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The Proton Charge Radius Puzzle

e Protfon radius is one of the most fundamental quantities in physics:

e Critically important for atomic physics in precision spectroscopy of atom

e Precision test of nuclear/particle models

e Connects atomic and subatomic physics
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The Proton Charge Radius Puzzle

Different methods to measure the proton charge radius:

e Hydrogen spectroscopy (ordinary hydrogen, muonic hydrogen)

e Lepton-proton elastic scattering (ep, pp)

The proton charge radius puzzle
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ep Scattering

e Elastic ep scattering, in the limit of Born
approximation (one photon exchange):

do do £’ 1 T

e (d_Q)Mott <E> L+ (GzE(QQ) " EG?\AQQ))
Q> —4EE'sin*(0/2)  T=Q*/4M;
e=[1+2(1+7)tan*(6/2)] "

e Ge and Gm are from factors for electric e Tylor expansion of Ge at low Q2
(E) and magnetic (M) charge distributions
P ()2 Q% 4 Q" 4
e G and Gwm can be extracted using Gp(@Q7)=1- F<"“ ) + m@“ )+

Rosenbluth separation

e Derivative at low Q2 limit:

dGE(Q?)
dQ? | e,

* In PRad Experiment, cross sections
are dominated by Ge since Q2 is very

small <7“2> — _6




PRad Goal

Measuring proton charge radius using ep elastic
scattering:

« Unprecedented low Q2 region (~2x10-4 GeV?)

e Covers two orders of magnitude in low Q2
(~2x10-4 to 6x10-2 GeV2) with the same
detector setting

* Normalize to the simultaneously measured
Moller scattering process

« best known control of systematics

Extract the radius with precision from sub-
percent cross section measurement
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PRad Setup

e Electron beam at 1.1 GeV and 2.2 GeV

e Windowless H: gas flow target e GEM detectors

e Vacuum Chamber e Hybrid EM Calorimeter (HyCal)

PRad Setup (side View)
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Windowless H, Gas Flow Target

* A windowless gas tfarget of
cryogenically cooled hydrogen:

Gas OUT

4 cm long copper target cell

7.5 ym Kapton windows with 2 mm
beam orifices, allows beam to pass
through

H2 gas at 471 mTorr

Target density: ~2x1018 H atoms/cm?

Gas N, 25K

Gas OUT

5-axis Motion
Mechanism

Beamline
furbo

Chamber
turbo (1 of 2)

Beamline
furbo



Vacuum Chamber

e 5 m long two stage vacuum chamber, further suppress the background




Two large area GEM detectors (55 cm x 123

cm)

Excellent position resolution (72um)

Small overlap region between two
planes with a hole for the beam

GEM Detectors

passage

A factor of >20 improvements in coordinate
resolutions

counts

Large improvements in Q2 resolution

(important)
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o(E)/E

EM Calorimeter

e Hybrid EM Calorimeter (HyCal)
e Inner 1156 PbWO, shower detectors
 Outer 576 Pb-glass shower detectors
e 5.8 m from the target
* Scattering angle coverage: ~0.6 to 7.5 deg
e High resolution and efficiency

e 2.5% at 1 GeV for PbWO, part
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Background Subtraction

ep Background Contribution
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0.08

e ep background rate ~10% at forward angle
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Event Selection

elasticity cut for ep scattering
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Cut size depend on local detector resolution

For ee events, if requiring double-arm events, apply

additional cuts

Vertex z,...

ty, Co-planarity,

IC

Elast

E' (MeV)

Co-planarity for ee scattering

production runs

/)

/)
/)

/)

g bg runs, gasin, cell in

/)
/)
/)

AN

744

990D
9907

2.2 GeV data

after kinematic

iminary

Prel

S

DN\

and elasticity cuts

%

PP
(TR
ERIIRRRRS
2

/.

g2

72
el O
== -
i
U e
\\w\\ =

S e
¥ AN

7
/

IIIIIIIS T 0
s s

WP~

v 7 X
I 5o

- hets

000002
EZRRRRRRA
&&&&A 0

\\W@€<0
e -

%
%
4 XS
—ymseseteteteteteted
R

= 12000 % %% 4
L ATRRRRRIRRIRRN

700008
L
ISP [
ISP IIASS XX
U BRRRS
U RIS
U IR
TS R

g9
//
///
//,
/

7

//
/

»
3,050
<R

X
XK
SRR

KR

N
A
N
N
N
N
N
o
LI
0
02058
$958%
%
35
35
0%l
ot}
X5

Lo
-

//

///,
/,

./

B
%S

<
2020 %%%
KKK
%0 %% %%
MWX&W

FX5

o%
Q
R

XX

CERKR
CRKKL 0”&%

CRRERIRKL
LB LIEIKIL
ESORRRRNNKS

QL
.m“......vx.
VP ARSEEIEIRR
L RIIIIIRL

S S S S ) R
S S

7

VD
/

/,
/,
/

XXX
000,909,
s
o
7 O,
7 QRRRRR
XXX

5%
oo
29%%
bode:
:::
ote!

XXX
S
By XX

0
%% %0 %%

QL
RN

X

by
2355

ot
50058

K5

S
RS
0% %6264

S
5
%5
55
55
%
b

5
2505
5
S
555
%5
55
%

30K

RRRKS
300X

000

9%
9%
5
%
%!

%
&
5

%%
%
<
<
§>
5
%5

X
5055
2

%
0505

55

%

S
S
e

<R <R

b0,
%
<
%

2
%
o%%
SR
3%
0%
%%

QRRRIRKL

696%%%

XHRRHS
<
555

0&%’
KKK
CHKK
LR

it

29585
5
558
ote!

5
5
o

%

o
%

K
(2

$9%
o¥%
K8
<
<
0%
290,
SR
S

Q

::3:
5%
<
%5
byt
o2t

K2
K2
K2
<
A

4
%
RS
195650999
K5
eesates
555
S
ite%ets'o%e!

o

N
\ |
N
P
1L
<5
KL
K8
255
2%

WIIII D e = 20
7

U RIRA
(ISP e
R
s el

N~
o

~—

A8IA\/IUN0D

<
o
~—

10°

™
o
—

0
o
—

102

<t

o

~—

10

) al
o o
b b

ep scattering

’7’i.‘1.h.-ﬁl;hiyl--;-m

iminary

Prel

A¢ (deg)

Plots courtesy of W. Xiong

|5

6 (deg)



Extraction of ep Elastic Cross Section

To reduce the systematics uncertainty, the ep elastic cross section is
normalized to the Moller cross section:

do [ Nexplep = epin 0; £ A0) €geom €55 do
dQ /. N Nexp (€€ — e€) Egeom Eqne | \AQ )

Event generators for unpolarized elastic ep and Moller scatterings have been
developed based on complete calculations of radiative corrections beyond the
ultra relativistic approximation

* A.V.Gramolin et al., J. Phys. G Nucl. Part. Phys. 41(2014)115001

e I Akushevich et al., Eur. Phys. J. A 51(2015)1

A Geant4 simulation package is used to study the radiative effects:

exp sim born
born Oep Oce Uep born
Uep — ) ) " Oge
Oee Oep Oee

Iterative procedure applied for radiative correction
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ep elastic scattering cross section

2.2 GeV data

6x10™* 1073

iSyst. Uncertalnty(rlght axis)

i R e 1 |

£

2x1072

-2
10 0’ (GeV?)

2x1073

10°

do/d<2,, ., (mb/sr)

10

Differential cross section v.s. Q2, with 2.2 and 1.1 GeV data (preliminary)
Statistical uncertainties at current stage: ~0.18% for 2GeV, ~0.3% for 1GeV per point

Systematic uncertainties at current stage: 0.8%~2.0% for 2GeV, 0.9%~2.0% for 1GeV

ep elastic scattering cross section

SRR R

- = 1.1 GeV data
T L o

- D Mg : : : R
- = LIt A A 5 5 5 S
— . ‘B . . . . . . . . . . . . .
— . H | M . . . . . . . . . . . .
H N H H H H H H H H H H H
— Cooom : : : S
LR : : : Do

S L L s S A S R
— Piom : : S
- m : S
B m b
oom S

T & T S N SRS T R
= oom
— : Domi b
- Looimiod b
Coim b
- Dom
Lo me

g_ ........................................................................................................................ l. ........

Syst. Ulé‘lcerta;inty irigéht axis)

2x107° 1072

0’ (GeV?)

1073

20
10

Plots courtesy of W. Xiong



Form Factor Ge (Preliminary)

Proton electric form factor Ge v.s. Q2, with 2.2 and 1.1 GeV data (preliminary)

Statistic and systematic uncertainties shown as error bars

Preliminary Ge slope seems fo favor smaller radius

Proton Electric Form Factor G
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Radius Fitting Study

e Data always measured at finite Q2. Need to extrapolate to Q2 = O to obtain charge radius.

e Study the “robustness” of the fit functions: “robust” meaning that fit function should give

correct proton radius for data (or pseudo data) manufactured using a generating function.
(X. Yan, D. W. Higinbotham et al., arXiv 1803.01629)

* Lots of different generating functions and lots of fit functions has been tested

e Three-parameter fit function: f(Q?) = po(1 4+ p1Q?)/(1 + p2Q?)

TABLE VIII. The fitting results using the rational-function fitter (N = 1, M = 1), when different generators are used. Notation
as in Table I.

Generator R(input) (fm) R(mean) (fm) OR (fm) RMS (fm)
Dipole 0.8500 0.8503 0.0003 0.0097
Monopole 0.8500 0.8499 —0.0001 0.0099
Gaussian 0.8500 0.8509 0.0009 0.0094
Kelly-2004 0.8630 0.8631 0.0001 0.0096
Arrington-2004 0.8682 0.8686 0.0004 0.0094
Arrington-2007 0.8965 0.8965 0.0000 0.0094
Venkat-2011 0.8779 0.8777 —0.0002 0.0096
Bernauer-2014 0.8868 0.8844 —0.0024 0.0097
Alarcéomn-2017 0.8500 0.8499 —0.0001 0.0096
Alarcon-2017 (codata) 0.8750 0.8758 0.0008 0.0093
Alarcén-2017 (u) 0.8400 0.8407 0.0007 0.0096
Ye-2018 0.8790 0.8750 —0.0040 0.0097
Ye-2018 (re-fix) 0.8500 0.8514 0.0014 0.0096

* Uncertainty in the fit is not foo large

* No Bias, which means radii missed on high side as often as on low side
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Conclusion

e The PRad experiment was uniquely designed to address the "Proton Radius Puzzle”
e Discrepancy between electron scattering and muon spectroscopy results

e Unprecedented low Q2 data set (~2x10-4 GeV2) has been collected in ep elastic
scattering experiment

e Data with two orders of magnitude in low Q2 range (~2x10-% to 6x10-2 GeV?) in
one experimental setting

* Preliminary cross section and Ge extracted, covering Q2 from 3x10-4 fo 5x10-2 GeV?
* Preliminary Ge slope seems to favor smaller radius

e Preliminary extraction of the proton radius is expected to be done by this year

PRad is supported in part by NSF MRI award #PHY-1229153
and US DOE grant DE-FG02-03ER41231.
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GEM Resolution

Extraction of GEM spatial
resolution using GEM central
overlapping region
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Good spatial resolution achieved: - VLl SRR LT UK
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GEM Detection Efficiency

e GEM detection efficiency calibrated using physics runs

GEM spacer infroduces deficient area

Evenly distributed efficiency after spacer cut-off

e Stable GEM efficiency over time

Average efficiency fluctuation: ~0.5% level

GEM Spacer Cut-off

GEM Efficiency
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HyCal Calibration

Gains controlled by Light Monitoring System (LMS)

Two different calibrations:

e Before data taking: Scan with 250-1050 MeV tagged photon beam moved
in front of each module to study of resolution, efficiency and non-

linearity

e During data taking: With Moller and ep elastic events

Achieved expected energy I;I.\J\
resolution: ':"l
°© 0.04

 2.5% at 1 GeV for PbWO,

part
e 6.1% at 1 GeV for Pb-glass 005

part
Plot shows the energy 0.03
resolution for PbWO4 part with
statistical uncertainties and
systematic coming from non-
uniformity
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Beam positions monitored by GEM detectors

Beam position important to the experiment.
Using moller events to find beam position.

Allows us to continuously monitor beam position upto
0.05mm level.

2.2 GeV production runs beam X position

PP SO e, NS (SRR (DR PR PRIV, SRR | SR AR Eos |
1360 1380 1400 1420 1440 1460 1480 1500 1520
run number

2.2 GeV production runs beam Y position

run number

Beam position monitored by GEM detectors in different runs
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Extracting the ep / ee ratio

* At least four different ways to form the ratio, luminosity is always canceled by the
ratio:
* ep/singlearm Moller (eel): for ep in each theta (Q?) bin, normalize it to the Moller yield
selected using single arm Moller technique
* Best at cancellation of energy independent detector acceptance and efficiency
 Worst in ee signal to background ratio

* ep /double arm Moller (ee2): for ep in each theta (Q? )bin, normalize it to the Moller yield
selected using double arm Moller technique

* Partial cancellation for energy independent detector acceptance and efficiency
* Best at ee signal to background ratio
e ep /integrated double arm Moller (inte Moller)
* No cancellation for energy independent detector acceptance and efficiency
* The only way to include ep bins in region that is not “effectively” covered by Moller

 GEM detectors are always required for the above three types of ratio

e ep/(HyCal double arm + GEM single arm Moller) (s_eel): using HyCal to select double arm
events first. When using GEM, apply the ep / single arm Moller method

* Excellent ee signal to background ratio
* Complete cancellation for the energy independent acceptance and efficiency from GEM
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