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* Highlights:
— Improved precision over existing data by a factor of 3 for Q?>6 GeV?
- Relatively low ¢ :
- more sensitive to G5, than previous measurement
- ¢ lever arm allow the possible sensitivity to 2y studies

* We further reduced our systematic uncertainties since last collaboration
meeting (<2% Fall 2016 LHRS data set)

* First publication being prepared



Outline

* Overview of GMp experiment
* Status and overview of analysis
* Systematic uncertainties

* Cross section and GMp results



Proton magnetic form factor

* Form factors encode electric and magnetic structures of the nucleon

— Form factors characterize the spatial distribution of the electric charge and the
magnetization current in the nucleon

o|Structured object |
o Point like object |

|Form Factor|* =

* In the one photon exchange approximation the cross section in
ep scattering when written in terms of ¢, and G2
takes the following form:

( p)2 p |2 a’cos’=
do e\Gg| +T| Gy, _ 2 E'
~ =9 Mot ,  Tmou™ 2 . 40 E _ ot
d Q € ( 1 + T) 4 E”sin E jproton = BN(p/) VuFl(QQ) + WIQUFQ(QQ)] N(p)
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Methods of measurements

* Rosenbluth separation method:

Within one-photon-exchange framework

_do 8(1+T)
- dQ 10,,,

o = 8(G§)2+T(Gﬁ4)2,

The slope of OR(a) is directly related to G? and the intercept to G},

* Recoil polarization technique (measurement of the ratio between
electric and magnetic FF)

Polarized electron transfers longitudinal polarization to
G?, but transverse polarization to Gj,

GE Pt Ee +Ee' [ 69]
—=- Lt < —“tan| =
G,, P 2M

Polarization transfer cannot determine the values of G. and G,, but can
determine the from factor ratio.



Rosenbluth compared to polarization
transfer
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How to explain it?

Two photon exchange may explain the difference

— TPE effect can be large on RS method at large Q?
- TPE effect can be smaller on PT method

TPE corrected




Overview of GMp experiment

- Precision measurement of the elastic ep cross-section over a wide
range of Q* and extraction of proton magnetic form factor

- To improve the precision of cross section at high Q*by a factor of 3

- To provide insight into scaling behavior of the form factors at high Q?
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Statistical: Better than 2%

Kirk data not shown(large uncertainty)

Systematic:
Point to point: 0.8-1.1%

Normalization: 1.0-1.3%
Total Error Budget: 1.2-2.6%

Error bar reflects the statistical uncertainty
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 Scattering angle, target density, ...



Experimental setup

- RHRS Q1 was replace by new quad
- LHRS Q1 was replaced by SOS quad
- VDC with new A/D cards is used for tracking information

- Straw Chamber(SC) is used to resolve uncertainty in tracking efficiency

Detector package

- Cherenkov and calorimeter counters are used for particle identification

- S0, S2m are used for trigger and timing analysis Calorimeter

Unser (DC transformer) Harp A(Wire scanners)

Cherenkov

VDC

HRS Parameters:

BPMA - _4 50 0
BPMB Acceptance: -4.5%<Ap/p<4.5%,

Resolution:  dp/p<2x10+

Beam charge

measurement devices Beam position.
measurement devices

6 msr

Ax'_= 0.5 mrad (Horizontarl)
Ay' = 1.0 mrad (Vertical)




GMp analysis status

System Calibration:

— Beamline component Calibration (done)

— PID detector calibration (done)

— Tracking detector(VDC, Straw chamber) calibration (done)
— Timing (s0O, s2m) calibration (done)

— Optics calibration (done for LHRS Fall 16 kinematics )

Data Analysis:

— Tracking, trigger, PID efficiencies, DAQ live-time (done)

— Target boiling analysis (done)

- HRS acceptance studies and detailed aperture checks in the
simulation model(done)

— Extraction of cross section with both data to MC ratio and acceptance
correction method (done)



Elastic cross section extraction

dG: Nevt
dQ QQt,

Relative impact on cross section:

60_\/(6E
o \| E

6L)2+(8eff )2+ ot, 2+(ag)2
L eff t, Q

Beam energy, scattering angle (very important)
Statistical uncertainty: 1/VN
Luminosity: temp/pressure, boiling, z-reconstruction

Impact of PID cuts, reconstruction efficiency, dead time(t,)

Acceptance: software collimator method
Optics: lack of data (Spring 16) + Q1 saturation (Fall 16)

10



Beam charge calibration and boiling study

Charge calibration:

Multiple instruments of charge measurement: Unser and two BCMs

Calibration coefficients from multiple measurement have negligible drift within uncertainties

Uncertainty:

Pt-pt: 0.06 uA
Correlated: 0.06 uA

Boiling study:

Target used: 15 cm LH2 target in Loop2 and single foil carbon target
Carbon target is used to separate possible rate systematic from boiling
- Raster size: 2x2 mmz2

- Range of beam current: 3 - 67 pA

Uncertainty:

0L ) OL = J(MA)
_ B OF —0.5%x—"""/
— : 0.0015—0.33 % I > 100(wA)
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Detector efficiencies

- We did particle identification studies using Cherenkov and calorimeter
— Got PID efficiencies for all kinematics and the cuts were set to select

good electrons % <0.1%

Sum of corrected ADC amplitudes in Cherenkov detector

E_beam = 2.222, theta = 42

Electron cut
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Optics Calibration (LHRS)

= Angle and vertex calibration: used deep inelastic electrons from multi-foil carbon target

A 9-foil carbon target covers a total length of 20 cm along the beam

direction
- I
Spectrometer entrance oo°| . .
~509°%5000° | Sieve slit
Oo‘ggoooooo:
°°°°6‘9°°°°oo
ooo °‘Q°°°°° A
Beam
Multi-foil ——
A 1-inch-thick tungsten sieve slit with high density holes at the target ——
spectrometer entrance selects scattered electrons in specific
directions
Spectrometer
entrance
| Sieve slit ¢ Algorithm: Minimization of %* by varying the

optics coefficients

7 ] k /1
XCeg) = Y Yijmas, 05,05,0%, — v

events

= Momentum calibration: used elastic electrons from liquid hydrogen target
Longwu Ou (MIT)

survey
tg

)2
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Check of optics across angular acceptance utilizing
elastic peak
(LHRS Fall 16)

— This plot shows invariant mass peak is stable and optics is good

Data: ( Wioea - 938[MeV])

0.04 400

0.03 300

0.02 200

0.01 100

-0.01 -100

-0.02 -200

y'. (Inplane angle)

_0.03 ~300

—400

-0.04

-0.05 0.05

0
X', (Out of plane angle)

— W reconstructs to better than 0.4 MeV across most of angular acceptance
=> §p/p deviation < 2x10*, 50 deviation< 0.2 mrad
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Elastic cross section (Monte carlo ratio method)

do gy = / g NEP(E'0) — Npg(E'.6)  RC%*
dQ L e LT "Adats(E79)

@

— Monte Carlo is a COSY transport model use to transport events through the magnetic fields
— Scattering events are generated at the target and weighted by the physics cross section model
(Included radiative effects, energy loss and multiple scattering)

— Compare MC yield to data yield for same normalized luminosity

d mod NMC EIH RCMC

27 ) = /dE’ (E".9) — (2

dQ L£mc AMC(E' 9)
d_af’atﬂ(g)xd_crm”dw) [T (NS (ET,0) — Npg (E',0))dE’ AMC(E’,0) RC9at2
dQ dQ [ Emax yMC g7 " Adata(E’ )" RCMC

T )

Assuming acceptance and radiative contributions are correctly modeled:

do 4:.\’.531?.3‘5i B dg-m‘:'d 0 Ydat.a
aa D = ga Oyme

4
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Example of cross section extraction for 3 pass
Q’ = 7GeV?kinematics

N/(QxLTXTE)

N/(QxLTXTE)

Kinematics: K3-7
E = 6.427 GeV, 0 = 37.0 °, po =2.672GeV , Q2 = 6.993 Ge\?

Yo' yM° = 1,007396 + 0.006004

| Cross section = 2.881614e-06 + 1.717473e-08 ubarn/srl

Cuts:
PID, One cluster cut

-0.035<5<0.035
-0.02<y’ (rad)<0.030, 0.86<W(GeV)<1.05

-0.088<x'_ (rad)<0.080, lv, (cm)i<6
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Thir Gautam (HU) 16
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Check of acceptance using low Q*kinematics
(Validation kinematics)

—~ Cross-section for Q% = 1.5 GeV? is well known to better than 2%

— Checked the spectrometer model across the acceptance by shifting
various apertures and increasing field of magnets

17



Check of acceptance using low Q? kinematics before
tuning spectrometer model (Validation kinematics)

N/(QxLTxTE)

N/{(QxLTXTE)

Outstanding issue: discrepancy in target variables

Kinematics: K1-1
E =2.222 GeV, 6 =420 °, po =1.366GeV , Q2 = 1.577 GeV?
Y2 y"C = 1.043762 + 0.002081
Cross section = 1.481589e-03 + 2.953388e-06 pbarn/sr

Cuts:
PID, One cluster cut
-0.035<5<0.035
-0.04<y' (rad)<0.040, 0.86<W(GeV)<1.05
-0.088<x',,, (rad)<0.080, ly, (em)i<7

0.5
0.4
03
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0.45
04
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0.3
0.25
0.2
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Cn o
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X'm?rad)

~4.4% discrepancy in cross section
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[=) - N (] £ [4)]

o IIII|IIII|IIII|IIII|IIIII
-

—— Data - dummy
Dummy

—— MC
; AW 1 2 MeV
J

1.05

04 ~0.02

i

0 0.02
Y. (rad)

0.04

~0.05 0 0.05
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N/(Q<LTxTE)

N/(QxLTxTE)

Check of acceptance using low Q? kinematics
(Validation kinematics)

— Resolved by increasing field of Quad Q2 by 0.9% in the model

Kinematics: K1-1
E =2.222 GeV, 0 =42.0 °, p_=1.366GeV , Q2 = 1.577 GeV®

y?2/yM® = 1.015393 + 0.002028
Cross section = 1.441321e-03 + 2.878446e-06 ubarn/sr

Cuts:
PID, One cluster cut
-0.035<6<0.035
-0.04<y" (rad)<0.040, 0.86<W(GeV)<1.05
-0.088<x',, (rad)<0.080, ly _ (cm)|<7

0.5
0.4
0.3
0.2
0.1

0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

—0.04 ~0.02 0 0.02 0.04

~0.05 0.05

X'm?rad)

N/(QxLTXTE) N/(QxLTXTE)

N/(QxLTXTE)

—— Data - dummy
Dummy
—— MC

AW™"= 1.2 Mev

0.65 0.9 7.05

0.95
W(GeV)

0.5
0.4
0.3
0.2
0.1

-IIIIIIIIIlIIII|IIII|IIII|II

S.

~0.02 0 0.02 0.04
Y’ (rad)

(=]
=

0.5
0.4
0.3
0.2

0.1

~0.05 0 0.05
(M)
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What we learn from the study of validation kinematics?

- We learn that we need to make some adjustment in Q2 field to match
the acceptance of MC to data for validation kinematics

— Extracted cross section closer to the well known cross section

-~ We have found very little impact on high Q*data
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Largest problem encountered due to uncorrected saturation
In setting replacement Q1 magnet for E' > 3 GeV

N/(QxLTXTE)

N/(QxLTXTE)

E=

Kinematics: K3-4
6.427 GeV, 6 =24.2 °, P, = 3.962GeV , Q2 = 4.543 GeV*

Y2 yMC — 1.014428 + 0.006946

Cross section = 7.819794e-05 + 5.354264e-07 pbarn/sr

Cuts:
PID, One cluster cut
-0.035<5<0.035
-0.04<y’ (rad)<0.040, 0.86<W(GeV)<1.05
-0.08Y<x',, (rad)<0.080, ly,, (cm)i<4

0.018
0.016
0.014
0.012

0.01
0.008
0.006
0.004
0.002

0.016
0.014
0.012

0.01
0.008
0.006
0.004
0.002

= ~0.04 ~0.02 g 0.02 0.04
T P +**+i|++##+ﬂ
+

-0.05 0.05

0
X', (rad)

N/(QLTXTE) N/(QxLTXTE)

N/(QxLTXTE)

—— Data - dummy
Dummy
—— MC

8% lower Q1 Bdl
due to saturation

Yoz ~0.02 0 0.02 0.04

0.025
0.02
0.015
0.01
0.005

—0.05

tar

— This discrepancy is due to the Q1 saturation problem
How to solve? === Need correct optics but we don't have sieve slit data
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Largest problem encountered due to uncorrected saturation
In setting replacement Q1 magnet for E' > 3 GeV

- We tuned Q1 field integral to minimize W peak width to get new optics

Kinematics: K3-4 0.08F —— Data - dummy
E=6.427 GeV, 0=24.2 °, p_=3.962GeV , Q2 = 4.543 GeV* 0.07 3 —_ r\Dnqumy
Y'Y = 0.998020 + 0.006920 0 o0sE —

Cross section = 7.693313e-05 + 5.334001e-07 pubam/sr E O
-l E

Cuts: & 0.04¢-

PID, One cluster cut s 0.03E-

-0.035<5<0.035 0.02€-

-0.04<y' (rad)<0.040, 0.86<W(GeV)<1.05 0.01E-
-0.088<x',(rad)<0.080, ly_(cm)|<4 ok

0.018F 0.025
0.016F- z

"n-? 0.014F E 0.02F~
0.012F -
X = X o

e g'ggg E S oo

= 0.004 z— =z 0.005 E_
0.002F- 2

c = 1 i L Nl L L
—0.04 -0.02 0 0.02 0.04 %03 —0.02 .0 0.02 0.04
5 Y’ (rad)

0.018F 0.025-
0.016F- it :

"n-? 0.014F- "E 0.02F-
0.012F -

% 3 % o
; 0.01F- E u.msE

¢ 2%F G oof

0.004F- 0.005f-
0.002F- 2

c - . 0 C L 1
-0.05 0.05 ~0.05 0.05

X',afrad)
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Cross section calculation by acceptance correction method

The cross section in each theta bin is given by

RC(W? ) Ve ' 9)— '
do (g) - (L ) g NE',0)~BG(E ", )

dQ Eff . AQ(E',0)

RC - Radiative correction
W__ - Invariant mass at cut-off in E’

Eff— Tracking efficiency
BG — Background processes
L — Integrated luminosity

— Radiative correction include re-scaling of a due to the hard vertex correction and
Bremstrahlung
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Determination of effective solid angle

— Used uniform generator to generate events uniformly at the target

— Calculated effective solid angle in 2-D § and 6 bins

Generated 2-D histogram Reconstructed 2-D histogram

e TS Generation ranges:
;;i;TA- WH[ o s ;E xm—*iSOTﬂrad

e S | y',~ 50 mrad
0 - 6%

0
"~0.06 005 AOg

Effective solid angle

. Acceptance
© 00000000
COlonwRhOOND

AO
NA (519) —
= A7) AQ.(5,0) = A(5,0)XAQ,,, (5,0
A(65,0) N (5,0) Where, ff( ) (5,6) g'< ) |
_ N (0)XAX ' XAY 'y
AQgen(E},ﬂ) - N:;tsl
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Cross section calculation by acceptance correction

method
Kinematics: K3-8

x10"°
1.2 __ Uncorrected
B Acc corrected
: Jr Acc + Bin-Centering Corrected
11—
3 - J[ &ﬁ ﬁ i |
c 0.3 f iﬂ#ﬂﬂﬁ H
8 [ ity ﬂ
= 0.6 IR H
B ¥ oy
S P gt !
= N + 'y |
-'8 0.4 +"+ |
: tr ++++
0.2— N
- ﬁ 4
B . | . . . | . . - 1
o —0.02 (0] 0.02
O - O, (rad)
. . . do] _do(6) ¢"(6)
Bin centering correction — dO e do O_Mod(61>



Tabular comparison of extracted cross section from

two method
Kinematics Cross section Cross section % difference
Sp. central Sp. central (Data to SIMC ratio (Acc. Correction (Ratio - Acc)/Ratio*100
angle(6,) Momentum(P ) method) method)
(GeV)
(nbarn/sr) (nbarn/sr)
K1-1 42.0 1.366 1.440E-03 1.430E-03 0.6
K3-4 24.2 3.962 7.693E-05 7.618E-05 0.9
k3-6 30.9 3.224 1.101E-06 1.082E-06 1.7
K3-7 37.0 2.672 2.882E-06 2.866E-06 0.5
K3-8 44.5 2.145 8.143E-07 8.130E-07 0.2
K4-9 30.9 3.685 1.277E-06 1.275E-06 0.2
K4-10 34.4 3.259 5.835E-07 5.830E-07 0.1
K4-11 42.0 2.531 1.532E-07 1.570E-07 24

— For six out of eight points we got an average cross section better than %2 of percent

- We are investigating why those two points have more than 1% difference in average




Status of Error Budget (LHRS 2016)

Summary of major point-to-point and normalization
uncertainties in the cross section for Fall 2016 run

Source

Aclo (%) (pt-pt)

Aclo (%) (Norm.)

Beam charge

0.6(at 10UA) — 0.15(at 40uA)

0.1 (0.03 corr)

Scattering angle 0.5 0.5
Beam energy 0.5 0.5
Boiling <0.1(at 10 uA) — 0.24(at 40 uA) 0.25 (at 40 uA)

Optics 0.3 0.3

Track Reco 0.2 0.2

PID 0.1 0.1

Trigger 0.2 0.1

Spectrometer acceptance 0.7 0.8

Radiative correction 0.8 1.0
Background subtraction 0.1 <0.1
Total 1.25-1.6% 1.5%

*correlated from high to low current due to absolute current offset
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* Cross-section results presented below with ~1.25-1.6 %(pt-pt), 1.5%(norm)

GMp - E012-07-108 results

1 2 I I 1 ) 1 I I I 1 I 1 1 1
| Andivahis
- ¢ Sill (3% norm. uncert. not shown)
© [ %@ d) Walker
o
i 1.0 E’ ? JLab 6 GeV
A |
‘i‘.: * Our results(1/2019)(1.5% norm. uncert. not shown)
<) — {
G B ﬁ
%‘ {
8 o8 P4
\U/ —
= 1
a — Inner error bar: stat.unc. *
= — Quter error bar: stat. + pt-to-pt syst.unc.
S 06—
L w |
0.4 I 1 1 1 1 I 1 1 1 I 1 1 1
0 10 20

Q* [(GeV/cy]

1y refers to single photon approximation and Dipole corresponds to both
form factor



GMp - E012-07-108 results

* Magnetic form factor results presented below with ~1.25-1.6 %(pt-pt), 1.5%(norm)
JLab E012-07-108, e-p elastic form factor

(o] Andivahis

o Sill (3% norm. uncert. not shown)

£, -
_ b,

+ JLab 6 GeV _
}y
(DQ _ + $ ° Our results(1/2019)(1.5% norm. uncert. not shown) —]
- i
3. — ]
~ JLab E012-07-108, e-p elastic form factor
Q("DE R T A e S +

® Based on parametrization without TPE

0 . 8 L  Based on parametrization with TPE
.

o 05— o —
b L -
L

I I
1 GHGy,
Ll
—_
[ T—
S —
l l

0.0(— * . —
i " A

R Ry RS S 7
Q [(GeViey]
| 1 L ] 1 ] 1 1 1 1 | ] 1 1 ] | 1

Q° [(GeV/c)’]

- G_/uG ratio is used based on fit to the cross section data

(Ref: J. Arrington et.al. arXiv:0707.1861v2 [nucl-ex] 2 Aug 2007)
- G, from older experiments are taken from the publication
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https://arxiv.org/pdf/0707.1861.pdf

Summary

12 GeV era GMp experiment data taking is completed successfully.

Data analysis is approaching proposed uncertainty goals.
Current systematic uncertainties for January 2019 data of:
1.25 - 1.6% pt-pt
1.5% normalization

Final cross section results with further reduced systematic and first
publication in 2 months.
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GMp collaboration

* Hall A collaboration, physics staff, technical staff, accelerator team
and shift takers

* Spokesperson: J. Arrington, E. Christy, S. Gilad, B. Moffit(“retired”),
V. Sulkosky, B. Wojtsekhowski (contact)

* Postdoc: K. Allada (MIT)

* Graduate students: Y. Wang (W&M), B. Schmookler (MIT), L. Ou
(MIT), T. Gautam (Hampton U.), B. Aljawrneh (NCA&T Uni.)

This work is supported by National Science foundation grant PHY-1508272



Thank you very much!
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