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Proton form factor puzzle

® Proton form factors, Ge(@?) and Gp(Q?) describe its charge and
magnetization distributions.
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® The possible explanation is the two photon exchange (TPE) correction to the

Rosenbluth separation measurements.
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Possible TPE effect on Rosenbluth measurements

® The general 1-y and 2-v exchange cross-sections
1: g—g x [eG% +1G%)
2:98 o [G%+7G%] + [22(rICul +1GeCal) V2,

[Guichon and Vanderhaegen, PRL 91 (2003) 142303)]

® Another e dependent oR = 5GZ_ + TG,%/,
term 0150 T T T T
J r —001- 0%= 2 .
o Modified G and Gy E01-001: Q*=2.64 GeV'
® A few percent change in .0145 AGy,
the cross section has a
large impact on the b“ .0140
Rosenbluth Gg
extraction. 0135 G
0130 P ) g
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Hadronic calculation of TPE
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® [ntegrating over all intermediate proton states is
difficult.
Increasing no. of resonances increases Q2 range.

® Proton intermediate state only, more significant
at low € and high Q2.
P.Blunden et al., Phys.Rev.C72: 034612 (2005).
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Two Photon Exchange

Measure the positron-proton to electron-proton cross section ratio to determine the
TPE correction.

Lepton-proton elastic scattering cross-section,
e e'
Born o‘(eip) X |A€P—>€P|2 = |ABorn + ...+ A2’7|2
P P 4 )
U(e P) & |ABorn| + 2ABornRe(A2’y)

S of
% é g § o o(eTh) | ARe(4r)
O'(E_p) ABorn
(@) (b) (© (d)
® R provides a model-independent
é; g g é g measurement of the TPE
contribution.
@ (h)

) TPE

We measured e p and e~ p scattering simultaneously using a mixed electron-positron

beam.
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Producing a mixed electron positron beam in Hall-B

Beam Profile
Calorimeter

CLA
converter S\

i 3—dipole Chicane
p,,mi:@j'at‘” i_P_l—i Radphi wall

electron | photon ositrons combined

. beam P ,e*le” beam TaEet
_____ Ll
electrons { \ W collimator
photon blocker BPM
Tagger magnet \3 tagger dump

Primary electron beam: 5.5 GeV and 100-120 nA
Radiator: 0.9% of primary electrons radiate high energy photons

Steel Wall

Tagger magnet: sweep the primary electrons to the tagger dump

Converter: 9% of photons convert to electron/positron pairs

Chicane: separate the lepton beams, stop photons and recombine the et and
e~ beams

® Target: 30 cm liquid hydrogen
® Detector: CEBAF Large Acceptance Spectrometer (CLAS)
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The experiment

Large-angle Calorimeter
Drift Chambers L Electromagnetic Calorimeter
Region1 —— e
Keglon3 -\

TOF Counte! Cherenkov Counters

Continuous incident energy distribution

Detect scattered particles over a wide
range

Match acceptance
® Select regions of detector with

100% acceptance for both e*
and e™

Systematic controls

® Reversed torus and beam line
magnetic fields periodically to
cancel artificial charge
asymmetries

Select elastic events using four
kinematic cuts
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Kinematic Coverage (Q? vs. ) and Binning

4.5

Positive torus (e*p events)
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Continuous wide Q?-¢ coverage
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Ratios
Single Ratio
Measure elastic scattering ratio for given CLAS torus magnet
polarity: Proton acceptance cancels

+
Re = N°°
1 = pep

Double Ratio
Flip torus polarity and form a ratio for given chicane polarity:
Lepton acceptance cancels

Ry = \/(RfRY)
Quadruple Ratio

Flip beamline chicane magnet polarity and form a ratio:
Beam asymmetry cancels

R=\/(RSRy)
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Results at Q2 = 1.45 GeV/?

(Q%) ~ 1.45 GeV?
® Background subtracted
® Dead detector cuts applied

® \With radiative corrections
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Results at ¢ = 0.88
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® (c) ~ 0.88.
® Background subtracted
® Dead detector cuts applied

® \With radiative corrections
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Sources of Systematic Uncertainty

e e™ /e~ beam luminosity
e beam chicane cycle variance
e CLAS detector imperfections
e sector variance
e Background fitting
e Elastic event selection and
background subtraction
e Fiducial cuts

e Target vertex cuts
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Systematics - e /e~ Luminosity

Converter 3—d| ole Chicane e The reconstructed electron and
positron incident energy distributions
OSItrons . .
are slightly different due to
electrons asymmetric beam transportation
photon blocker through beamline magnets (chicane).
0.018 0.018
0.016;* Positive Chicane Polarity 0-016;— Negative Chicane Polarity
0.014 ep events 0.014 ep events
0.012; e'p events 0.0123— e'p events
o.o1f— o.o1f—
o.ooaf— o.nosf—
“-006; o.nosf—
0.004] 0.004 f—
o.nozf— o,nuzf—
o T5s o 0.5””1”"1.5”"2"”2.5 s
Eincident (GEV) Eincident (G€V)
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Systematics - e /e~ Luminosity

e ) 09965+ ooostar
": e+/e- chicane left ‘ ’
= ST RE H iy “
S i 11 T H
i 3 e+/e chicane right
3 Lol
r [{ T il
|_Double Ratio [e'/eT [e'/eT | [ il Tndf N“A;n‘/z;g

minEnerg; (arb. scale)

Energy distribution measured by
TPE calorimeter.

® The e /e™ pair-production is
inherently charge-symmetric.

® Chicane is not perfectly
symmetric but et-left is the
same as e~ -left.

® Periodically flipping the
chicane leads to symmetric

luminosities.

® Uncertainty due to luminosity
is measured by the
comparison of magnet cycles.
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Systematic Uncertainty Due to Lepton Beam Variation

12
E . e . —e— Cycle 1
115 2 Double ratio - positive chicane Cyele 2
E —s+— Cycle
11E
. E —e—Cycle 3
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*: ‘: = I : —e— Cycle 4
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woE | 4 T f
09F i Bl
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e Periodically reversed beamline and torus magnet polarities results
four magnet cycles.

e Measure the e+/e- ratio for each chicane polarity and each magnet
cycle.

e The measured variance of ratios (02 ,,) includes both statistical and

systematic uncertainties.

2

e Systematic uncertainty: Osyst’ = 02, — Oz

e Repeat this for the six CLAS sectors to determine the systematic
uncertainties for dead detectors.
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Comparison to the world data at Q? ~ 1.5 GeV?

1.1]
1'08: Blunden Calculation
H PRC72 (2005) 034612
1.06{
— M T T VEPP-3 Novosibirsk (preliminary)
L2le 104
ofe TH 1
'°”° 1.02F o i T
— -‘—‘_'::—...,____‘_‘__.—:'
o F N
1k o
F CLAS TPE {preliminary) +
0.981 * -
0.96
0'940 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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Proton form factor measurements at Q2 = 1 — 2 GeV/?

1.2 1
r —e— Punjabi (JLab 2000/2005) L
r RoseanUth —&— Gayou (Jlab 2001) L Andivahis (SLAC 1994
1 1; separation —e— Andivahis (SLAC 1970) 1.05- ndivahis ( )
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Implications of the CLAS TPE measurements on the
existing Rosenbluth measurements

1.08
1.06/— Blunden Calculation ® | epton-proton elastic
r intercept = 1.058 +- 0.001009 scattering cross section
1.04f— slope  =-0.05889 +- 0.001687 including TPE correction
ola [
ofe -
1.02— — _
b"O o2 ale”p) = ogom(l+ 527)
x C CLAS TPE Preliminary + —
1 et = 0'(6 P) = O'Bom(l - 627)
[ intercept=  1.064 +-0.0238 l +
[ slope =-0.08316 + 0.0359 l l R = a(etp)
0.98— o(e=p)
P P P DT BT DTS P P TS IR R = 1-206
- 0102 03 04 05 06 07 08 09

o

® Estimate R from the linear fit

® Calculate 024
® Correct the electron-proton cross section measurements of Andivahis et al.

® Extract Gg, Gy and calculate pp Ge /Gy
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Implications of the CLAS TPE measurements on the
existing Rosenbluth measurements

1

og/ G2D
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83.

I Rosenbluth (Andivahis et al.) + TPE
| Slope = 1.454
I~ Intercept = 8.879

Rosenbluth (Andivahis et al.)
Slope = 1.839
Intercept = 8.601
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E + transfer
E CLAS TPE correction
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Q? (GeV?)
Polarization transfer (Punjabi et al.)
H,Ge/Gy = 0.789 £ 0.024
Rosenbluth (Andivahis et al.)
UpGe/Gy = 0.910 + 0.060

Rosenbluth (Andivahis et al.) + TPE correction

G¢/Gy, = 0.808 + 0.060,,, *0.03
€ Hp e Sm P 0.06 rpe
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Summary
Proton form factors measured from Rosenbluth & polarization transfer methods
disagree.
Probable explanation: two photon exchange corrections to the Rosenbluth

measurements.

etp

o= p over wide range of Q2 and e.

CLAS TPE experiment measured

N
® The 22 ratio is the only way to measure the TPE correction to the

elastic cross section.

® systematic uncertainties ~ 1%.

Results agree with the hadronic calculations which reconcile the form factor
measurements up to Q2 < 2 — 3 GeV?2.

TPE corrected Rosenbluth Gg/Gy agrees with the polarization Gg /Gy at

Q% =1.77 GeV2.

Proton form factor discrepancy appears solved up to Q2 = 2 GeV2. Need more

measurements for Q2 > 2 GeV?2,

THANK YOU.
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Back up slides
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Selecting elastic events

® Select two track events

® Measure (P, 0, ¢)Iepton and (P: 0, ¢)proton

® Select elastic events using energy and momentum conservation

1. Coplanarity cut A¢ = Plepton — Pproton
2. Calculate
® incident lepton energy (Egeam)
® scattered lepton energy (EL)
® proton momentum (Pp)
a) from 6. and 6,

b) from measured momenta

3. Cut on differences: AEgeam, AEL and AP,
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++ events

+- events

Entries 1896024 "
Mean x -0.07023 10
+ Meany 0.07286
RMS x 0.119 o~
RMS y
) % 10°
o
=
g
g 10
=)
02
4
03
0.4
- te : < - 3
2 01 0 04 02 03 04 o 035 %4 03 02 01 0 01 02 03 04 05 |
/ /
AE], (GeV) AE, (GeV)

® There is a strong correlation between AEge,m and AEL.

® So makes cuts on
AET = AEgeam + AE,

AE~ = AEgeam — AE,
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A¢: cut on other 3
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AE~: cut on other 3
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€=03

APp: cut on other 3

€=0.75
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Counts

€=03 =

AET: cut on other 3
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1.08

1.06

1.04

s(e’p)

o(ep)

1.02

0.98

0.96

Results at ¢ = 0.45

4c
£ 10
350
3
%525 10
=
% E
& 2—
< L
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4 E 10
1
05
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€
E ( £ ) = 045 —=e— No radiative corrections
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Results at Q% = 0.85 GeV/c?

4c )
3‘5;_ 1w
— 3;_ w
Z2.5F
O, 2k w
]
1;‘ ﬂ# 0
0.5F
T TP TN TON TP TN N r. .
010203040506070809 1
€
108 Without radiative corrections
With radiative corrections
1.06
1.04
2l
elel.02 *
blb
1 *T
0.98
0.96

0.4 0.5 0.6 0.7 0.8 0.9
(e)
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Variance of Ratios for Different Sectors

e Five independent measurements at five CLAS sectors.

e Systematic uncertainty due to dead detector and other CLAS issues
takes into account.

e Same procedure as magnet cycle variance.

(e) =~ 0.88 L1
Bin Oeyst (sec tOI’) 1.08 No bkg subtractio: :eﬁg é
1 0.0079 1.06 Se;(;'r g
2 0.0020 @@1.04 : 1 chitor 6‘ -
3 00028 2, ]
4 0.0032 L t
5 0.0046 b i
6 0.0024 0.98

0.96

0.2 0.4 0.6 1 1.2 1.4

0.8
(Q*)[GeV?]

:
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Systematic Uncertainty Due to Background Fitting

® The background is determined by a Agpate=04
. . . £ Entries 48
Gaussian fitted to the tails of the A¢ H + events e w03
distributions. . ind 2144145
Prob 0.9838
‘Constant 80.09+ 213

Mean 1802+ 0.2
Sigma 9.59+ 0.34

® Nominal fitting range:

160-172°(left) and 188-200°(right). 0
® Uncertainties estimated by varying the ®
flttlng ranges. ! 65 70 75 T80 185 7 5 200

A¢ (Degrees)

a2z M ——+— R1=160.0-170:190 -200.0
%&K—Iloaf ——+—— R2=160.0 - 174:186 -200.0 <Qz> % 1'45 GeV2
06 : ﬂ —+—— R3=160.0 - 172:188 -200.0 B i n . o'syst
. 1 (fitting range)
1.0 1 0.0023
102 Il ﬂl 2 0.0021
g I 3 0.0024
'F 4 0.0014
T I - 5 0.0021
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Systematic Uncertainty Due to Elastic Event Selection

€) ~ 0.88
® Vary the widths of the elastic kinematic cuts: - (€) - -
30, 3.50(nominal) and 40 Bin _gyst(Kinematic cut)
T ' 1 0.0012
® Varying the kinematic cuts changes the 2 0.0005
amount of background by a factor of 2. 3 0.0007
® Therefore the effects due to the background 4 0.0011
subtraction is also taken into account. 5 0.0017
6 0.0016
1.06 =
E | —+— 300
1.05
E ——350
1.04—
= —+— 400
e 103F
LT 102: ﬂ}
Lok T
101 W
16
=Y ow
0.99F
0987532 0.4 0.6 0.8 1 1.2 14
Q? (GeVic)
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Systematic Uncertainty Due to Fiducial Cuts

® Both inbending and out bending (e) ~ 0.88
fiducial cuts were applied to all Bin 0w (Fiducial cut)
leptons to select regions of detector 1 e 1

ith 100% acceptance for both e™ 0.0013
W'd V70 accep 2 0.0006
anda.e . 3 0.0002

e Tightened fiducial cuts: change in 4 0.0005
ratio included as the systematic 5 0.0011
uncertainty. 6 0.0041
1.06 =

£ . —+— Nominal fiducial cuts
1.05

= | —— Tighter fifucial cuts
1.04

Blg 1035

%"%1.02; %

« 1'01§ 5 %

13 .
0.99F
0987532 0.4 0.6 0.8 1 1.2 4 (Govicy
eVic,
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Background subtraction

Entri 50
Srare - +- Events nn.n.-'u:s 1806
<ol +- Events o mm
2sof- s o
0f
3
150
100
S0 %0 165 7o 75 T 145 190 15 200
o il L Il Il Il LY Am ‘DEFEES)
<0.5-0.4-0.3-0.2 4 L1 0.2030.40.; Entriy 50
0.504-03-02-0.1 0 0.10.203 0405 ++ Events —es 1109
AEg..n —AE,. after other 3 cuts 200 b wau
180 Prob ‘IIS'IJB
. . . . . . Constant 28051183
® Fit tails of the A¢ distribution with a 160 :‘3: " mss04
. igma AT 40
Gaussian g "
£
. . 8
® Validate Gaussian background shape by o
comparing to sampled background from 8
w
AEgeam — AEe WE
[ Samphng fails at h|gh £ due to [T s TR R 95 200
. . A® (Degrees,
increased width of AEge,m — AE. peak (Degrees)

® Subtract fitted background from peak
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Comparison to the world data at ¢ = 0.88

1.08
1.06
=l 1.04 Blunden calculation
o) - .
‘oo VEPP-3 Novosibirsk (preliminary) PRC72 (2005) 034612
ole 102
I
o
1/1 i I
0.98 CLAS TPE (preliminary)
0-98, 0.5 1 1.5 2 25
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