ (Two-gamma)

B__ % _Jrldr + +2<1—R2—8>Y >
\ 2 (1+e)r G G 1+¢ 2’7//
e — N — : ,
; ) ﬁ m((SGM) Em((SGE) E e*/e- x-section ratio
o /G, =1+ D c +2R—rG +2[1+—|¢eY, y CLAS,VEPP3,0LYMPUS
v M M T /| Rosenbluth non-linearity
~ 5 P — E05-017
N(Gp) = G (O)HN(EG, (O, ¢)) —
E)%(GJM) = GM(QZ) Sct(5C~;M(Q29‘9))
1+ 7)1+ ¢) R(E(Q°,
R=G,/G, Y. =0 \/r( +7)(1+2) WF(Q*,¢))
! l-¢ Gy,
Born Approximation Beyond Born Approximation
PA.M. Guichon and M.Vanderhaeghen, Phys.Rev.Lett. 91, 142303 (2003) Slide idea:
L. Pentchev

M.P. Rekalo and E. Tomasi-Gustafsson, E.PJ. A 22, 331 (2004)
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Jefferson Lab E04-019 (Two-gamma)

Born
Pl/ Pl

0.76 [+
0.72

0.68

0.64

0.60
1.04

1.02

1.00

0.98

i T T - -

Jlab - Hall C
Q2 = 2.5 (GeV/c)?

G¢/G,, from P/P, constant vs. &

= no effectin P/P,
> some effect in P,

Expect larger effect in e+/e-!

M. Meziane et al., hep-ph/1012.0339v2
Phys. Rev. Lett. 106, 132501 (2011)



Empirical extraction of TPE amplitudes

R, -

J. Guttmann, N. Kivel, M. Meziane, and M. Vanderhaeghen, EPJA 47 (2011) 77

1.25k

= / Q%=4.10 GeV?
120 ° Q2 = 3.20 Ge\/2
1.15 ! Q? = 2.64 Ge\/?
110 _- ~ .
1.05L 6% N\

i . X | | \T\."
1'000 0.2 £ 04 0.6 0.8 1.0

min

grows with Q2!

Expect ~6% effect for
OLYMPUS@2.0GeV

AWN

OL I\/IPU




Lepton-proton elastic scattering
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* Interference term depends on lepton charge sign (C-odd)

= | My, |? £ 25R{M Moyt

- e*/e- ratio deviates from unity by two-photon contribution

Oetp R{IM], Mo}
~1+4 5
Te—p |M1’7|
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Comparison of e*/e” experiments

@ Novosibirsk experiment (Epeam = 1.6, 1 and 0.6 GeV)
o CLAS @ JLab experiment (Epeam = 0.5 +4 GeV)
e OLYMPUS @ DESY experiment ( Epeam = 2 GeV)

| Kinematic coverage |

i CLAS-2011 area




Comparison of e*/e” experiments

27

VEPP-3 OLYMPUS EG5 CLAS
Novosibirsk DESY JLab
beam energy 3 fixed 1 fixed wide spectrum
equality of e* beam energy  measured measured reconstructed
et /e~ swapping frequency  half-hour 24 hours simultaneously

e /e~ lumi monitor

elastic low-Q?

elastic low-Q?2,
Moller /Bhabha

from simulation

energy of scattered e™

EM-calorimeter

mag. analysis

mag. analysis

proton PID AE/E, TOF mag. analysis, TOF  mag. analysis, TOF
et /e~ detector acceptance identical big difference big difference
luminosity 1.0 x 1032 2.0 x 1033 2.5 x 1032

beam type storage ring storage ring secondary beam
target type internal H target internal H target liquid H target

data taken

2009, 2011-12

2012

2011



TPE experiments: Novosibirsk/VEPP-3

N Run1(2009) 5 Run Il (2011/12) 2
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2 |- A Anderson (1968), E = 1.2 GeV 2 - B Bouguer (1960 £ 20,591 Gov
© - @ VEPP-3 (Runl|, preliminary), E = 1.6 GeV S - @ VEPP-3 (Run II, preliminary), E = 1 GeV
o - w==== Theory (Blunden et al.), E =1.6 GeV o [ === Theory (Blunden et al), E = 1 GeV
|- === Theory (Tomasi-Gustafsson et al.), E = 1.6 GeV [~ ==== Theory (Tomasi-Gustafsson et al.), E =1 GeV
0.9} === Theory (Borisyuk & Kobushkin), E = 1.6 GeV J_ 0.9/ = = Theory (Borisyuk & Kobushkin), E = 1 GeV
- === Coulomb corrections (Arrington et al.), E = 1.6 GeV [~ === Coulomb corrections (Arrington et al.), E = 1 GeV
I === Parametrization "BK" (Qattan et al.), E = 1.6 GeV - = = Parametrization "BK" (Qattan etal.), E=1GeV
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e~ beam N
—— (5]
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Storage cell i
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0.5m

wal & p¥ L 106X, o

A. Gramolin, Workshop on Radiative Corrections in Annihilation and
Scattering Experiments, Orsay, October 7-8, 2013



TPE experiments: CLAS (E04-116)
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Projected results for OLYMPUS Shuubls

1.2
Yount+Pine 1962 +H Yang phen. e
Browman 1965 &+ Guttmann phen. ———
Mar 1968 &+ Bernauer phen. ==
Bouquet 1968 & Afanasev
. Blunden (g.s.) =
T Olympus projected e Blunden (gs. + A) ===
1.15 | Borisyuk &g.s. —
Tomasi-Gustafsson s

Data from 1960’s

:
L& Many theoretical predictions
¢ with little constraint
OLYMPUS:
E= 2.0 GeV

0.4 < Q?%(GeVic)?< 2.2
i Acquire 3.6 fb-! for <1%
095 - i ¥ ¥ & = =« « 4 projected uncertainties

0 0.2 04 06 08 ! Data taking completed in 2012



OLYMPUS @ DORIS/DESY

'5;:‘( | DORIS

HERA-Halle Wesi
HERA-Hall Wirst

Linac II

- Fledadrg s o Sl
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Froions

pOsitron-proton and ~——
eLectron-proton elastic scattering to test the

hYpothesis of
Multi- /\

Photon exchange /O |_§§ M PUS

Using
DoriS \



The OLYMPUS experiment OAAPAUS\

* Electrons/positrons (100mA) in 2.0-4.5 GeV storage ring
DORIS at DESY, Hamburg, Germany

* Unpolarized internal hydrogen target (buffer system)
3x10"° at/cm? @ 100 mA — L = 2x1033 / (cm?s)

- Large acceptance detector for e-p in coincidence
BLAST detector from MIT-Bates available

 Redundant monitoring of luminosity
Pressure, temperature, flow, current measurements
Small-angle elastic scattering at high epsilon / low Q2
Symmetric Moller/Bhabha scattering

 Measure ratio of positron-proton to electron-proton
unpolarized elastic scattering to 1% stat.+sys.




OLYMPUS kinematics at 2.0 GeV s
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The designed OLYMPUS detector s

Drift Chambers T|me-of-FI|ghSn?e2_t i?é?asﬁ’W,

MIT YerPhl, Yerevan,
University of New Hampshire,
Anzona State University

Internal Hydrogen Target

MIT, INFN Ferrara

DORIS Upgrade,
Toroid Support

DESY

Trigger, DAQ,
Online-Monitor

University of Bonn

12° Tracking Telescopes || Symmetric Moller/
Hampton University | | Bhabha Monitor

INFN Rome, Genova o _
PNPI St. Petersburg University of Mainz

based on a figure by R. Russell




P

July 2011w

“The OLYMPUS Experiment”, R. Milner et al., NIMA 741, 1 (2014)




MIT
INFN Ferrara

Designed and built in 2010

) ] J.C. Bernauer et al.,
Very stable operation after repairs NIMA 755, 20 (2014)



37

Wire chambers and TOF scintillators /OLAQ@S\

®* 2x18 TOFs for PID, timing and trigger
® 2 WCs for PID and tracking (z,0,9,p)

®* WC and TOF refurbished from BLAST
WC re-wired at DESY
TOF rewrapped, efficiency tested

® Installed in OLYMPUS Apr-May 2011

¢ Stable operation

Glasgow Yergvan UNH ASU




Luminosity monitors: GEM + MWPC

A\
OLMPUS

38

Forward elastic scattering of lepton at 12°
in coincidence with proton in main detector

Two GEM + MWPC telescopes with
interleaved elements operated independently \

SiPM scintillators for triggering and timing O

i i i ']
Sub-percent (relative) luminosity measurement / > !
per hour at 2.0 GeV

High redundancy — alignment, efficiency
Two independent groups (Hampton/INFN, PNPI)

Designed to fit into forward cone




Luminosity monitors: GEM + MWPC s

39

MWPCS (multi wire proprotional chambers) F s an
y PNPI - St. Petersburg

GEMs (gas electron multipliers)
% . Hampton University/MIT
7’ " INFN Rome, Genova

Telescopes of three GEMs and MWPCs interleaved
Mounted on wire chamber forward end plate
Extensively tested at DESY test beam facility
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Symmetric Mgller/Bhabha monitor /OLA:@

Mainz University
ot
Target

Luminosity monitors

“ | . Symm. angle 1.3° @ 2.0 GeV
_ F - Matrix of 3x3 PbF, crystals
1 - Tested at DESY and MAMI



Performance of DORIS @Aﬁs\ )

/

= DORIS top-up mode established = Refills every ~2 minutes by few mA

= Typically 65mA /0.5 sccm = PETRA refills every 30 minutes
Doris Current on Dec. 2"
70 ' ' | ' | ' | ' | ' . | '
Electrons == Positrons s
65

Doris current [mA]
o (*)]
o S

(&)
o

02:00 04:00 06:00 08:00 10:00 12:00 1400 16:00 18:00
Time



Analysis framework OAAPAUS\

ROOT based C++ analysis framework (“cooker”)
with plug-ins and recipes (J. Bernauer)
and full MC integration

J

J

) B
[ SlowCirl
4 4 N | @
Time Of Flight Jf eP elastic
. -
Wire Chamber Pions
sawi — | Trackrit || -
data :
LUMIGEM
> Z|LumiTrack -
MWPC
. VAN VAN Y
4 I
Mgller
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Radiative corrections of order a3

= Use MC framework to accurately implement all ‘standard’ RC
and to extract effect from hard TPE
= Ensure consistency between different experiments

Changes sign with lepton sign

A. Schmidt, R. Russell, J. Bernauer (MIT)



MIT radiative generator
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10730 ¢
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lepton scattering angle

80°
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1.2

1.1

0.9

0.8

= Avoids approximations

= Agreement with Maximon&Tjon
(soft photons) at low AE

= Excellent agreement with
VEPP-3 generator

Effect on o_,/0,.

Ot [Oc—

A. Schmidt, R. Russell, J. Bernauer (MIT)
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/ \

Event display (3D) eV

Run 4975, event 78

C. O’Connor (MIT)



Tracking: very preliminary ...
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OL¥MPUS

Based on 100 runs (~2% of the data)

Electron beam
5000

1000

10° 20° 30° 40° 50° 60° 70° 80°
left @

Positron beam

90°
14000
80°
70°
10000
60°
i =) w
8000 &
- o =
E‘b 50 =
1 6000
40°
30° 4000
20° 2000
10° 0

10° 20° 30° 40° 50° 60° 70° 80° 90°
left 6

Polar angle in the right sector versus polar angle in left sector

A. Schmidt (MIT)
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Tracking: very preliminary ... OLWIPUS

Based on 100 runs (~2% of the data)

Electron beam Positron beam
90° 5000 90°
14000
80° 8()°
4000 12000
70° 70°
0° - 10000
- 6 3000 \\
)] ~ oY (5]
5 = 8000 %
-~ 0 = ": o} =
= 50 5 ?050 : 2
- 2000% |- 6000
40° 2000 40°
300 300 4000
1000
20° 20° 2000
10° 0 10° . 0
10° 20° 30° 400° 50° 60° 70° 80° 90° 10° 20° 30° 40° 50° 60° 70° 80° 90°
left @ left @

Polar angle in the right sector versus polar angle in left sector
Coplanarity cut +5 degrees

A. Schmidt (MIT)



Tracking: very preliminary ... OLWIPUS
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Based on 100 runs (~2% of the data)

right 6
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Polar angle in the right sector versus polar angle in left sector

Coplanarity cut +5 degrees
Common vertex £100 mm

A. Schmidt (MIT)

counts



Tracking: very preliminary ...
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OL¥MPUS

Based on 100 runs (~2% of the data)
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A. Schmidt (MIT)



Tracking: very preliminary ... OLWIPUS
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Based on 100 runs (~2% of the data)

right 6
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Polar angle in the right sector versus polar angle in left sector
Coplanarity cut +5 degrees

Common vertex £100 mm

Polar angle kinematic cut |6, — 6/(6,)| < 5 degrees

Momentum kinematic cut |P, — P,(8,)| <400 MeV/c

A. Schmidt (MIT)



Yields: very preliminary ... VAV

/ \
Based on 100 runs (~2% of the data)
Electron beam Positron beam
100 I I I T T — 3 F T I I T n S
- e Simulation 4 F Simulation -
i —— Data 1L +—— Data
10 4L ]
— 1 BLINDED BLINDED
3: ] _
2 o1 | J | [ e ]
™ L \ -M-*
< | Il 3
§ 0.01 | Al [ _
I I ¥
0.001 L JL =
0.0001 L
0 0.5 1 1.5 2 2.5 30 0.5 1 15 2 2.5 3
Q2 [GeV?] Q? [GeV?

A. Schmidt (MIT)



Timeline of OLYMPUS

Integrated Luminosity [fb™]

Integrated Luminosity [fb™?]

03 —+————7———— 7 L L
Electron, positive toroid: 0.08 fb~!  mm— SO
Positron, positive toroid: 0.09 fb—! /
03 | Electron, negative toroid: 0.07 fb™!  mm
Positron. negative toroid: 0.10 fb—! //
025 |- Run I: 0.33 fb! 4
(1
0.2 |-
0.15 +
0.1
0.05
{ I D [ 1 L) W) Il]l_l_“l
Jan 21 Jan 28 Feb 04 Feb 11 Feb 18 Feb 25
Date
4-5 I T I T I I ]
Electron, positive toroid: 1.85 fb=!  mm—m
4 Positron, positive toroid: 1.88 fb—!
Electron, negative toroid: 0.18 fb—1
35 | Positron, negative toroid: 0.22 fb—1!
.l Run Il: 4.12 fb-
25 +
2 L
15 +
1
05
o LI
Oct 20 Nov 03 Nov 17 Dec 01 Dec 15 Dec 29

Date

= 2007 Letter of Intent

= 2008 Proposal

= 2009 Technical review

= 2010 Approval and funding

= Summer 2010 BLAST transfer

= Spring 2011 Target test run

= Summer 2011 Detector installed
= Fall 2011 Commissioning

First run Jan 30 — Feb 27, 2012
... acquired < 0.3 fb-

= Summer 2012 Repairs and upgrades

Second run Oct 24, 2012 — Jan 2, 2013
... acquired > 4.0 fb-

= Smooth performance of
machine, target, detector
= Spring 2013 Survey & field mapping

= Analysis progressing — framework,
calibrations, tracking, simulations

= Expect results end of 2014



OLYMPUS collaboration SDMPUS
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~50 physicists from 13 institutions in 6 countries

Elected spokesmen / deputy: R. Milner / R. Beck (2009-2011)
M.K. / A. Winnebeck (2011-2013)
D. Hasell / U. Schneekloth (2013-)

Arizona State University: TOF support, particle identification, magnetic shielding

DESY: Modifications to DORIS accelerator and beamline, toroid support, infrastructure,
installation

Hampton University: GEM luminosity monitor
INFN Bari: GEM electronics

INFN Ferrara: Target

INFN Rome: GEM electronics

MIT: BLAST spectrometer, wire chambers, tracking upgrade, target and vacuum system,
transportation to DESY, simulations, slow control, analysis framework

Petersburg Nuclear Physics Institute: MWPC luminosity monitor
University of Bonn: Trigger, data acquisition, and online monitor
University of Mainz: Trigger, DAQ, Symmetric Moller monitor
University of Glasgow: TOF scintillators

University of New Hampshire: TOF scintillators

A. Alikhanyan National Laboratory (AANL), Yerevan: TOF scintillators
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Summary

m The limits of OPE have been reached with the achieved precision
= Large discrepancy between unpolarized and polarized data
= Nucleon elastic form factors, particularly G.P under doubt

m The TPE hypothesis is suited to remove form factor discrepancy,
however calculations of TPE are model-dependent

m £ dependence of polarization transfer, e-nonlinearity of cross sections
single-spin asymmetries

m Need both positron/electron comparisons for a /\
definitive test of TPE: VEPP-3, CLAS, OLYMPUS O ¥ P

/ N\

m A comprehensive and rich program underway,
expected to be conclusive in the near future

m Broader Impact:
gamma-Z box in PVES; TPE effects in DIS; proton radius puzzle
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Global analysis

Fit including polarized data
+ TPE parameterization
“Bade

Arrington 07
Polarization data

Fit to unpolarized data

1.5

Ul

iH: o,

0.5

ppGE/GuM

!

Pola.rizlation dataI —— |

0 2 4 6 8 10 0 2 1 6 8 10
Q*[(GeV/c)?] Q?*[(GeV/c)?]

-0.5

J.C. Bernauer et al., arXiv:1307.6227v1



Outlook: TPE and the proton radius puzzle
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Abstract

The proton radius puzzle is the disagreement
between the much more precise radius determined
from muonic hydrogen spectroscopy and the
numerous atomic hydrogen and electron scattering
determinations. The puzzle has several possible
resolutions, including beyond standard model
physics, missing conventional physics, and errors
or underestimated uncertainties in the extraction of
the radius from the data. New experiments are
needed to resolve the puzzle. The MUon
Scattering Experiment (MUSE) recently approved
at PS| has been designed to help resolve the
puzzle by measuring the radius in a way not yet
done. Similar to electron scattering, the radius will
be extracted from the observed change of the
charge form factor with momentum transfer. The
experiment uses the TM1 beamline to provide a
mixed secondary muon and electron (and pion)
beam of either positive or negative charge. The
‘comparison of muon and electron scattering
measured simultaneously determines the
consistency of the cross sections, form factors,
and extracted radii in the two cases with high
precision. Comparison of yields from both charge
signs will at the same time disentangle the effects
of two-photon exchange which could be different
for e and p. The proton charge radius can be
extracted from each set of scattering data.
Simultaneous measurement of e-p and u-p data
allows to compare both probes with high precision.

The Proton Radius Puzzle

Muonic Electronic
r,=084fm  r,=0.88fm

Sick (2009)
‘CODATA2006 (2008)
Bernauer (2010)

Ponl 2010)

27an 2011)
CoDATAZ010 (2012)

Antogrini (2013)

o 084 086 0% 0.
Proton Charge Radius (tm)
A Spectroscopy @ Scattering
‘The unexplained discrepancy of 7 standard deviations

between the muonic hydrogen result and the CODATA value
has existed since 2010.

Muonic Hydrogen Spectroscopy:

i f : Gurvaive

Deiaye/ promst evrts (10

ohl et al.,
Nature 466, 213 (2010)
o = (0.84184 £ 0,00067) fm

A. Antognini et al.,
Science 339, 417 (2013)
o = (0.84087 £ 0.00039) fm

The Muon Scattering Experiment (MUSE)

at PSI and the Proton Radius Puzzle

Michael Kohl* for the MUSE Collaboration
Hampton University, Hampton, VA 23668, USA

PAUL SCHERRER INSTITUT

Possible Solutions of the Puzzle

= Error in the ep scattering & atomic extractions

= problem with fits, lack of data, underestimated uncertainties

= Proton structure issues in theory (TPE)
= enhanced effects differing between e and y - likely not large enough

= Physics beyond the Standard Model

= lepton

existing and future data

= Additional

new e/ force, by

completed

= Spectroscopy with 1D, iHe, and regular H
= ep, ed scattering at Jiab and MAMI
= up and ep scattering comparison at PSI (MUSE), and for both charge

species

ars ] = New physics constraints e.g. from kaon decays (TREK@J-PARC)

SENTIICMETHOD

are needed, in or already

, (fm)

ep

Spectroscopy

=
0.84087 £ 0.00039 | 0.8758  0.0077

Scattering

272 0.8770 + 0.0060

PAUL SCHERRER IKSTITUT

MUon Scattering Experiment (MUSE)

Appolio and the nine muses. Villigen, Switzerland

mM1: 100-500 MeVic
Momentum measurement
RF+TOF separated 1, 4, &

4188 MoV, 50uA roon cutent
e

Intermediate Focus

Dispersion 7cm/%

v
) Bea particle tracking
e Liquid H, target

Scattered lepton detection

AR g

e i ) e oo e ]

MUSE will probe the radius discrepancy with similar precision

Collaboration

~50 MUSE collaborators from
Argonne National Lab, Christopher Newport University,

College of William & Mary. Duke University,

Duguesne Universiy, George Washington University,

Hampton University, Hebrew University of Jerusalem,

Jefferson Lab, Massachusetts Institute of Technology,

Mainz University, Norfolk State University, Old Dominion

University, Paul Scherrer Institut, Rutgers University, 1 [}
Soreq Nuclear Research Center, St. Mary's University,

Technical University of Darmstact, Tel Aviv University,

Temple University, University of lowa, University of South

Carolina, University of Virginia, Weizmann Institute

Timeline

| History:

= Summer 2010
= The proton radius puzzle is established

- Fall 201
* Firstidea for MUSE to measure the r, with yp scattering

|+ February 2012; July 2012

= Proposal for MUSE first reviewed by PAC; technical review

|| - Fall 2012, Summer 2013, Fall 2013

Lepton scattering from a nucleon: Sachs form factors:
Ge(@) = 2(Q)
Electr ti it: 2
eetromagnetic curren Gul@) = F(QY)+ B(Q)
JE = —etiu,

io™q,
v

T =Uy |R(Q)" + FJ(QJ]W bn
N v Derivative in Q2 — 0 limit:

F,, F, = Dirac and Pauli form factors

4G iy

Expect identical result for ep and pp scattering o
107

= Testruns at the PS| M1 beamiine to study beam
propertes, estabiished beam partile ID by time-of-fight |~
and beam particle tracking with GEMs; further tests in 2014
« January 2013; January 2014
« Revised proposal for MUSE, approved by PAC
* Updated proposal, re-endorsed by PAC; technical review
= March 2014
= First funding review by NSF and DOE

Schedule:
* 2012 - 2014: R&D phase
= Fundraising, further tests, finalize technical design

L1« 2015 - 2016: Construction phase

« Preparation of experiment at PSI, dry run end of ~2016

| - 2017 - 2018: Running phase

= 246 months for two beam charges, three beam momenta

Emai kohim@iab org

Use e/tmr/u beam at PSI
for a direct test if yp and ep
scattering are different:

target

Measure e+/u+, e-/pu- ratios to
compare extracted charg

Disentangle effects from
two-photon exchange (TPE) in
e+/e-, yt+/p-

MUSE (poster session on Sat)
Muon Scattering Experiment

= Simultaneous, separated beam of
(e+/tr+/p+) or (e-/1r-/p-) on liquid H,



Backup
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New proton measurements at low Q2

Hall A PR07-004, PR08-007 (PAC31/33)

*Recoil polarization, completed 2008

1 . 1 O miimang Friedrich & Walcher Fit
*Polarized target, completed 2012 \_ - S Aingln Fi
---------- . Ke it
b — = Arring:'on & Sick Fit
— Belushkin, Hammer & Meiliner Fit
\_ m—— G.A. Miller LFCBM
= Cardarelli & Simula LFCQM
= = Boffi et al. PFCCQM
¢ BLAST (polarized target) 1.05~

C. Crawford et al., -
PRL98 (2007) 052301

o=
2 1.00
o
0 . e R S ] P
= . b,
® LEDEX PR05-004 (recoil polarization) XN <[
G. Ron et al., PRL99 (2007) 202002
095 O Jones et al. (JLab) ‘v,
B () CrawtordetalBLAST) | | NN e.. e 3
(| @ RometaLan | N\ e N ;
B A Recoil Part (Summer 2008) '”."':.'.\
B g DSA Part | =
0.0 0.2 0.4 0.6

Q? [GeV?]



New proton measurements at low Q2
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Hall A PR07-004, PR08-007 (PAC31/33)

*Recoil polarization, completed 2008
*Polarized target, completed 2012

1.05}-

{ BLAST (polarized target)
C. Crawford et al.,

PRL98 (2007) 052301

X. Zhan,

E08-007 + LEDEX update
Phys. Lett. B 705 (2011) 59

o
=.

® > B S 0 X

Earlier measurements
Punjabi et al.
Crawford et al,
Paolone et al.

Ron et al. (update)
This work

-
-
.
e .
e
) 2 ‘
~
™
~
-
-
-~
- 4
-
- L

S
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S

-

"
“%

0.90 R Miller LFCBM -
i Boffi et al. PFCC
2-sigma difference . ﬁm
lower than BLAST I - Faessler et al. LCQM k
0.851- Belushkin, Hammer & Meissner ==---. Friedrich & Walcher fi N
Charge and magnetic rms radii: | “Yre™ oo Uplawedglobalfe 1
R =0.87510.010 fm 0.0 0.2 0.4 0.6 0.8

R, = 0.867 £ 0.020 fm

Q? [GeV/cP
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New proton measurements at low Q2

Q[GeVrc]

« MAMI A1

1.6 | | | |
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Rosenbluth separation at low Q2
Precise charge and magnetic rms radii:
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