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Experimental Search for Two Photon Exchange irepElastic Scattering

B. A. Raue

Florida International University
Miami, FL, U.S.A.

Two photon exchange (TPE) has been proposed as the primanesafithe discrepancy between Rosenbluth and polarizétémsfer methods
of determining the electric-to-magnetic form-factor ratidle proton. A direct measurement of the TPE contribution tstielacattering is necessary
to verify this hypothesis. In this proceeding | will brieflguiew the motivation for the TPE search, discuss how one @rpetally obtains the real
part of the TPE amplitude, and present some of the details tiigefp such an experiment. | will also present some very praknyi results from
Jeferson Lab and discuss what is expected to be measured in theearfuture.

1. Introduction

Elastic scattering of electrons on protons is one of the stprocesses studied in nuclear physics. Under the asisumagb
single-photon exchange, known as the Born Approximatioa glastic cross section is given by
do do 1

(E)lab ) (E)Mm 17 [CEQ) + (@) (1)
where the Mott cross section describes scattering from @t-ike particle andZ(Q?) andG2 (Q?) are the Sachs electric and
magnetic form factors. The other variables are kinematantjties that are defined in the appendix. The electromagfeetn
factors, simplistically, describe the distribution of ofpaand current within the proton and are discussed extgdy Professor
Tomasi elsewhere in these proceedings.

One way to determine the form factors is through what is knas/a Rosenbluth separatibin a Rosenbluth separation the
cross section is measured as a functios af fixedQ?. A linear fit of the reduced cross secti@neq = [eG%(QZ) + TG%A(QZ)],
then has a slope @2 and a y-intercept ofG,. Two examples of Rosenbluth separatfomse shown in Fig. 1 aQ? = 2.75
and 4.25 GeY. This was the predominant method of extracting the fornofactor many years and the database for the elastic-
scattering cross section is quite extensive. (Se€’Ratl references therein.)

One can also determine the rat& /Gy through polarization transfer measureméntstor example, in the reaction of
€+ p — e+ p, one can measure the transverBg)(and longitudinal P_) polarizations of the outgoing protons. The ratio of the
form factors is then given by

% = _i@ tang

Gw  PL 2m, 2' @)

This technique was first used at MIT Bdtdsllowed by a series of measurements afelson LaB1113-17and Mainz? One
can also extract the form-factor ratio using a polarizedtet& beam on a polarized proton target®

Fig. 2 shows the ratip,Ge/Gm (wherepu, is the magnetic moment of the proton) as measured by the twloot® There is
an obvious discrepancy between the Rosenbluth pointsoflipiind the polarization results (solid) that grows with

The most prevalent explanation that has been put forth twvweshis discrepancy is that two photon exchange (TPE) con-
tributes to the elastic cross section at level larger thamipusly expected. Fig. 3 shows the various diagrams thatibate to
elastic scattering. It is the Born diagram that we are irstexetin for determining the form factors. Diagrams (a)-( &) and
(h) are generally accounted for by “standard” radiative@ctiong*2° while diagrams (e) and (f) are the two-photon exchange
terms, which are ignored in the standard corrections. Thevatmn for ignoring the TPE diagrams has been the expectat
that they must only contribute on the orderadf(a being the fine structure constant) while the other termsrilrie to order
a. However, since the intermediate state in the TPE diagram$e not only a proton but any accessible baryon resonaree or
continuum state, it is not hard to imagine that these diagnasay well sum up to a significant contribution.
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Fig. 2. Proton form factor ratig,GE/G}, from polarization-transfer measurements (filled symbols) wékett'® Punjabi and JonesGayoud® Zhan!’
Meziane!! and MacLachlaf? as well as from Rosenbluth measurements of Watkekndivahis22 Christy2 and Qattarf> The solid curve is a global fit
of polarization results from Réf

It is the very fact that there are so many possible intermieditates—mostly with unknown photo-couplings—that make a
reliable calculation of the TPE correction sdfaiult. Nonetheless, many such calculatiohave been recently done, several of
which do a remarkable job of reconciling the form-factorcdépancy. For example, the Hadronic Intermediate Stateehwudd
Blunden, Melnitchouk, and Tj@# has been used to correct the Rosenbluth data as shown in.Figrther corrections have
come even closer to reconciling the form-factor discreggnc

*For an excellent review of our current knowledge of TPE lidihg a summary of TPE calculations, see Bef.
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Fig. 3. Feynman diagrams for elastic electron-proton sdéagieincluding the 1st-order QED radiative correctionsagams (e) and (f) show the two-photon
exchange e terms, where the intermediate state can be antedgxaton, a baryon resonance or a continuum of hadrons.

12 E 4
1.0 'ﬂéﬁr&&ﬂaﬂiﬁéﬁ%—-“ agh oE oo ¥
" gﬂ;’% !
v 0.8 F 3
" }
&) 0.6 -
(-9 } 5
o4 . 3
02 F 3
0.0:......| . . . . : ..:...1:
107" ° 10*

10
Q® [GeV?]

Fig. 4. Comparison of form-factor ratios for polarizatiomséer data (filled diamonds) and Rosenbluth data correctefiR& dfects (open circles) using the
HIS calculatior?’

2. Direct Measurement of TPE

Though TPE is the most likely explanation for the form-faad@screpancy, a direct measure of the TPE amplitude is 8aken
A direct model-independent measurement of the TPE cooratan be achieved experimentally by finding the ratio of the
positron-proton to electron-proton elastic cross sestion

The amplitude of elastie p-scattering with an accuracy of,,,can be written as

Avotal = eeepABorn + egepAe.br. + eeelngp.br. + ege%AZ)/, (3

where the amplitudedgom, Aebr., Apor. and Ay, respectively describe one-photon exchange, electrondsteanlung, proton
bremsstrahlung and two-photon exchange. Note that rediatirrections such as vertex corrections and vacuum patam
do not contribute to the charge asymmetry and are therefirnaluded here. Squaring the above amplitude and keepimg t
corrections up to orderen, that have odd powers of electron charge, we have

|Aep—>ep|gdd = ege%“ABorM2 + eeepABornZRdAzy) + eeepZRdAe‘br.ABbr.)], 4)

where the notatioReis used for the real part of the amplitude.
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Corrections that have an even power of lepton charge, iimgjuthe largest correction from electron bremsstrahlurg, d
not lead to any charge asymmetry. The last term in the abopeession describes interference between electron andmprot
bremsstrahlung. Its infrared divergence exactly candascorresponding infrared divergence of the teAgamRe(Agy). This
interference ffect for the standard kinematics of elastip-scattering experiments is dominated by soft-photon eomsand
results in a factorizable correction already included mstandard approach to radiative correctiths.

Therefore, after correcting for the interference betwdeaotsn and proton bremsstrahlung, one can isolate the Pty
taking the ratio of positron- to electron-proton cross isest

o(e*) = ogomn(1 ¥ 527)’ )
_o(e) .
Roy = — ©) > 1- 265, (6)

whereds, is the two photon exchange correction factor. Obviouslyhéabsence of TPHifects,R is equal to one.

Sinceds, is expected to be of order 0.01, one needs to med&yraith to an uncertainty of no more that1%. To do this
with separate cross section measurements is véigudt. One must control factors such as the lepton flux, thgetathickness,
and the beam energy precisely, as well as maintaining a leigied of certainty on detector acceptance. Experimentypamally
do no better than few percent for the systematic uncertainty

2.1. Previous Experimental Work

Though it is dificult to measurd,, precisely, there were several experiments in the 1960's fast that! The first experiment
took place in 1962 at the Stanford Mark Il Linac (a predeoess SLAC)?® This was followed by a series of seven other
experiments through 1968. Fig. 5 shows these data plotted Vhese data span@ < Q? < 5.0 Ge\? and the entire range.
However, the size of the uncertainties and the relative ¢ddw ¢ make it impossible to discern any significant deviation from
unity. In Ref.?8 a linear fit to the data fof* < 2.0 Ge\? did find a large non-zero slope (0.087.018) but there is almost
certainly someQ? dependence that has not been disentangled fromdependence.
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Fig. 5. Previous world data dﬁzy.zs Data for diferentQ? ranges are indicated byftirent symbols as shown on the figure.

At the time of these measurements, the large uncertainti&s,owere enough to convince people that TPE was negligible,
at least relative to the typical size of uncertainties ondtess section measurements available. Clearly, givenitieeo$ the
form-factor discrepancy that now exists, that is no lonperdase and more precise measuremen®s,oire now required.

fSee Ref8 for a summary of the early electron-positron ratio measurements



March 9, 2012 15:52 Page Size: 20.0 x 28.5cm  main

34 B. A. Raue

3. The CLAS TPE Experiment

The CLAS TPE experime?ft will measureR,, for Q> < 3.0 Ge\? and nearly the entire range efwith small uncertainties.
Systematic uncertainties ef 1% will be achieved by using a novel technique of simultasemeasurements of electron and
positron elastic scattering yields. In this way, factomt ttontribute to systematic uncertainties in cross sectieasurements—
such as incident particle flux, target thickness, and deteaiceptances—will largely cancel out.

3.1. Experimental Details

The experiment took place at the Thoma#ekson National Accelerator Facility (Jerson Lab) in Newport News, Virginia,
U.S.A. At the heart of Xéerson Lab is the CEBAF superconducting electron accelecafmable of achieving continuous, high
intensity beams with energies of almost 6 GeV. The beam casinbeltaneously delivered to each of the three experimental
halls-A, B, or C.

For this experiment, the CEBAF Large Acceptance Spectren(@LASF! in Hall B was used. CLAS (shown in Fig. 6)
is a nearly 4 detector. The magnetic field is provided by six supercoridgatoils, which produce an approximately toroidal
field in the azimuthal direction around the beam axis. Theoregbetween the six magnet cryostats are instrumented with
identical detector packages called sectors. Each seatsists of three regions of drift chambers (R1, R2, and R3gterthine
the trajectories of charged particles, Cherenkov Courfte® for electron identification, Scintillation CounteiSQ) for time
of flight information, and Electromagnetic Calorimeters ébectron identification and neutral particle detectioheTR2 drift
chambers are in the region of the magnetic field and proviaeking that is then used to determine particle momenta with
op/p ~ 0.6% In this experiment, the CC’s were not used and the EC’s elseused as a cross check.

Fig. 6. Three dimensional view of CLAS showing various compis&s described in the text. In this view, the beam enterpittiare from the upper left
corner.

In order to produce simultaneous positron and electron betma electron beam was first incident upon a gold radiatbr fo
to produce a photon beam through Bremsstrahlung. The HalgBer magnét was then used to divert the electrons into an
underground beam dump. The photon beam then struck a golértento produce* /e pairs. The beams then entered a three-
dipole chicane to separate the lepton beams from the ph&ambThe photon beam was stopped by a tungsten block, while
the leptons were recombined into a single beam at the thimlelbefore proceeding to a liquid hydrogen target at théeced
CLAS. Fig. 7 shows the layout of the beamline.

A feasibility test run of the experiment was conducted in@B0which most of the elements shown in Fig. 7 were in place. A
primary electron-beam energy of 3.3 GeV and00 nA was used to produce a beam curfdnt 20 pA (each charge) of tertiary
beam current with @ < E < 3.3 GeV on an 18-cm-long LHtarget. While the run’s primary goal was to study backgrolamts
count rates, data useful extractiRg, were taken for about%ldays. The CLAS torus polarity was flipped periodically, whic
cancels out lepton acceptandeeats. The data acquisition was triggered on events with Ti@Rrhopposite CLAS sectors with
one hit being ab < 40°.

3.2. Data Analysis

In this analysis we were faced with a number of issues thatiatemmon to the majority of CLAS experiments. For example,
the energy of the incident lepton is not known and the stahaeathods of lepton identification cannot be applied becasgo
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Fig. 7. Beamline sketch for the CLAS TPE experiment.

not have CC or EC information. The solution to this is to reguihe detection of the protons along with the leptons andbéxp
elastic-scattering kinematics and other cuts to identigngs of interest and to match the detector acceptancesddawb types
of events (electron-proton and positron-proton). A dgdion of the important analysis techniques is given below.

3.2.1. Elastic Event Identification

The first step in event identification was to isolate the esaiith only two particles in the final state and require thatsthparticles
were in opposite sectors. A cut was also placed on the chétbese final state tracks, and only events with positiggative or
positivepositive charge combination were kept. In order to deteemthich particle was the proton and which was the positron
in positivepositive events, a threshold gf> 0.9 was imposed to decide which particle was the positro. A 0.9 would
requirepp > 1.94 GeV, which is well above our elastic acceptance limipgf< 1.8 GeV. For positivgpositive events that did
not subsequently satisfy the additional cuts listed belegvswapped the identities of the two positive particles ametked to
see if they then satisfied the additional cuts. They did not.

The additional cuts included bad paddle removal, evenexertts, and range limitations applied to six individualddmatic
variables that correspond to the elastic scattering iotiera These are summarized in the list below. As will be shaoiliese
cuts were correlated in that any single cut has mininfi@og when all of the other cuts are applied. This lead to a vigrc
elastic event distributions with minimal background comitzation. Figs. 8-11 show some of the cut variables. Unl#ssraise
indicated, they show the combined data for both torus paari

(1) Bad paddle removal.As CLAS has aged, some of the TOF photomultiplier tubes (PN&Me deteriorated in performance
and no longer give reliable information. Events that regikits in these paddles have been removed from the analysis.

(2) z-vertex. Using the CLAS drift chambers to reconstruct the particégettories, the event origin along the beamlire (
vertex) can be identified. A cut was placed®wertex to ensure that events came from thée tatget.

(3) Azimuthal opening angle (co-planarity). Since there @mly two particles in the final state, these events must kfaamar.
Fig. 8 shows the azimuthal-angleidirence between events before and after all other cuts.

(4) Transverse momentum.Because the beam travels along thaxis, conservation of momentum requires the total trans-
verse momentum of the final elastic scattering products trebe. Therefore, good elastic events will result in a trenss
momentum peaked near zero as shown in Fig. 9.

(5) Beam energy dfference.Because we measured the energies and 3-momenta for battigsairt the final state, our kine-
matics are over constrained. This allows us to reconsthectihknown energy of the incident lepton (tertiary beamgyjer
in two different ways. Equation 7 finds the incident energy using thitgesed lepton and proton angles, whereas equation 8
calculates this value from the total momentum alongztizection.

angles __ Oe:
Epeam = Mp (cot7 cotfp — 1) (7)
Ebeam = Pe: COSOe: + Pp COSHp (8)

Assuming perfect momentum and angle reconstruction, theseguantities should be the same resultingAiBpeam =
gandles_ gmom — 0 TheAEpeamdistribution is shown in Fig. 10. The 7 to 22 MeV shift in thent@ids from zero is due to

beam beam
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(6) Beam polar angle.The reconstructed incident leptofi (= i + Py) was required to travel along thzeaxis. Any large de-
viations may be due to inelastic events, mis-reconstrustatiered particles, or multiple-scattered final particl® discard
these background events, the beam polar angle—from thestaoted three-momenta of the detected particles—wageek
to bebfpheam < 5°. The beam polar angle distribution is presented in Fig. is Tut also has theffect of removing events
with a missing particle so it is largely redundant to the begrergy diference cut and the transverse momentum cut.

(7) Distance of closest approach between lepton and proton caitthtes. The distance of closest approach in this context is
defined as the distance that two tracks (lepton and protangadosest to one another. The shortest distance is found usi
an algorithm that draws a line perpendicular to both trackd @lculates the length of this line and a cut is placed o thi
distance to ensure the two tracks come from the same event.

(8) Fiducial cuts. Fiducial cuts are used to select the region of CLAS with unifacceptance.

The cuts for above items 3,4,5,7 and 8 were determined hyffigtiGaussian to the peak of the combined distribution fdr tha
variable of both event types and torus polarities and ggttie cut to+4o-.

The cleanliness of the final data sample after these cutsapgiéed is show in Fig. 12, which isW = /m;, + 2m,y — Q?
distribution for one of our bins ia. The peak is at the proton mass—as expected—and is corgplétiebut any hint of non-elastic
background.

The distribution of events iQ? vs. e after all cuts is shown in Fig. 13. The green boxes in the figh@v the bins used for
the final analysis, while the pink boxes show the binning useslr systematic uncertainty analysis. The final resulteeca
single@? bin (0.125 < Q? < 0.400 Ge\* with (Q?) = 0.206 Ge\?) and seven bins i (0.830 < ¢ < 0.943) such that we have
similar statistical uncertainties in eaelin. This allows direct comparison to previously existiregal

3.2.2. Acceptance Corrections

Clearly, the detector acceptances for electrons and pasitior a given kinematic bin are going to befdient because one
bends away from the beam line while the other bends towarddlaen line in the CLAS magnetic field. We have accounted
for this acceptance fierence by using an acceptance-matching algorithm. Thigfeving” algorithm calculates the trajectory
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Fig. 11. Reconstructed polar angle of the beam for event dyyktorus polarity as indicated. Black histogram is the thafare all cuts except the opposite
sector cut and the red histogram is after all other cuts. Hsbed lines show the applied cut.
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Fig. 12. Top two panels show th¥ distributions (in GeV) for positive torus polarity eleatrgleft) and positron (right) events for&0 < ¢ < 0.840 and
(Q?) = 0.206 Ge\* with all cuts applied. The bottom two panels show the samedgative torus polarity events. A Gaussian fit is includedaregion around
the peak.

of particles through the CLAS detector system and magnetid.firhe acceptance matching was done by taking each event,
say ane” p event, generating the conjugate lepton with the same kitiemaantities f andg), and swimming the hypothetical
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Fig. 13. Binning scheme, shown for negative polarity for gtats (black) and positrons (red). The green boxes showiittmérlg for the final data and the pink
boxes show the fine bins used in the systematics studies.

lepton through CLAS—ag" in this case. If the conjugate event remains in the CLAS aeceg, the original event is kept. If the
conjugate event falls outside of the CLAS acceptance (et@htside fiducial cuts or hits a bad paddle), the event isadisd,
thus ensuring that the two types of events have the same &kiieatceptances.

The remaining dferences between torus settings can be removed in the rasis sections as follows:

_o(e'p)  [NffFNTEY
(e p) YN;fo N-f-
= VR.R, )

wheref; represent unknown torus-polarity-related acceptancalatettor &iciency functions. In all cases the subscript refers
to the torus polarity and the superscript refers to the leptmrge. By charge symmetry, one expe¢cts= f- andf* = f, thus
canceling out in ratio.

We checked the quality of our acceptance corrections in tagswl) Doing a full Monte Carlo (MC) acceptance correction,
and 2) calculating the double-ratio given in Eq. 9 with noreotions at all. We found thatffierences iR to be smaller than the
statistical uncertainty. We used theéfdrence between our acceptance-matched results and ouolézied results to estimate
the acceptance-related systematic uncertainty.

3.2.3. Systematic Uncertainties

The four major categories of systematic uncertaintieswteahave considered in this analysis are:

(1) Luminosity differences between electrons and positron3his uncertainty was determined by a detailed MC study of
the beam line that included all known lepton interactionse MC study showed that the relative fluxtdrence between
positrons and electrons on the target was less than 0.01.

(2) Effects of elastic event ID cutsThis was studied by varying the widths of these cuts (fromrtbminal 4¢- cut to a 3¢
cut or removing the cut entirely). Theftirences in the final results between the nominal and thedvatits result in an
estimated absolute uncertainty of 0.0040.

(3) Effects of fiducial cuts.We also varied the cuts that define the good region of CLAShaganmparing the nominal results
to those with the varied fiducial cuts. The estimated abealatertainty is 0.0071.

(4) Acceptance #fects.As previously mentioned, this was done by comparing our nailmesults (using acceptance matching)
to results using a MC acceptance correction. The estimdtsalgte uncertainty is 0.0083 and is the largest of our syatie
uncertainties.
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3.3. Early Results from CLAS

Our final results are shown in Fig. 14 along with the previoosiels data at a similar value @?. A small radiative correction
0.0049) has been applied for lepton-proton bremsstrahluegf@rence. There are seven previous data points in thie sange
of Q? (blue points). The plot shows a fit linearér(R = me + b) that includes our data (again including point-to-poirgtsynatic
uncertainties) and the blue points. The fit at #@&results in are-dependence consistent with zero £ —0.005+ 0.020) and
b = 1.028+ 0.017 with y?/v = 0.70. Essentially, there is ne dependence at thi®> but there is a statistically significant
deviation from unity. A constant fit of our data and the worltadresults in an average value of 1.8240047, which is more
than five standard deviations from unity, though systematiertainties do shrink the significance of this deviatibime figure
also includes the BMT calculaticdif. There is a significant fierence between our fit and the BMT calculation.

1.15_] T T T I T T T T I T T T T I T T T T I T T T T Il:
®O110fF T -
o i i
S 1.05¢ ]
& :
o 1.00 — ]
ﬁ C i
r 0.95F =

0.90 |

0.0 . . . . 1.0

Fig. 14. Charge asymmetry ratio overlaid on the world dataciBFiled squares are from this experiment(§%) = 0.206 Ge\? and have had radiative
corrections applied, blue filled circles are previous watéda at similaiQ?, and green hollow points the rest of the previous world dath ®? < 2 Ge\2.28
The linear fit (heavy magenta line) includes the present dadattze blue points while the light magenta lines indicate treuhcertainty in the fit. The red
shaded band indicates the point-to-point systematic uaiogyt(1o) and the black shaded band represents the scale-type stistan@rtainty (due to relative
luminosity) on the present data. The red dashed curve is tHe &hNtulatior?’ at Q? = 0.2 Ge\2.

4. Conclusion and Future Prospects

During late 2010 and early 2011 we conducted the full CLAS EReriment using an incident beam energy of 5.5 GeV and with
about a 50 times higher luminosity than for the 2006 run. Tinal fiesults from the experiment will have statistical utaiaties
of better than 1% foQ? < 1.5 Ge\? and better than 2% fa@? < 2.5 Ge\® over nearly the entire range. Analysis is underway
and we expect preliminary results to be available in eary220

There are two other experiments that will also provide meamants of the TPEfect in much the same way as the CLAS
experiment. In 2009, the Novosibirsk grddpneasured?,, at Q? = 1.5 Ge\? and in 2012, the OLYMPU% collaboration will
measureR,, at Q> < 2.5 Ge\2. Both experiments should result in similar uncertaintisoar CLAS experiment though with
more limited coverage ia. Fig. 15 shows the expected uncertaintes and kinematicage®nce the analyses are completed.

These experiments will provide information that is vitabtar understanding of the electon-scattering process dsaweur
understanding of the proton structure. We have heard thenmommantra that “the electromagnetic probe is well understo
However, the discrepancy between Rosenbluthe and pdianzeeasurements of the form-factor ratio indicates atisa.
Indeed, if we don’t even understand elastic electron stagiehow well do we know anything we have measured with ebect
scattering? There are important implications for many eftniuclear physics quantities we study ranging from higlcipien
guasi-elastic experiments to strangeness and paritytiinlaxperiments to transition form factor exeperiments.

5. Appendix: Kinematics Definitions

Several kinematic quantities appear throughout this miog that require definition. Fig. 16 shows the scatteriranaelectron
from a proton through the exchange of a single virtual phdsdrown byy*). The incident electron is described by the four
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Fig. 15. Expected uncertainties and kinematic coverag&dpifor the Novosibirsk VEPP-3 experiment (blue points), OLYMP{tyan points), and CLAS
TPE (red points) compared to the previous world data.
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Fig. 16. Diagram of elastic scattering of an electron frommagn through the exchange of a virtual photg#)(

vector E, pe), the scattered electron by the four vectlr |f."), and the scattered proton by the four vecty, (7). The electron
scattering angle is denoted Byand the proton scattering angle is denotedhyA quantity that we see frequently is the square
of the four-momentum transfer of the virtual photon:

Q? = - = 4EFE' sir? 9—; (10)

This quantity can be thought of as the resolution of the airplhoton or, more appropriately for our case, how deeplyitigal
photon probes the proton.

The degree of the transverse polarization of the virtuat@h@ given by
-1

e=|1+2 1+V—2 tang—e (11)
= % >|
wherey = E — E’ is the energy transfer by the virtual photon.
In our expression for the cross section we also saw thetaxmich is defined as
QZ
=—, 12
’ 4m, (12)

wherem, is the proton mass.
Finally, the invariant mass of the intermediate hadroragesis given by

W= M2 +2mpy - Q2 = V5§, (13)
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wheres is the Mandelstam variable. In the case of elastic scagiétis always the case th&f = mj,.
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