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A beam normal single spin asymmetry generated in the scattering of transversely polarized elec-
trons from unpolarized nucleons is an observable related to the imaginary part of the two-photon
exchange process. It is the only observable which provides information necessary for the calculation
of lepton helicity flip amplitudes in electron nucleon scattering. The lepton helicity flip amplitudes
are seen to greatly reduce the magnitude of two-photon exchange corrections on the upcoming low
Q? muon-proton scatiering experiments aiming to understand the proton charge radius puzzle. We
report a 2% measurement of beam normal single spin asymmetry in elastic electron proton scattering
with a vertex scattering angle (9s) = 7.9 £ 0.3° and vertex energy (F) = 1.155 4 0.003 GeV. This
is the most precise measurement of this quantityr available at this tim® and therefore it provides a
stringent test of two-photon exchange models at mse there is no contribution
from target polarization uncertainties in the measurement, this also hecomes one of the most precise
asymmetry measurements ever made in electron proton scattering. |

PACS numbers: 25.30.Bf, 13.60.Fz, 24.70.+s l ! ‘{ajc/



Two-photon exchange (TPE) in electron nucleon scat-

tering is a higher-order process which vanishes in the

Born approximation.  Such processes are generally

asso< ,'M treated as small virtual corrections %® the unpolar-
: 1..&’; +\W ized scattering cross section which are independent of
hadronic structure [1, 2]. The first evidence of hadronic

- structure depenm%fﬂ‘ PE corrections came from the
.wg‘my‘mmf the proton’s elastic electromag-
W= netic form factor ratio (G%/G%,) where a striking dis-
Lé agreement was seen between Rosenbluth separation [3]
and polarization transfer [4] results at Q2 E‘QIC‘;PV/('}Q.
This discrepancy was espieiestly shown [3] to be result-
drg from a correction involving the real part of the TPE
amplitude which modi¢g the Rosenbluth cross-section
while being canceled out in the polarization ratios. The
ensuing years after the observation of the Rosenbluth,
larization-transfer discrepancy have seen a multitude
of activity in both theory [6-10] and experiment [11-13]
all aimed at improving TPE corrections &othe form fac-
tor measurements.
Even though modern TPE calculations are able to par-
tlally resolve [13] the Rosenbluth larization-transfer
‘ , the corrections
-nt—And have not been
s of kmematics [14]. This is not surprising
mlprovmfr calculations at

Wa/ﬂ corrections are domlnant and where the Rosm

& rola,uz i er discrepancy is Slgmhc

'ﬂ“- , W spbserved in the p s m
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enbl aration [lo] and

seems to indicate TPE
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onetheless,

H1g measure-

p_];g;_isp extraction dono using
dIOgen [18] in wlnt is known as

muonic hy-

e proton poldrlzablhty in muonic hydrogul Ai‘rhough
[‘% . this is a relatively small correction, it has the largest

theoretical uncertainty associated with any of the known
corrections on muonic hydrogen. On the experimental
side, the MUon proton Scattering Experiment (MUSE)
[21] at PSI aims to resolve the charge radius puzzle by
studying }k( lepton universality in ep and up scattering.
A recent calculation [22] of TPE Corrections on pp scat-
tering has indicated that at SE ki
corrections could vary betwd

en =~0.5% and l”c depknd-
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ingghow well one knows the helicity flip amplitudes in
electron scattering [5]. Even though the predicted TPE
corrections for MUSE are small, the calculation only in-
cludes TPE with a proton in the intermediate state, an
assumption that is generally made for Q? TPE cal-
culations. The effect on MUSE TPE corrections when
including resonant and non-resonant intermediate states
remains to be seen. But the only way the model predic-
tion can bhe well constrained is by benchmarking against
experimental observables of TPE involving lepton helic-
ity flip. The only TPE observable which provide access
to helicity flip amplitudes is the beam normal single spin
asymmetry measured in electron nucleon scattering.

A beam normal single spin asymmetry is an observ-
able of the imaginary part of the TPE process and is
measured in electron nucleon scattering when the elec-
tron is polarized normal to the scattering plane. It is
a parity conserving, naively time reversal violating olb-
servable which vanisﬁn the Born approximation. The
asyumnetry is generated by the interference of the one-
photon and two-photon exchange processes and have the

form [23] hasl
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where o 1 (o |) denotes the scattering cross section for
electrons with spin parallel (anti-parallel) to a vector nor-
mal to the scattering plane, 3m is the imaginary part and
AbsM?7 is the sum over all possible on-shell intermedi-
ate states in the two-photon exchange process. In terms
of the invariants for electron nucleon scattering, B, can
be expressed as:
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where Gg, Gy are the elastlc' form factors of the nu- &

cleon, £ is tllg_m)]_&nzw_l_e_tﬁl of the virtual pro- *

ton, T = %; and .7:3 f4,}"5 .7:5 are invariant amplitudes
which entelf Kthe calculation of helicity flip amplitudes
in electron proton scattering.

Theoretical calculations of B,/rely on Eq.1 and absorp-
tive part of t irtual Compton Scattering (or
DVVS) tensor to model the hadronic tensor in AbsA77.
For the ground state of the nucleon, the DVVS tensor is W
exactly calculable niﬁgg onﬂ_];g)rgastic electromagnetic
form factors. v, the form factors of the
resonant and non-resonant intermediate states are not
well known and need to be parametrized through known
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experimental inputs of Compton scattering. This cre-
ates a model dependance in the B,, calculations similar
to what is observed in the TPE corrections the un-
polarized cross-section. Existing models [24-28] of single
spin asyminetries predict the asymmetry to be on the
order of 1079 [24] at few GeV electron beam energies,
making a measurememt antity technically chal-
lenging. Nonetheless, with the" precision achievable with
the present parity-violating electron scattering (PVES)

Aits, beam normal single $pin aqinw Y lpeey

nts have also be( ome po‘-.smlc (‘xporlme ts*
Sidual transverse polar-
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We report a measurement of the_beam norma
gle spin asymmetry generated in th&scattering of
electrons ﬁeni unigglari?gd Rrotons using the Quear ap-
paratus:,This measiiréntentt 1::/8( part of a series of ancil-
lary measurements performed by the Queqr collaboration
in order to constrain the systematic contribution to the
measurement of the parity-violating asymmetry used in
the first determination of the weak charge of the proton
[29]. The general performance of the experimental appa-
ratus has been described in detail in Ref. [29]. Details
relevant to the extraction of B, are presented here.

Approximately 54 hours of data were collected in two
separate time periods 4
using a transversely polarized electron beam. THe 150

Kuens e
f‘p[tr 2ed

oy

e

) 1@
2*.5 ‘5 eireutarty polarized electron beam was genera‘reﬂT"r 1€

v u§ se of photo-production from a strained GaAs cathode
b ga W ND at the injector of the Thomas Jefferson National Accel-
LY f‘ erator Facility. The electron polarization was adjusted to
r,u,‘\‘ 2 transverse orientation via two Wien filters [30] which are
L4 capable of rotating the electron spin in the vertical and
(‘ w p
horizontal planes independently. The full data set con-
5 q‘((' sists of data taken with two orthogonal transverse beam
ke polarization configurations, horizontal (spin pointing to }
5a‘{$ beam left at the target) and vertical (spin pomtu')xp}\)
Dp e A Polarized electrons were accelerated to an energy 1.160
‘-\"d ‘\5 GeV before reaching the Queqr setup located in the ex-
0""\4 perimental Hall C and scattering from unpolarized liquid

hydrogen (LH») encased in a 34.4 ¢m long aluminum cell
with aluminum alloy windows. _The electro roy at
the scattering vertex after Lgﬁeifoqui %??‘S 1.155
,b\(’7 + 0.003 GeV. The polarization of the beam was mea-
* sured with the Hall C Mpller polarimeter which yielded
an average beam polarization of (P) = (88.04 + (0.87)
7  %. A set of collimators located downstream of the tar-
get was used to select electrons with scattering angles of
o 5.0 A toroidal magnet was then used to select
¢ and focus elastic electrons onto a set of 8 Cerenkov de-
tectors located symmetrically around the beam axis 128
m downstream of the target.
TPUTPOSE Of SUPPIEssITg false a .
he helicity of the electrons was ﬂlppod at a rate

of 960 Hz in a pseudo-random sequence of + - - + or - +
+ - patterns efformevents (quartets) where + represents
the standard spin ormntd‘r]on (spm up or to_bea

: : Tho b]gnal ylelds were
then grouped into quartets to f01111 asyminetries. The
helic 1t3 —(011elai ed changesis : m‘rﬁeq angle,

CIllalning cor

as&mmet{:y—aimhsw-wﬁh tho use of 11111111 varlable lmecu

regression vielding regressed detector asymmetries.
For transversely polarized electrons scattering from un-

polarized nucleons, the asymmetry measured in a detec- \

tor placed in the scattering plane has an azimuthal
pendence given by dot not petvo
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where P is the electron polarization vector, k is a unit
vector normal to the scattering plane, ¢, is the azimuthal
angle of P and ?aet is the azimuthal angle of the detector
in the plane normal to the beam axis. Using this relation,
the regressed detector asymmetries were fitted to extract
the measured asymmetry. Acp, asshown in Fig. 1. The
fit included a floating phase offset in ¢g. to take into

account the defector offsets in the azimuthal plane and a
floating constant to take into account the detector offsets
in the radial and polar coordinates. The results of the fits

iich result in false asymmetr S
tes were largely removed Bjve
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FIG. 1. Representation of the techni : to extract the

physics asymmetry from the full data sef. In this particular
case, each data set represents an our measurement. The
octant number corresponds to the azimuthal location of the
detectors starting from beam left where ¢=0 and going clock-
wise. The reduced chi-squargin the vertical and horizontal
fits are 1.4 and 0.9, respectively. The relationship between
the measured asymmetry and the orientation of the beam po-
larization is clearly visible here.
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account the averaging of The asy mmetw over the eff
detector acceptance. oA I’\.quf how
¥ artiyed,

TABLE 1. Magnitude of the physics asymmetr
from the LH2 target via the fitting rnetO%
Fig. 1 Errors are statistical only =

(Q"" w(ppm)

~cfive

racted
resented in

l\a-f

Xo ~ Data set

W
5 (\k:; 7‘; g ‘4\ Runl-Vertical -4.807 £ 0.090 \r)ﬂ‘ \
J\\ oW o}a/ Runll-Vertical -4.701 £ 0.142 N
. J ‘),

RunllI-Horizontal -4.841 + 0.085

The largest background source in the detector accep-
tance is elastic and quasi-elastic electron scattering from
the aluminum alloy beam entrance and exit windows of
the LHy target cell. Dedicated measurements using an
aluminum alloy foil, su&]]ar to the one used in the target
cell but thl(‘k(—‘I‘ ‘Qf@ﬁ— erformed to determine the asym-
metry. t;}cn'%%deteugued from these measure-
ments for um l]::";"glound dilution of 3.3+0.29
is 0.331 ppm Addl‘rlonally, a background correction o

The inelastic asymmetry was measured using d(.d](,a,ted
wms. B, generated from elastic e+ Al scatter-
ing andmﬁ A transition will be presented in separate
publications in the near future. In addition to these
dominant background sources, neutral backgrounds in
the acceptance generated by sources in the beamline (a
Kz. 0.240.1% dilution) and other sources {a 0.2+0.2% di-
lution) M%bo studied and found not to generate an

azimuthal modulating asymmetry component, c&atho cur-
rent precision of the measurement. rrectlf)n waﬁ’jﬂm&hy TialaasEadilitian

applied for these backgrounds. However, their dilutions
were taken into consideration when extracting the final
asymmetry.
- A unique false asymmetry in a beam normal single
B OfB e v spin asymmetry measurement is a parity-violating beam
~ transverse smcrle spin asymmetry (B;) which is gener-
see_between one-photon exchange
and the Z-exc ange processes. ([he) measured asymme-
ST cosj)depend@ce and therefore can induce a
pha@e offset in the B,, measurement. At our kinematics,
B, is estimated to be in the order of 1071 [31]. Thus the
induced phase shift will be in the order of 107 which is
too small to be observed.

To extract the physics asymmetry at the effective ac-
ceptance averaged (Q?) = 0.0250 + 0.0006 (GeV/c?) of
the experiment, an additional correction factor of R,. =
1.01 + 0.004 was used to take into account energy losses
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and depglarization due to electromagnetic radiation. R .

= 0. 988 e 0 001 to take into account the light- (olle(tllg-n

o take into ac cmmt non—umhnm Q? variation acroy

stectors. .2 heag Lo R . 1s "\ X

bove corrections are apphed using the stand 1d for-
mula z*‘lj W

épfry/P Z,—l f?
ul o E? 1 f‘

where Riot = Rre X Rger % Ro2 and A; are backgroun
asymmetries generated byigr'mmum windows astics,
beamline n
fi. From ;
tain the bBedin normal single %pin asymimetry of -5.368
£ 0.06754a¢ = 0.07065,s ppm generated by elastic electron
proton scattering at a nominal scatt 3

7.9 £ 0.3° and afvertex energy of {F) = 1.155 + 0.003
GeV. The contributions from different error sources into
this result are summarized in 1T and are discussed
in more detail in Ref. [32]. 'Taut_

W’ a4

{Y!JQ‘EM Summary of measurew \0 C)

2 + (o) gt
the U_)':‘:’tl.o{

o s oy

(;Q

Error Source Rﬁatw Contribution (%) ﬁ

Statistics 1.250
Systematics

Beam polarization 1.047
Regression scheme dependence 0.635
Acceptance averaging 0.328
. Experimental bias 0.283
Aluminum background asymmetry 0.431
Aluminum dilution 0.166
Inelastic background asymmetry 0.025
0.073
Beamline background asymmetry 0.004
Beamline background dilution 0.104
Soft neutral background asymmetry 0.008
Soft neutral background dilution 0.208
Systematics only 1.401

Total

Figure 2 shows the comparison of our measurement
to three model calculations: Pasquini & Vanderhaeghen
[24], Afanasev & Merenkov [25] and Gorchtein [27], and
Tab. III shows the exact model predictions at the nomi-
nal scattering angle. Only one calculation shows a clear
agreement with this measurement. The Pasquini & Van-
derhaeghen calculation uses unitarity to model the DVVS
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tensor in the resonance regime in terms of electrgabsorp-
tion amplitudes whereas both Afanasev & Merenkov and

ﬁéﬁin use the Optical theorem to relate the forward
DVVCrtensor to the total photeabsorption, cross se%ion.
WVV SsP Ithough the three calculations predict Mbc V-

lor for the asymmetry in our acceptance, their central
values vary vastly from one another.

2 C Yy
would “normalizatioas bfq‘:ffj

B.Pasquini & M.Vanderhaeghen
—— A.Afanasev & N.PMerenkov
——— M.Gorchtein (with 1o bounds)
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FIG. 2. Comparison of this measurement to model cal-
culations by Pasquini & Vanderhaeghen [24], Afanasev &
Merenkov [25], and Gorchtein [27] in the Quear acceptance
of 5.6° to 10°. Our measurement is quoted at the nominal
scattering angle of 7.9°.

Generally, single spin asymmetry models agree that
the dominant contribution to the asymmetry comes from
the excited intermediate states of the nucleon in the
TPE. The Pasquini & Vanderhaeghen model considers
all resonance and non-resonant intermediate states up to
single 7w excitations whereas the Afanasev & Merenkov
and the Gorchtein models both consider all resonance
intermediate states with multi—( ‘& Mtations. This se-
lection criteria for resonance intermediate states causes
the largest difference between the two types of model
calculations. Furthermore, according to the Pasquini &
Vanderhaeghen model, the resonance intermediate states
of the proton that play a significant role in our kinemat-
ics are A(1232), Dy3(1520), and F15(1680)[33] with the
dominant contribution coming from the A(1232) reso-

TABLE III. Theoretical predictions for the beam normal sin-
gle spin asymmetry at the nominal scattering angle of 7.9°
and vertex energy of 1.155 GeV provided by Pasquini & Van-
derhaeghen [24], Afanasev & Merenkov [25], and Gorchtein
[27]. ¢=1.89 ppm, the experimental uncertainty in our mea-
surement.

luoab not adequately take into consideration all the possible
<

I R R TR X 9l0 . 95 1(;
5 yoqa%ﬂ hor. eomrbud

® of resolving the TPE correction dependency in proton

Model Predicted BNSSA Deviation from this
(ppm) measurement
Pasquini & Vanderhaeghen -2.92 =~ 240
Afanasev & Merenkov -4.56 = 8o
Gorchtein -5.42+0.067 = lo

(33}

inthe I Mrot-dus conneition
ey

nance. Based on this observation, the factor of two differ-
ence between the Pasquini & Vanderhaeghen model and
Afanasev & Merenkov and Gorchtein models may come
from the exclusion of the mmp decay of the Di3(1520)
and F5(1680) resonances which has a branching ratio
of = 50% [34]. Nonetheless, our measurement indicates
with a more than 3o deviation that single 7 excitations

resonance intermediate states in the TPE for electron en-
ergies above the 27 threshold of 1.216 GeV at the center
of mass frame. Moreover, the 1 ppm difference between
the Afanasev & Merenkov and Gorchtein calculations in-
dicates the model error associated with the parametriza-
tion of the photo-production cross section and the Comp-
ton amplitude.

AA..’J lflnngﬁt{

bit flt, can These

The differences in the beam normal single spin asym-
metry model calculations and our measurement originate
from the assumptions and techniques used to model the
two-photon exchange amplitude. Therefore, this mea-
surement is a stringent test of the two-photon exchange
models at low momentum transfers. Specifically, in light

e
PSP

becK 70 MUSE' fillc 2

magnetic radius extractions using form factors and for
further improving TPE corrections on future pp scatter-
ing measurements aiming to resolve the proton charge
radius discrepancy, precision measurements of TPE ob-
servables at low (2 kinematics will be vital for validating
TPE models.

This work was supported by DOE Contract No.
DEAC05-060R23177, under which Jefferson Science As-
sociates, LLC operates Thomas Jefferson National Ac-
celerator Facility. Construction and operating funding
for the experiment was provided through the U.S. De-
partment of Energy (DOE), the Natural Sciences and
Engineering Research Council of Canada (NSERC), and
the National Science Foundation (NSF) with univer-
sity matching contributions from the College of William
and Mary, Virginia Tech, George Washington Univer-
sity, and Louisiana Tech University. We wish to thank
the staff of JLab, TRIUMF, and MIT Bates, as well
as our undergraduate students, for their vital support
during this challenging experiment. We would like to
thank B. Pasquini, A. Afanasev, M. Gorchtein, M. Van-
derhaeghen, O. Tomalak and W. Melnitchouk for useful
discussions.

tltte /

~~ - i //.":A..AI' Z—

now at Syracuse University, Syracuse, NY 13244 USA
deceased

now at Los Alamos National Laboratory, Los Alamos,
NM 87545 USA

now at Indiana University, Bloomington, Indiana 47405,
USA

now at Institute for Basic Science, Daejeon, South Korea
** now at University of Manitoba, Winnipeg, MB R3T2N2

-t

wn



Canada

row at Rutgers. the State University of New Jersey, Pis-

cataway, NJ 08854 USA

corresponding author:  buddhini@jlab.org; now al

Thomas Jefferson National Accelerator Facility, Newport

News, VA 23606 USA

[1] L. W. Mo and Y.-8. Tsai, Rev.Mod. Phys. 41, 205 (1969).

[2] L. Maximon and J. Tjon, Phys.Rev. C82, 054320 (2000).

[3] M. Rosenbluth, Phys.Rev. 79, 615 (1930). :

[4] M. Jones et al. (Jefferson Lab Hall A Collaboration);
Phys.Rev.Lett. 84, 1388 {2000).

[5] P. A. Guichon and M. Vanderhaeghen, Phys.Rev.Lett.
91, 142303 {2003).

6] P. Bluaden, W. Mehitchouk,
Phys.Rev.Lett. 91, 142304 (2003).

21

it

and J. Tjon.

[7] Y. Chen, A. Afanasev, 5. Brodsky, C. Carlson, and

M. Vanderhaeghen, Phys.Rev.Lett. 93, 122301 {2004).

8] S. Kondratyuk, P. Blunden, W. Melitchouk, and’

J. Tjon, Phys.Rev.Lett. 95, 172503 (2005).

[9] P. Blunden, W. Melnitchouk, and J. Tjon, Phys.Rev.

72, 034612 (2005).

[10] 8. Kondratyuk and P. Blunden, Phys.Rev. C75, 038201
{2007).

[11] R. G. Milner
Conf.Proc. 1441, 159 (2012).

[12] M. Moteabbed et al. (CLAS Collaboration), Phys.Rev.
C88, 025210 (2013).

[13] J. Arrington, W. Melnitchouk, and J. Tjon, Phys.Rev.
C76, 035205 (2007).

(14] J. Arringion, P. Blunden, and. W. Melnitchouk,
Prog.Part.Nucl.Phys. 66, 782 (2011), arXiv:1105.0951
[nucl-th)].

[18] J. Bernauer ef al. {Al Collaboration), Phys.Rev.Lett.
105, 242001 (2010}, arXiv:1007.5076 [nucl-ex].

[16] X. Zhan, K. Allada, D. Armstrong, J. Arrington,
W. Bertozzi, et al, Phys.Lett. B705, 59 (2011),
arXiv:1102.0318 [nucl-ex].

{171 P. J. Mohr, B. N. Taylor, and D. B. Newell,
Rev.Mod.Phys. 80, 633 (2008), arXiv:0801.0028
[physics.atom-ph].

[18] R. Pohl, A. Antognini, F. Nez, F. I}. Amaro, F. Biraben,
et al., Nature 466, 213 {2010).

[19] G. A. Miller, Phys.Lett.
arXiv:1209.4667 [nucl-th].

[20} C. E. Carlson and M. Vanderhaeghen, Phys.Rev. A84,

B718, 1078 (2013},

(OLYMPUS Collaboration), AIP

020102 {2011), arXiv:1101.5965 [hep-ph].

[21) R. Gilman el ol (MUSE Collaboration),
arXiv:1303.2160 [nucl-ex].

[22] ©O. Tomalak and M. Vanderhaeghen, Phys.Rev. D90,
013006 {2014), arXiv:1405.1600 [hep-ph.

[23] A. De Rujula, J. Kaplan. and E. De Rafael, Nucl.Phys.
B35, 365 (1971).

[24] B. Pasquini and M. Vanderhaeghen, Phys.Rev. CT70,
045206 {2004).

[25] A. V. Afanasev and N. Merenkov, Phys.Lett. B599, 48
(2004).

[26] D. Borisyuk and A. Kobushkin, Phys. Rev. C75 {2007).

[27] M. Gorchtein, Phys.Rev. C73. 055201 {20086).

[28] M. Gorchtein, P. A. Guichon, and M. Vanderhaeghen,
Nucl.Phys. A741, 234 (2004).

[29] D. Androic et al. {Qwear Collaboration), Phys. Rev. Letd.
111, 141803 (2013).

[30 P. Adderley, J. Benesch, J. Clark, J. Grames, }. Han-
sknecht, et al., Conf.Proc. C110328, 862 {2011).

[31] W. Melnitchouk, P. Blunden, and P. Sachdeva, Theory
Center, Jefferson Lab (2014), Private Communication.

[32} D. B. P. Waidyawansa, A 3% Measurement of the Beam
Normal Single Spin Asymmetry in Forward Angle Elastic
Electron Proton Scellering Using the Quear Setup, Ph.D.
thesis. Olhio University {2013).

[33] B. Pasquini, Dipartimento di Fisica Nucleare ¢ Teorica,
Universita di Pavia, Itally (2012), Private Communica-
tion.

[34] J. Beringer et al. (Particle Data Group), Phys.Rev. D88,
010001 (2012).

135] G. Greenhut, Phys.Rev. 184, 1860 (1969).

[36] R. Tarrach, Nuovo Cim. A28, 409 (1975).

i37] R. Arnold. . E. Carlson, and T. Gross, ’hys.Rev. C23,
363 (1981).

[38] I. Sick, Phys.Lett. B576, 62 (2003).

[39] D. Armstrong et al. {GQO Coliaboration), Phys.Rev.Lett.
95, 092001 (2005).

[40] A. Gramolin, J. Arrington, L. Barkov, V. Dmitriev,
V. Gauzshtein, et ol., Nucl.Phys.Proc.Suppl. 225-227,
216 (2012).

[41] M. C. Birse and J. A. McGovern, Eur.Phys.J. A48, 120
{(2012), arXiv:1206.3030 [hep-ph].

[42] R. Pohl, R. Gilman, G. A. Miller, and K. Pachucki,
Ann.Rev.Nucl.Part.Sci. 63, 175 {2013), arXiv:1301.0905
[physics.atom-ph).

(2013),



