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Proton magnetic form factor

* Form factors encode electric and magnetic structure 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 one photon exchange approximation the cross section in
ep scattering when written in terms of ¢, and G2
takes the following form:

2 2 =
do G(Gg) +T(Gf\’4) LSy g
_:GMott ) O Mot = > . 40 E B ppn”
dQ €(1+1] BTSN G T = oN) R + T (0 N
Where, Gg=F,—17Fy, Gy =F+ F5
Q2

€ =

1+2(1+T)tan2(g)]1
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Experimental Status of Poton Form Factors
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- Discrepancy in G_/G,, polarization transfer results and Rosenbluth (¢) separations

No clear smoking gun from any single experiment
— Global fit of cross sections and polarization transfer G_/ G,

=> Sensitivity to 2-photon exchange terms.
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Precision GMp critical for 12 GeV Form Factors Program
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GMp1l2 and World Data
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Experiment Overview

- Precision measurement of the elastic ep cross-section over the wide range of the
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°

| T T T T ] T T T T ] T T T T I

GMp Uncertainties:

Statistical: Significant improvement
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Spring 2015:

Data collected during GMp

E....(GeV) HRS P,(GeVic) O, (deg) Q?(GeVic)? Events(k)

2.06 R 1.15 48.7 1.65 157
2.06 L 1.22 45.0 1.51 386

2.06 L 1.44 35.0 1.1 396

] 2.06 L 1.67 25.0* 0.66 405
Spring 2016: * Surveyed angles
E,...(GeV) HRS P,(GeVic) O, (deg) Q?(GeVic)? Events(k)

4.48 R 1.55 52.9 5.5 108
8.84 R 2.10 48.8* 12.7 8
8.84 L 2.50 43.0* 11.9 11

11.02 R 2.20 48.8* 16.5 0.7

Fall 2016: *Most complete systematic studies during this period
E....(GeV) HRS P, (GeVic) O, . (deg) Q?(GeVIic)? Events(k)

2.22 R 1.23 48.8* 1.86 356
2.22 L 1.37 42.0* 1.57 2025
8.52 L 2.53 42.0* 11.2 18.9
8.52 L 3.26 34.4 0.8 57.6
8.52 L 3.69 30.9* 9.0 11.6
6.42 L 3.22 30.9* 5.9 48.6
6.42 L 2.16 44.5* 8.0 27.2
6.42 L 3.96 24.3 4.5 30.5
6.42 L 2.67 37.0 7.0 41.4
6.42 R 1.59 55.9* 9.0 11.6
8.52 R 2.06 48.6* 12.1 11
8.52 R 1.80 53.5* 12.6 3.4
10.62 R 2.17 48.8* 15.8 3.6




Recap of GMp Setup

e The GMp experiment collected ep elastic data over three run periods, and

the actual effective beam time is about 40% of what was approved by PAC

> 2 spectrometers + quad replacements for each => 4 different tunes

> Q1 BdlI tuned to best match tune with old superconducting quads at 1 GeV

e The GMp team adjusted the kinematics on the fly based on the limited beam
time and other limitations (e.q., spectrometer angle) to optimize the physics

impact

> Collected data at 21 Q? points ranging from 1 - 16.5 (GeV/c)?

2> Low Q? ep elastic data were taken to fully study the systematics of the setup

2> Several high Q2 data were taken in parallel with DVCS run with reduce beam currents
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Measurement of Elastic Cross Section

= (Cross section:

do Ndet(E/ 9) — NB(;(E/ 9)
—(0)= | dE’ ’ * ~ L A(E.0) - RC
dﬂ(> / L€ LT (£,0)
m Reduced cross section:
do e(l+ 71 4F?sin* e E do
Ored — ( ) — 5 92 (1 + )
dQ O Mott o COS 3 E dQ

= Parameters:

N det number of scattered elastic electrons detected
N, .: events from background processes

: Integrated luminosity
€

: Corrections for efficiencies

A thorough understanding of all these parameters is crucial for a precision cross

section measurement

Eric Christy

LT: live time correction

A(E',0): spectrometer acceptance
RC: radiative correction factor
E: beam energy

0: Scattering angle

JLab UG 2018
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Extraction of Elastic ep Cross Section

d—o_data(e) B / dE! Ndata(E!? 9) o NBG(E!: 9) Rcdat.a

dQ B Ldata ¢ | T Adata(E7_6) (1)

do mod(ﬂ) B / dE! NMC(E"? 9) RCmC

dQ B LMC T AMC(E’ @)

d_a"a“(g)fd_a”’“’“'w) _ [T (Nt (ET,0) — Npg (E',0))dE’ AMC(E’,0) RCdata
dQ dQ [ Emax MC g "Adata(E7_§) RCMC

Assuming acceptance and ratiative contributions are correctly modeled:

i —-Data
2 -
do data do mod Ydat.a g | — Simulation
—_ M Q
dQ2 (9) dQQ (). y mMc >
;]
B}
N
o]
E
- . o
—  Will cross check with acceptance Z |
Correction (1) method in future Of rommmmmmmenet™
0.85 0.90 0.95 1.00 1.05

Invariant mass (GeV/c?)
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>

Monte Carlo Model

Monte Carlo Model is the SIMC code developed for Hall C with HRS
spectrometer model incorporated

Optics (COSY) and “aperture checking” Monte Carlos of spectrometers
Includes cross section model based on fits existing data (Arrington, Tjon, Melnitcouk)
Includes radiative effects, multiple scattering, ionization energy loss

Significant efforts by GMp to:

— include All relevant apertures (over 20 checks in total including detector edges)
(Barak Schmookler).

— perform detailed checks of focal plane shapes determined by aperture edges
(Thir Gautam)

— check radiative corrections against separate code
(Longwu Ou, Thir Gautam, Bashar Alijawrneh)
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Status of Analysis

System calibration:
e Beamline component calibrations v

e PID detector (Gas Cherenkov, calorimeter) calibrations v
e Tracking detector (VDC, straw chamber) calibrations v

e Timing detector (SO, S2m) calibrations v

e Optics calibrations (finalizing)

e Systematics on beam energy determination (ongoing)

Data analysis:
e Tracking efficiencies, trigger efficiencies v

DAQ livetime v

PID efficiencies v

Target boiling study v

Study of HRS acceptance (finalizing)

2> Detailed aperture checks in the simulation model (finalizing)

Extraction of cross section with acceptance correction method in near future
Eric Christy JLab UG 2018 13



Kinematic determination

» Arc measurements of beam energy performed at every energy

— current estimated uncertainties of 5x10* (1-4 pass)
1x107° (5pass)

» Spectrometer pointing surveys performed at most angles

» 12C point target runs taking at all angles
=> Utilized point target runs and surveys to determine:
— angles at all kinematic
— z-target position

— in plane beam position relative to pivot

» Study of LHRS reconstructed elastic peak position, W—Mp , consistent

with estimated beam uncertainties and pt-pt A6 < 0.25 mrad

Eric Christy JLab UG 2018 14



Beam charge

Thir Gautam (HU)

® Multiple BCMs calibrated

against Unser

® Unser calibrated against
precision current source
passed though inserted wire

® Small (< 0.1 pA) offset
determined from **C boiling

Uncertainty:

Pt-pt: 0.06 pnA
Correlated: 0.06 pA

Current(pLA)

Target boiling

Barak Schmookler (MIT)

Bashar Aljawrneh (NC A&T)

Fall 2016 Yield analysis: 1.7% /100 puA
Uncertainty: 0.6 /100 pA

6 pA: < 0.03%
40 pA: <0.24%
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> €_>99.8%
> Uncertainty < 0.1%
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Gas Cherenkov ADC sum
Calorimeter Electron Efficiency Table
':— 0.957 0.956 0.956 0.956 0956
:— 0.987 0,987 0987 0.987 0.986
:— 0.995 0.995 0.994 0994 0.993
:—- 0.907 0.997 0.997 0996 0908
05 0.06 0.07 0.08 0.09 0.11 012 013 0.14

0.15

Barak Schmookler (MIT)
Bashar Aljawrneh (NC A&T)

> € _>99.9%
> Uncertainty < 0.1%
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VDC Track Reconstruction Efficiency (I)

» Standard Tracking for HRS VDCs utilizes single cluster only in each chamber

> GMp utilized additional Straw Chamber to perform precise checks on efficiency determination

<4 Spurious
St raw '// track

chamber Good

track

Cluster in straw
chamber

VDC Single cluster in top VDC

Multiple clusters in bottom
VDC

> Selection of good electron trigger sample
requires cuts on 3 to remove cosmics (critical!)

Electron

Cosmics

\HITW IHIHHl HIHIH‘ I\HHHl

_k
T

|

N

N

n
L

L

» Elastic events were reconstructed with:

1. single cluster in both VDCs
2. single cluster in 1 VDC + SC

0.9985

Kinematic K3-4 K3-6 K3-7
Corrected 1.0016 0.9994 0.9993
Yield ratio

Longwu Ou (MIT)

K3-8 K4-9 K4-10 K4-11

1.0007 1.0021 0.9997

Corrected yields agree to better than 0.2%

Hall A Collaboration Meeting
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VDC Track Reconstruction Efficiency (II)

= Examined the reconstruction
efﬁC|ency VS. focal plane dlsperS|ve VDC 1 Cluster Efficiency vs. 'Track’ X
position

=]
=]

Efficiency*
L] I_lll [

Projected VDC

98

=]

= A “coarse” track was formed using B edge \
hit information at the S2m scintillator  o.ssf- [ 4 <4
plane and straw chamber. This -
method enables us to estimate the T
track intercept at the focal plane 0.92f- _I_ﬁ*f'*‘*ﬂ*f*ﬁyﬁm%
without using VDC hits : .I.
0.9f- .I.
0.88
= About 1% variation in the “-BE;'
reconstruction efficiency was 0.84f- ]L
observed and will be included in final :
results (<< 1% impact on current i N
reSUItS) ﬂ_a_lllljt!]lllljjlllljlill

Barak Schmookler (MIT) . 0.5 0 0.5 1

Bashar Aljawrneh (NC A&T)
Hall A Collaboration Meeting 19
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Significant Effort to Improve Optics Calibration

Longwu Ou (MIT)
= 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

»
Spectrometer entrance ., ~oo| . _
069003:0002 Sieve slit
o°°oép°‘:::,oo
oOO% 000 000 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
L Sieve slit ¢ Algorithm: Minimization of % by varying the

optics coefficients

7 ] l surve
X2(ytg) = Z (Y;jklepgifpyljfp¢fp ~ Yig 7)?

events

= Momentum calibration: used elastic electrons from liquid hydrogen target

Longwu Ou (MIT) ]Zg



Check Elastic peak reconstruction across angular acceptance

AW =W - M_(MeV)

0.04 400
1‘? 0.03 300
Q)

% 0.02 200
o 001 100
c
8 0 °
Q.
S -0.01 ~100
o’
->:‘! _0-02 _200
12049 -300
-0.03
-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
=> Jp/p deviation < 2x10*, 80 deviation< 0.2 mrad
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200

Example Data to Monte Carlo Comparison:

M 1 M N N N
0.00 0.05
Target dp

400
300f
200

100

K1-1

I 1 I
400p= -
200 -
PR I T S TR [ T S T T
—8,10 -0.05 0.00 0.05 0.10
Out-of-plane angle (8,))
. 1 W | I -
4000-— - -
W from data is
3000k shifted by 0.2 MeV ]
2000} -
1000~ -
0
PRI SR S T TN N T S ST T N T T T

0.85 0.90 0.95 1.00 1.05

W (GeV/c)

600f—

400

200

In-plane angle (¢ )

Data to MC ratio: 1.0204
P,: 1.3660 GeV/c
Beam energy = 2.222 GeV

Scattering angle = 42.00 deg
Q*=1.58 (GeV/c)

Cross section = 1.45e-03 ub/sr

M R P
-0.04 -0.02 0.00 0.02

0.04




Example Data to Monte Carlo Comparison: LHRS

K3-7

o8 '
0.6}
0.4

0.2

0.0 L

1
0.00 0.05
Target dp

1
0.00 0.05
y_tg (m)

1 1 1
-0.10 —0.05 0.00 0.05
Out-of-plane angle (6,,)

0.10

o W from data is

shifted by -1.8 MeV |

1
0.85 0.90 0.95 1.00
W (GeV/c)

L 1 1
—0.04 -0.02 0.00 0.02 0.04
In-plane angle (¢ )

Data to MC ratio: 1.0102
P,:2.6720 GeV/c

Beam energy = 6.427 GeV
Scattering angle = 37.01 deg
Q% =6.99 (GeV/c)

Cross section = 2.89e-06 ub/sr

« Excellent comparison after subtraction of target cell endcaps via dummy (~3%)

« Small offsets in W consistent with estimated kinematic uncertainties

Eric Christy

JLab UG 2018

23



Largest problem encountered due to uncorrected saturation
In setting replacement Q1 magnet for E' > 3 GeV

N/(QxLT<TE)

N/(QxLTXTE)

N/(QxLT<TE)

008 —— Data - dummy 0.02p
0.07F Dummy 0.018¢-
E —— MC 0.016-
0.06 - o 0-014F-
0.05F = g.o012E-
E 0, B 3
0.0aF- 8% lower Q1 Bdl S ool
0.03f due to saturation € o.008F-
o002E 4 0.006 -
E 4 0.004F-
0.01E- —, 0.002F-
o 1 105 o
0.03F 0.016
0.025F- 0.014F-
3 o 0012
0.02 3 = 001
0.015 = o0.008f-
0.01E- = 0.006F-
S 0.004F-
0.005 - 0.002F-
of ) ; oF
.04 v'_(in-Blane angle) 0.02 0.04
0.025
0.02F
0.015F
0.01
0.005
oF
Eric Christy

Problem: Altered Bdl magnet ratios changes tune of spectrometer
with no corresponding optics data taken.

.02 ]
8

]
0.04

X' (Out of c'|:|Iane angle)

Kinematics: K34

E = 6.427 GeV, 6 =24.2 °, p = 3.962GeV , Q2 = 4.543 GeV?

[+]
ydatayMC — 0.990213 + 0.006800
Cross section = 7.633132e-05 + 5.241957e-07 ubarn/sr

Cuts:
PID, One cluster cut
-0.035<6<0.035

-0.04<y'm(rad)<0.040, 0.87<W(GeV)<1.07
-0.080<x',, (rad)<0.080, |y  (cm)|<6

JLab UG 2018
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Largest problem encountered due to uncorrected saturation
In setting replacement Q1 magnet for E' > 3 GeV

Solution: Developed procedure to determime satureed optics utilizing
optics data at nominal tune and the COSY magnetic model

Thir Gautam (HU)

PID, One cluster cut

0.07F —— Data - dummy o.018F
E Dummy E
0.06 - —— MC 0.016F
E 0.014F
g 0o E oo12f-
5 0.04F 5 001
S oo03f- & o0.008F-
= = = E
0.02F- 0.006F
E 0.004fF-
0.01E- 0.002F-
oE 55— .95 1 T oE
) w
= 0.018
0.025 - 0.016
0.02 = 0.014
=" 3 ¥ 0012
5 0.015F 5 o.01
& = & o0.008
Z 0.01F Z 0.006
0.005 0.004
3 0.002
ul I L L o A
& 04 —0.02 Y'_{In-glane angle) 0.02 004 —0.05 X', (Out of |D:Iane angle) 0.05
0.025 - Kinematics: K34
i = E =6.427 GeV, 6 =24.2 °, po = 3.962GeV , Q2 = 4.543 GeV*
0.02F vt yMC = 1.002462 + 0.007027
ar = Cross section = 7.727558e-05 + 5.416744e-07 pbarn/sr
£ 0.015F
8 g Cuts:
= 001 uts:

-0.035<5<0.035
-0.04<y' (rad)<0.040, 0.87<W(GeV)<1.07

-0.088<x',, (rad)<0.080, |y,_ (cm)|<6

. &

-0.05 ‘P 0.65
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Study of Spectrometer Acceptance

Low-Q? ep elastic utilized to check acceptance model across angular

phase space (~2% statistics per bin).

Event number ratio (Exp/MC): 0.934<W<0.944
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Uncertainties in Acceptance Modeling

Uncerainty due to dominant aperture positions —~ Average +/-
Aperture shift(in cm) Solid angle () S50(%0) ~ estimated error 0.5 mm
No shift (k3-7) 5.989 0.00
15(xs - 0.1) 5.993 0.07
15(xs + 0.1) 5.99 0.02 Total for 0.5mm:
15(ys - 0.1) 6.001 0.19 0.25%
15(ys + 0.1) 5.995 0.10
17(xs - 0.1) 5.994 0.09
17(xs + 0.1) 5.997 0.13
17(ys - 0.1) 6.021 0.53
17(ys + 0.1) 6.002 0.32
Uncerainty due to individual Bdls for forward tune (pt. target) — estimated Bdl errors 0.2%

Total for 0.25%:
0.40%

- Total quadrature sum: 0.5%
— Studies of uncertainties in extended target at most backward angles to be finalized.

Current Estimated Uncertanties: 0.7% pt-pt and _0.8% normalization
Eric Christy JLab UG 2018 27



Acceptance Studies:
separating optics from Acceptance

Software cut on sieve collimater

me Seive Cut0
S| — Sieve Cut1
7| e Sive Cut2

| == Sieve Cut3

Procedure: 0.08
0.06

| average track center

— Utilize software cuts at sieve slit

position to determine variation in _ 0.04
Acceptance / Extracted do £ 0.02

— Place software cuts through center & g g2
of sieve slit hole positions, where

slieve

o
I|I__II-|III|Il,lI.r'llll'lll"i,lllII|I-II|III|I

optics is best constrained. -0.04
-0.06
_0_08 , g "-:---'.:':- |
-0.05 0( \ 0.05
y. (m
CUt dGCUt / dGnOCUt S
0 1.00 Variation < 0.5% for cuts least
1 1.005 sensitive to optics
2 1.006
3 1.007
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Status of Error Budget (LHRS Fall 2016)

Source Point-point Ac(%) Norm Ac(%)
Acceptance 0.7 0.8
Optics 0.3 0.3
Lunimosity:

charge 0.15% — 1% 0.1

(40 uA) (6 uA)
Areal density <0.2 0.25
Boiling <0.1% - 0.24% 0.25 (@40 uA)
(6 HA) (40 pA)
Kinematics

AE (5x10*—1x10*) 0.5 0.5

AO (0.2 mrad) 0.5 0.5
PID 0.1 0.1
Trigger 0.2 0.1
Livetime <0.1 <0.1
Track Reco 0.2 0.2
Radiative correction 0.8 1.0
Backgrounds 0.1 <0.1

Total: 1.25-1.6 % 1.5%



GMp results (June 2018)

JLab E012-07-108, e-p elastic cross section

1 I L) 1 I I I I I I I
(@] Andivahis —
| Sill (3% norm. uncert. not shown) ]
= A Walker N
=
B
[ | JLab 6 GeV
=0
P ] Our results (6/2018) (1.5% norm. uncert. not shown) _|
A ) O Our additional data points to be analyzed —
T
= —
S - v % ]
—
C=" — Inner error bar: stat. unc. I¥ 1
E — Quter error bar: stat. + pt-to-pt syst. unc. —
O - -
M—
- ¢ 2 $ + + r}- T
O .4 | 1 1 1 1 I 1 1 [ 1 l 1 1 1 1 I 1
0 10 20 30

Q” [(GeV/e)]

* Significant improvement in precision for Q° > 6.

* Systematic uncertainties on Fall 2016 data ~1.6-2.0% (pt-pt), 1.5% (norm)

— Expected to complete all kinematics and reduce uncertainties to final values by the end of summer 2018
Eric Christy JLab UG 2018



Summary

12 GeV era GMp experiment successfully completed with 21 cross
section measurements covering Q2 from 1 to 16.5 GeVz2 significantly
reducing experimental uncertainties for Q2 > 6 GeV?

Data analysis is appoaching completion including all systematic studies.

Current systematic uncertainties for Fall 2016 data of:
1.25 - 1.6% pt-pt
1.5% normalization

Final cross section results with further reduced systematics and first
publication in 3-4 months.

Eric Christy JLab UG 2018
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GMp Analysis Team

= Spokesperson: » Graduate students:
John Arrington Bashar Aljawrneh
Eric Christy Thir Gautam
Shalev Gilad Longwu Ou
Vincent Sulkosky Barak Schmookler
Bogdan Wojtsekhowski Yang Wang (defended Ph.D. in June 2017)

Thanks to JLab accelerator team, Hall A target
group, and all shift takers for their tremendous
Kalyan Allada effort to make the GMp run successful

= Postdoc:

Thanks!

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