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. The Proton/Deuteron Charge Radius Puzzles
2. The PRad Method

- windowless target
- high resolution calorimeter

- simultaneous detection of elastic and Maller

Why positrons?
Other experiments & prospects
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The study of the proton has revolutionized physics

The proton is the primary, stable building block of all visible matter in the Universe.

The proton played a leading role in the development of Quantum Chromo Dynamics
(QCD): theoretical framework for strong interaction between quarks mediated by

gluons.

In the last 100 yrs. since its discovery, the
proton has evolved from

to

Black Ecle

Positively charged
structure-less point particle

Glob of quarks and gluons, with ~90%

: _ : of its mass due to the quark gluon
The story of the proton has been in lock-step with interaction (and hence ~90% of the

many of the key advances in physics overthelast . . " = . . Universe).
100 years.

It continues to surprise us time and again.

Proton’s basic properties such as its RMS charge radius is interesting on its own right, but
also needed for determining fundamental constants such as the Rydberg constant.

D. Dutta NREC 2026, Apr 17, 2026 3 /34



H - spectroscopy and elastic e-p scattering are the two

traditional methods for determining proton charge radius

The forces defining the surface of a proton do not come to an
abrupt end, its boundary is somewhat fuzzy.

If the proton has no definite boundaries
how do you define its radius?

RMS charge radius (rp) is obtained from a consistent interpretation of
hydrogen spectroscopy and electron-proton scattering experiments

e-p Scattering H-spectroscopy
2P
= =
2S
10.2eVY
1S 0 ‘dG%
< > = —06
[ r dQ2 Q2=0
This definition has been rigorously shown to be consistent for all types of
experimental measurements. 6. Miller, Phys. Rev., € 99, 035202 (2019)
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The results from the muonic hydrogen spectroscopy led to

the so called “proton radius puzzle.”

~80 discrepancy between muon and electron based measurements

up 2013 ¢ oL electron avg.
® - scatt. JLab
up 2010 |- = ® - scatt. Mainz
(2010)
o . H spectroscopy
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9

Pohl et al., Nature 466, 213 (2010

Antognini et al., Science 339, 417 (2013) Proton Charge radius Rch [fm]

Proton rms charge radius measured using = unprecedented precision ~0.08%
electrons: 0.8770 = 0.0045 (CODATA2010 + Zhan et al.) s Q2~10° GeV?
muons: 0.8409 + 0.0004
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There was a world wide effort to explore numerous

possible resolutions to the “proton radius puzzle.”

% Are the state of the art QED calculations incomplete?

- E. Borie, Phys. Rev. A 71, 032508 (2005)
- U. D. Jentschura, Ann. of Phys. 326, 500 (2011)
- F. Hagelstein, V. Pascalutsa, Phys. Rev. A 91, 040502 (2015)

% Are there additional corrections to the muonic Lamb shift due to proton structure (such as
proton polarizability of O(c®)?

- C. E. Carlson, V. Nazaryan and K. Griffioen, Phys. Rev. A 83, 042509 (2011)

ADR. J. Hill and G. Paz, Phys. Rev. Lett. 107, 160402 (2011)
% Are higher moments of the charge distribution accounted for in the extraction of rms charge

radius? _\; o Distler, J. C. Bernauer and T. Walcher, Phys. Lett. B 696, 343 (2011)

-A. de Rujula, Phys. Lett. B 693, 555 (2010), and 697, 264 (2011)
- 1. Cloet, and G. A. Miller, Phys. Rev. C. 83, 012201(R) (2011)

*

Is there an extrapolation problem in electron scattering data?
- D. W. Higinbotham et al., Phys. Rev. C 93, 055207 (2016)
- K. Griffioen, C. Carlson, S. Maddox, Phys. Rev. C 93, 065207 (2016)
- Z-F. Cui, D. Binosi, C. D. Roberts, S. Schmidt, Phys. Rev. Lett. 127, 092001 (2021) (Continuum Schwinger Mtd.)
% Has new physics been discovered (violation of Lepton Universality)?

- V. Barger, et al., Phys. Rev. Lett. 106, 153001 (2011)
- B. Batell, D. McKeen, M. Pospelov, Phys. Rev. Lett. 107, 011803 (2011)
- D. Tucker-Smith, I. Yavin, Phys. Rev. D 83, 101702 (2011).

% New force carriers?

- C. E. Carlson, Prog. Part. Nucl. Phys. 82, 59-77 (2015).
-Y. S. Liu and G. A. Miller, Phys. Rev. D 96, 016004 (2017).
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The “deuteron radius puzzle” unfolded soon after the

“proton radius puzzle” but with less fanfare.

CODATA-2018 COD%[A-ZOM
b : |
uD 2019 e = ® 1 D. avg.
uD 2018 +—e—
ubD 2016 e~ : o it 1S—>2S+2S— 8S,,
= o = 1S - 2S +2S — 8D7
b . 1 IS >25+2S - 8D,
o | IS—>ZS+ZS—>12D,
= = IS—>2S+2S—>12D
l l | 1 1 1 I 1 1 1 1 l | 1 | 1 I 1 | 1 1 1 l 1 | 1 1 l 1 1 1 | l 1 | 1 1

2115 212 2125 213 2135 2.14 2145 215 2155 2.16 2.165
Deuteron charge radius r ] [fm]

A ~6 o discrepancy between rp from ordinary D and uD spectroscopy was
observed a few years after the “proton radius puzzle” came to the fore.
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PRad: a novel electron scattering experiment

I Thin Al. window

¥
Cryo-cooler, H
_I .

Harp -

Beam halo
blocker

Spokesperson: A. Gasparian,
Co-spokespersons: D. Dutta, H. Gao, M. Khandaker

High resolution, Hybrid calorimeter (magnetic spectrometer free)
= Windowless, high density H, gas flow target (reduced backgrounds)

Simultaneous detection of elastic and Maller electrons (control of systematics)
Vacuum chamber, one thin window, large area GEM chambers (better resolution)
Q2 range of 104 — 6x10-2 GeV?2 (lower than all previous electron scattering expts.)

Ran in Hall-B at JLab in 2016, using 1.1 GeV and 2.2 GeV electron beam
talk by H. Gao on Tuesday 04/14
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e-p elastic cross section extracted by normalizing to

Maller cross section.

bin-by-bin normalization (double arm Maller) integrated over HyCal acceptance
ield . e e = vield | \ ee (. / e e (. /
((/_G) ( 1) B Ng)l(pl .((’/’— epin 6;=AB) .ggcotm ‘ Elet ((/_O’) <d_0'> (0_3) _ f\:::) (ep, ;= A8) Egcom(“” PWO) €l (all PWO) ((1’_0’)
dQ e l NZ,Q}}“ (6=~ —e7e¢) E(:véom fgél Q) -, or dQ e I Ng;%ld((“(". on PWO) 8&50“](9,&:/39) Eéé,(eiiAe) aQj,,

Event generator for e-p elastic and Maller include radiative corrections beyond the ultra-
relativistic approximation & two photon exchange (used iteratively within a Geant4 simulation)

1. A. V. Gramolin et al., J. Phys. G Nucl. Part. Phys. 41, 115001 (2014).
2. |. Akushevich et al., Eur. Phys. J. A51, 1 (2015).

3. O. Tomalak, Few Body Syst. 59, 87 (2018). (two photon exchange formalism)
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Figures courtesy

Systematic uncertainties: 0.3% - 0.5% at 1.1 GeV and 0.3% -1.1% at 2.2 GeV of W. Xiong
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The proton electric form factor was extracted at the

lowest Q2 ever achieved in electron scattering.

Proton Electric Form Factor G

®m1.05
i The slope of Gg(Q?2) as
1,-.-. etier g Q2 —0 is proportional
- Trugg to rp2.
- ?E
095 [ -Ix .
0.9F | Typically rp is obtained by
- | 7 T GeveE i | fitting Ge(Q2) to a
0sl | ° 220evdaa 4 functional form and
P - | €XTrapolating to Q2 = 0.
0-8_ 1 1 L L1 1l ll 1 L 1 1 L1 1.1 l | 1
2x107 10°  2x107° 102  2x107

0’ (GeV?)

The truncation of the higher-order moments of Geg(Q2) introduces a model
dependence which can bias the determination of rp.

Figure courtesy of W. Xiong
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A wide range of functional forms were systematically

tested for their robustness in extracting rp.

- Numerous functional forms were tested with a wide range of G¢ parameterizations, using
PRad kinematic range and uncertainties: X. Yan et al. Phys. Rev. C98, 025204 (2018)

- Rational (1,1), 2nd order z transformation and 2nd order continuous fraction are identified as
robust fitters with also reasonable uncertainties

Rational (1,1) Polynomial Z (2) CF (2) Rational (1,1)
: . . Ye-2018 2
B & el 1+p,Q
: : : Po
! ! ! Alarcé 1+ szZ
—o- —o— o arcon-2017
E : : 2nd order z
! : : _ transformation
-o- o -8~ Arrington-2004
: : : Po(1+ P12 +p,2%)
* - »- i
) M i Gaussian JL¥ 02— JT.—T,
; | | Monopole z= >
A - * Dipole VIe+ Q% + T —To
NI B O B AT NP B P IR P 2nd order continuous faction
-005 O 0.05 -005 0 0.05 -005 O 0.05
SR (fm) SR (fm) R (fm) 1
The robustness = root mean square error (RMSE) Po 0?2
1
RMSE = \/(53)2 4 02, Estimated from >10,000 1 + 1 + p,02

mock data sets smeared
OR = difference between the input and extracted radius by systematic and

o = statistical variation of the fit to the mock data statistical uncertainties. F'gure courtesy of W. Xiong
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The rational (1,1) functional forms provides the most

robust extraction of r, from the PRad data.

2
* n, and n, obtained by fitting PRad G, to )71/ (Q°), for 1GeV data . ,
n,f(Q?), for 2GeV data vang ratuc;nillgl,olz)
f@)=—7—
* G’c as normalized electric Form factor: Gg/ny, for 1GeV data 1+p,Q°
Gg/n,, for 2GeV data = ,'
Iy = +/ 0(p2 = ).

* PRad fit shown as f (Q?) r

p
Proton Electric Form Factor G,

= 0.831 +/- 0.007 (stat.) +/- 0.012 (syst.) fm

Proton Electric Form Factor G'E
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- 2.2 GoV data O :
= e PHag (Current), H = 0831 2 0.007 (st ) = 0.072 {5yst) 8
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G..Z Yeolal PLB777 (2018)8 3«0879m . 'M,‘
- i - - L
- o~ \\\%\ N tk
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— ‘-._ e \-l - \.
i - - \ - i\\
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- e |
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- - .
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n, = 1.0002 +/- 0.0002(stat.) +/- 0.0020 (syst.), n, = 0.9983 +/- 0.0002(stat.) +/- 0.0013 (syst.)

W. Xiong et al., Nature, 575, 147 (2019)
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Since PRad there has been dramatic development over the

last few years.

Several new H-spectroscopy results were reported

Pohl 2010 (pH spect.) (]
Antognini 2013 (uH spect.) O r : Zhan 2011 (ep scatt.)
@ CODATA-2014 (ep scatt.)
Bezginov 2019 (H spect.) B
& CODATA-2014 (H spect.)
PRad exp. (ep scatt.) o
Bullis 2026 (H spect) -
@ Fleurbaey 2018 (H spect.)
Maisenbacher 2026 (H spect) @-
® Mihovilovic 2019 (ep scatt.)
Grinin 2020 (H spect.) ——
Brandt 2022 (H spect.) ——
CODATA 2022 (H spect.) @)
. 4 4 41900090 e e 0 e ' 0 090 0L
0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94

Proton charge radius r [fm]

CODATA revised the value of r, and the Rydberg constant.
2020 Review of Particle Physics  claims - “...the puzzle appears to be resolved”

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083CO01 (2020)
Latest Review Article: H. Gao & M. Vanderhaeghen, Rev. Mod. Phy. 94, 015002 (2022).
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http://pdg.lbl.gov/2020/html/authors_2020.html

New lattice results have also created a buzz.

104

0.84

0.6 1

£(Q%)/GE(0)

—— this work
0.1 - { Al ep scatt.
{  PRad ep scatt.

0.0 0.1 0.2 0.3 0.4 0.5 06 L
Q~ [GeV~]

D. Djukanovic et al. PRL, 132, 211901 (2024)

D. Djukanovic et al. PRD, 109, 094510 (2024) B §
. . ' 0.7 0.8 0.9
PDG ETMC'17 ETMC'19 PACS'19
talk by M. Constantinou - M A o >
) / p
on Wednesday 04/15 ¥l Mainz'23 Al Mainz'23 z-exp |o| PACS23 |e| ETMC (rE) [fm]
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PRad-ll is designed to address a new puzzle In

hadronic physics.

1.01
1.00 i Y g-ﬁnwﬂ I } }
_ pr » ::E«',Eﬂ é I
20_99— | : N "f'v\! ; !“_‘ ;
o 'I;r!. S | L RO
£ 0.98- | ‘
ow i PRad: Egeam = 1.100
) _ PRad : Egeam = 2.143 GeV
re 0.97 @ AL: Egeam = 0.180 GeV )
L) $ Al: Egeam = 0.315 GeV
0.96- $ Al: Egeam = 0.450 GeV
# AL: Egeam = 0.585 GeV
0.951 ¥ A1:Egeanm = 0.720 GeV
A Al: Egeam = 0.855 GeV
0.94 1 — Mainz Al 10" order polynomial fit
0.02 0.04 0.06 0.08 0.10
QZ [(GGV/C)Z] Figure courtesy of J. Zhou
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A new experiment - PRad-ll just started at JLab it will push

the precision frontier of electron scattering.

Upgrade HyCal to a FADC based readout
(only the inner PbWO4 crystals will be used)

Add a second GEM plane between HyCal and vacuum
chamber to further reduce the backgrounds and improve
vertex resolution.

I Thin Al. window

Vacuum chamber

3
Cryo-cooler, |,

Beam halo Harp |

Will improve the precision of rp measurements and start a
new program of high precision measurements using the PRad method
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PRad-ll is projected to be ~3.5 times more precise

than PRad with an uncertainty of 0.0043 fm.

[ HyCal Acceptance mmm 1st Open Crystals
1....1 Scintillator Acceptance W 2nd Open Crystals

1500

1000+

A new scintillator detector will help
reach the smallest scattering angles
and the lowest Q2 range (10> GeV?)
in lepton scattering.

500+

0

y (mm)

=500+

-1000

~1509560 1000 =500 0 500 1000 1500

Pohl 2010 (uH spect.) fol ' 0 | Bernauer 2010 (ep scatt.)
Antognini 2013 (uH spect.) . b ® i Zhan 2011 (ep scatt.)
Beyer 2017 (H spect.) g ® : ; ® 1 CODATA-2014 (ep scatt.)
CODATA-2018 FoH g ® : CODATA-2014 (H spect.)
Bezginov 2019 (H spect.) ® : o @1 CODATA-2014
PRad exp. (ep scatt.) . y | e s Fleurbaey 2018 (H spect.)
PRad-ll proj. —a—

L ® { Mihovilovic 2019
Grinin 2020 (H spect.) 0 (ep scatt.)
Maisenbacher 2026 (H spedt) , | el En e 0209090 Tl N R

0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92

Proton charge radius r_[fm]
P Figure courtesy of W. Xiong
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PRad-ll has just started collecting data at JLab
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Radiative effects are an unwanted “background” in all electron

scattering experiments

~Experimental AE Cut

083_ “ ”
E da”Ser Z0ne . Ever-improving recipes for
0.7 merging of soft- radiative corrections used to
= emission S remove effects from
| A= elastic process experimental observables.
— 0.5 . .
= NNLO corrections available
o 04— (see talk by O. Tomalak,
- |. Akushevich, and S. Strauch
0.3 on Thursday 04/16)
0.2
0.1
- D #~t E
o e oo e o b b o Lo g
40 50 60 70 80 90 100
Plot made by Jan Friedrich E’ No direct measurements;

only indirect test via
un-folded spectra in “good”
agreement with predictions
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The PRad data was used for the first ever direct measurement

of radiative photons in Mgller scattering

Scattered electron energy distribution

8000 Eo=2.143 GeV, 1.20* <6, < 1.30° ¥,
---- Akushvich et al. 2015 ¥ \.
70001 - Akushvich et al. 2015 with Radiative Photons E, > 35 MeV WA Bremsstrahlung
. {  PRad Moller Events :‘ 1 b . d d
> 99901 1 PRad Moller Events with Radiative Photons E, > 35 MeV A uriea unaer
_% 5000. I Systematic Uncertainty Estimate ',' “. elaStIC (I\/IOIIer)
" - peak
2 so00- AR
.‘ 0 = 1 :
PT@HW@U@@W T
! H v
20001 i \
‘ \
0
10001
v
R
.
04 e P— s
0 200 400 600 800 1000 1200

Scattered Electron Energy (MeV)

Plot courtesy of C. Peng
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The PRad data was used for the first ever direct measurement

of radiative photons in Mgller scattering

Scattered electron energy distribution

ll Eo=2.143 GeV, 1.20° <0, <1.30°
400 I ---- Akushvich et al. 2015 with Radiative Photons E, > 35 MeV
: I  PRad Moller Events with Radiative Photons E, > 35 MeV Hli\
i B Systematic Uncertainty Estimate }I[ 1‘
. oo
3 : L
> i P 0 0 i x
\ /
L0 & [Preliminary ‘
200 \ {‘I’] X Two GEM detectors =
) { - : . .
N f ¢ improved efficiency
{ \
Q\IH - measurement
\ngi 4 1.5 &2
T g g e e R ST better vertex
0 resolution to reject
0 300 600 900 1200 upstream background
(D ENERGY T E' (Mev) .,
better photon
identification

PRad-ll will allow direct measurements of radiative photons in
ep scattering Plot courtesy of C. Peng
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There is a urgent need for high precision e-D scattering

cross section and charge form factor data

Figs. from Byungwuek Lee’s PhD thesis (LEDEXx experiment @ JLab)

1.40 I | 1 I I I I Experiment @ (GeV/c) Symbol Year and 1.40 | | I
Reference | | |
- o er - Monterey ~ 0.04-0.14 O 1973 [§] . | -
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s 0985 - DESY 049-071 o 1971[13) £ 085| > _
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i % SLAC E101  0.89 - 2.00 + 1975 [17] 0.73 - @%: : 1-;‘ i
0.50 N Y N S R T I R T| T
0 2 A 6 8 0.50
S .0 2 4 6 8
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!ll g; q specB
. . . § ; iiigii !!!! i l specC
100 - :1 l a
More recent £ ! i kﬁ%U}‘H ]L l | ﬁ[ [[H l” “ I [ H l } i | l
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at Mainz .
. e i emsssovenmmeranis s u snunmunny | =180 MeV settings
%C . caNNesssenNNeRRNE wnnmennnxnnnnniEEiE ¥ § § . . ; E—315 MeV settings

.0

i lpabyggen g
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I 1 450 MeV settings

0o

B.S. Schlimme, et al. EPJ W of C, 113, 04017 (2016)
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There is a urgent need for high precision e-D scattering

cross section and charge form factor data

B DRad 1.1GeV proj
A DRad 2.2GeV proj
1 08 ® Abbott et al. E ®
* Berard et al. (1973)
- 1.06 4% Simon et al. (1981) 4
- existing data from old methods e~ 108
- large uncertainty g 1.02F- |
- all used magnetic spectrometer method TEDO - #i Il
- normalized eD to ep cross section >~ S "{'H‘ 'y I
- large bgd. from target windows ‘G 098 |
ge bgd. g -~ - Q2 range of
T O 0.96— proposed
O u experiment
0.94
used to extract g— !
Chargeradius [ | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII|
10°° 10; ) 107 1
Q° [GeV“]
CODATA-2018 CODATA-2014
HH —e—
e-D 1973 D SpCCtl‘.
I L i —e—
e-D1981
n-p S(,dtt 1990
e-D 1970
L
b L {
(Sick & Trautmann 1998) Most recent extraction of charge radius
e e L b b )y gre.-aln,alyslls). isareanalysisofolddata.
2.07 2.08 2.09 2.1 2.1 2.12 2.13 2.14 2.15

Deuteron charge radius r, [fm]

Situation points to an urgent need for a new high precision eD experiment
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DRad: a novel electron scattering experiment

Deuterium
gas

5HOO Cryocoolerl Recoll detector

Harp
Halo blockers bellows

EN.

S PRad cylindrical
3 vacuum box

1.7 m

Will use the PRad-ll setup with 1.1 GeV and 2.2 GeV electron beam

High resolution PbWO4 calorimeter (magnetic spectrometer free)

Windowless, high density gas flow target (reduced backgrounds)

Simultaneous detection of elastic and Maller electrons (control of systematics)
Vacuum chamber with one thin window, & two GEM chambers (better resolution)
Q2 range of 2x10+4 - 5x10-2 GeV? (lower than all previous electron scattering expts.)
Add a cylindrical recoil detector for ensuring elasticity of reaction.

Precise extraction of the charge form factor and charge radius rp
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The elasticity of e-D scattering will be ensured with a

cylindrical Si-strip-based recoil deuteron detector.

' airs of
silicon strip detectors

pitch adaptor

Readout electronics

Based on CLAS12 Barrel Si tracker (SVT)

n fiber

+ consists of 20 panels of twin, single-sided Si-strip detectors (size; 42x52 , mat‘ﬂ"},} 'Tidget
+ thickness: inner, = 200 um, outer = 300 um (to be optimized): c

« 20 segment arrangement with R=13 cm radius (to be optimized);

* 256 strips on each segment, angular resolution: 3¢ < 5 mrad, 06 < 20 mrad

* Passivation layer ~ 0.1 um ( can be as low as 0.01 ym).
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The estimated total uncertainties is about a factor of 2

better than the best extraction to date

0.8

0.6

0.4

0.2

— = Previous data
L By 0 DRad 1.1GeV proj
- Y, 4 DRad 2.2GeV proj
- Ty,
| iy
Fay
| Fay
n A Estimated from 10,000
&
— s mock data sets smeared
B A by systematic and
- N statistical uncertainties.
Projected results \ systematic uncertainty
__ . = (Rsmear - Runsmear)l Runsmear
| 4
_— H i'-‘- TR K
llllllll | llIIIIII | IIIIIIII | | Illllll
107 10*2 ” 107 1
Q° [GeV ]
DRad proj.
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5 L 3 i
e-D 1970
L
I L 2 i
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Deuteron charge radius r, [fm]
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The PRad-ll and DRad experiments can be repeated with

the proposed positron beam

Damping

electron beam

Machine Parameter Electrons Positrons
Hall Multiplicity 4 1o0r2
Energy (ABC/D) 11/12 GeV 11/12 GeV
Beam Repetition 249.5/499 MHz 249.5/499 MHz
Duty Factor 100% cw 100% cw

Unpolarized Intensity
Polarized Intensity

positron beam

Area Sp/p &, g Area Sp/p €y g Yes 1920 Hz/Yes
[x1079] [nm] [nm] [x10-] [nm] [nm]

Chicane | 0.5 | 4.00 | 4.00 Chicane 10 500 500

Arc1 | 005 | 041 | 041 Arc 1 1 50 50 Higher emittance of the
Ac2 | 003 | 026 | 023 Arc 2 0.53 26.8 26.6 positron beam will impact
Arc3 | 0035 | 022 | 0.21 gl Arc3 0.36 19 18.6 reconstruction and

Arc4 | 0.044 | 0.21 0.24 E| Arc4 0.27 14.5 13.8 systematics

Arc5 | 0.060 | 033 | 0.25 A1 A5 0.22 12 11.2

Arc6 | 0.090 | 058 | 0.31 Arc 6 0.19 10 9.5

Arc7 | 0104 | 079 | 0.44 Arc 7 0.17 8.9 8.35

A8 | 0133 | 121 | 057 Arc 8 016 8.36 7 38 Must be paired with electron

Arc9 | 0167 | 2.09 | 0.64 2| "Ac9 | 016 | 84 | 68 [, running with

Arc10 | 0194 | 297 | 095 MYAATO1 | 0.18 9.13 619 |I  matching emittance

HallD | 0.18 | 270 | 1.03 ,  From J. Grames |

B e o e e e e e e e e e s mee S me e
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p-p and e-p scattering have been compared to verify

Lepton Universality at the ~10-15% level.

Elastic scattering
Deep Inelastic scattering

LR | t | | | | J | | |
\ F 0 T T T T * This Experiment
| G%(q®) = 62(q®) + sy q Gz (q2) +: ] x e~ p (SLAC)
0S5~ - 200 : _: a ),p
‘ o RUN A i ] + LA L B B A
‘{ THIS EXPERIMENT {a RUN B —~ 150 4 K=06-15 (@) 4 150 } K=15-25 (b) -
0.4 }’ o RUN C i 0 (GeV) ] (GeV)
L 1 0 :
} ELECTRON DATA {' JANSSENS ET AL. 100 ¢ 1 100 —
- —— ONE PARAMETER FIT -, - 3 "
= 6 I " j ‘ :
Y 03} - % . -
o) 50 b 71 50 N * ' j.
b SR I S I
RN SRR R S Bl [ | Lo
ol K - 0 0
)}iﬂ\% 14 [ A S B | r]M,:'I I'I%I_
. - ¢ —
ol - }N - ol T ] oe F b4 .
S— 02 I, 1 | ? | j 02 | | | T
O 0 20 30 40 0 IO 20 30 40
e Y Y Y N N N B I T B
6 10 14 18 22 26 30 34 42 192 [(GeV/c)z]
q% (F)
| — ——————— T — —

R. W. Ellsworth et al. Phys. Rev. 165, 1449 (1968)

D. Dutta

T. J. Braunstein et al., Phys. Rev.D, 6, 106 (1972)
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Some recent results point to a possible violation of
Lepton Universality

BaBar ,
0.1 < ¢* < 8.12 GeV¥c*

[PRD86032012]

Belle .
1.0 < ¢* < 6.0 GeV/c!
[THEP03(2021)105]

LHCb 9 fb™!

1.1 <g*<6.0GeV/c
[LHCb-PAPER-2021-004]

0.5 1 1.5
Ry = BB = Kpwtp) B(B™ > K7e'e”) LHCb Collaboration: Nature Ph sfs{( 18, 277 (2022)
K= BB = (= u i K / BB — Jb(=ete )KT) ' y ’

Proton/Deuteron radius measured with positrons can contribute to

tests of Lepton Universality
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Measuring the two-photon contributions to the e*p and

ep cross sections is a major focus.

1.05 . | | | Ma,inI spectr(l)meter II—o—l —
NN 12° telescopes =
Results from most recent measurements 104 - ‘ Correlated uncertainty -
~ Blunden N oan ---
1.03 ~ S~ Blunden N + — -
S . Bernauer ——
1.02 | > F S~ Tomalak —— —
2 R MM g 1 01 | \ iy
+ 4 . — , ~ < —
R T i i T
e p\E; ¥ 1 1 I 3 ‘-iaiw?
0.99 I —
0.98 —
0.97 |- -
| | I | | l
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
_ : €
Similar measurements over wide range | | | | | |
of kinematics is one of the major focus 2.0 , A5, 10 0.5 0.0
of the positron program at JLab Q" [(GeV/e)l|

B. S. Henderson et al. Phys. Rev. Lett. 118, 092501 (2017)

talk by P. Blunden on Thursday 04/16
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The PRad-ll and DRad experiments with a positron beam

will provide direct measurements of radiative photons

Two GEM detectors =

improved efficiency measurement

better vertex resolution to reject
upstream background

better photon identification

Scattered electron energy distribution

] Eo=2.143 GeV, 1.20° <0, <1.30°
400 ---- Akushvich et al. 2015 with Radiative Photons E, > 35 MeV
I  PRad Moller Events with Radiative Photons E, > 35 MeV ﬁ‘

I Systematic Uncertainty Estimate

/dE

do

200

it

V1
i
\11

N 0 300 600 900 1200

N U3 CmRI 08 Arpomas NassesLabcentary b 8
(ZENERGY T,

Similar quality results can be obtained
for e- p and e* p scattering

22

Direct measurement of radiative photon
in e- p and e* p would give unique and
high-precise access to the charge
asymmetry and the 2- photon
contribution (with different systematics)
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1175

Several lepton scattering experiments are currently
running or being prepared.

Experiment | Beam | Laboratory Q° (GeV/c)* | drp (fm) | Status
MUSE g PSI 0.0015 - 0.08 0.01 Ongoing

AMBER s CERN 0.001 - 0.04 0.01 | Future
PRad-11 e Jefferson Lab [4x 1077 -6 x 107*| 0.0036 Ongoing

PRES e Mainz 0.001 - 0.04 0.6% (rel.) | Future
AlQMAMI (jet targct-). e Mainz 0.004 - 0.085 [ [Ongoingl

MAGIX@MESA | e Mainz > 10T — 0.085 Future
ULQ- ( Tohoku l'lli\'("l‘sit\’ilii x 107% - 8 x 10 "'A'\« 1% (rcl.)‘Ongoing

Proton/Deuteron radius measured with positrons can contribute to
tests of Lepton Universality

D. Dutta

NREC 2026, Apr 17, 2026

Table courtesy of H. Gao
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Summary

- The “proton radius puzzle” arose in 2010 with the first yH
spectroscopy measurement of rp.

- A novel electron scattering experiment (PRad) was completed at
JLab Hall-B in 2016

v lowest Q2 (~2x10-4 GeV/C?2) in ep-scattering experiments was achieved;

v simultaneous measurement of the Mgller and elastic scattering processes was
demonstrated to control systematic uncertainties;

v data in a large Q2 range (2x10-4 - 6x10-2 GeV2) was recorded in the same
experimental setting, for the first time in ep-scattering experiments.

- Several new experiments are bein%‘ prepared to help further establish
these results. Including PRad-ll & DRad

- PRad-ll & DRad can be performed with positrons to help test Lepton
Universality, validate radiative corrections, and give unique access
to the two photon contribution

This work was supported by NSF-MRI grant PHY-1229153 and US

DOE grant DE-FG02-07ER41528
D. Dutta
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PRad-Il Rp uncertainty table

Stat. uncertainty 0.0014 e Assume regular GEMs
GEM efficiency 0.0023 with dead-area
Acceptance 0.0002 * PRad-Il uses only PbWO0O4
Beam energy related 0.0002 part of current Hycal
Event selection 0.0027
HyCal response 0.0001
Beam background 0.0014
Radiative correction 0.0004
Inelastic ep 0.0002

Production Run Plan

Magnetic form factor model 0.0006 PRad-II

4 days, 700MeV, 20nA
5 days, 2100MeV, 150nA

Total syst. uncertainty 0.0041

Total uncertainty 0.0043 15 days, 3500MeV, 150nA




The H-spectroscopy view has gotten even muddier in the

last two years.

CODATA [2,3]
This work
25-2P [R2]

n = 27-30 [25]
pH [17]
25—4P [20]
1S-3S [21]
1S-3S [23]
25-8D [24]

20 A

10 -

Xy

(Roo — Roo2018) /0 (Roo2018)

—10 0 10 20

(1p — Tp2018) /o (Tp2018)
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Background Subtraction

* Runs with different target condition taken for background subtraction and studies
for the systematic uncertainty

 Developed simulation program for target density (COMSOL finite element analysis)

—— =

HZ 4 H ) Hz 4 H N
Beamline — | | L Beamline — ,—| — L Pressure:
T S — ] I - ~470 mTorr
A g N / ~3 mTorr
—= = < 0.1mTorr
H, i R H, 4 H ’_L N
Beamline — y—l — ] — Beamline — —_— -
= | | — —_ —
\, S \_ y
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Background Subtraction

* ¢ep background rate ~ 10% at forward angle (<1.3 deg, dominated by
upstream collimator), less than 2% otherwise

* ee background rate ~ 0.8% at all angles

ep Background Contribution ee Background Contribution

O
—
no

bg run, gas in, cell in

bg run, gas out, cell out

bg run, gas out, cell in

residual hydrogen gas contnbutlon

. bg run, gas in, cell in

@ bg run, gas out, cell out

‘ bg run, gas out, cell in

v residual hydrogen gas contribution

1

ssesssatsPisasisassnstsgessas

e
—
-4
e —
-4
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Elastic cut and inelastic contribution

* Using Christy 2018 empirical fit to study inelastic ep contribution
* Good agreement between data and simulation

* Negligible for the PbWO, region (<3.5°), less than 0.2%(2.0%) for
1.1GeV(2.2GeV) in the Lead glass region

spectrum for 3.0° < 6 <3.3° (Q° ~ 0.014 GeV?) spectrum for 6.0° < 8 < 7.0° ( Q? ~ 0.059 GeV?)
%soo_data 1117:11 ||!1771 % — (ata 'llil!llll!lllllllll!:
S | — smutor D R R p——— NS T O
2 O Inelasnc ep (Chnsty 2018) . @ — lnelasticep{Christy 2018) |- g T ]
s 250 _ ] c — . o .
¢ tpowo, ., | 7% Lead gla: | E
regnon U S R o reglon :
150 5 | — 3 E
[ | ] 40 g
f | elasticity cut - R VY ' 3
; ! i 10E: T : elashcnty cut ' " .
0.1111 - - - — S — e 0~ 1111 1111 1111111 - l l l :
1600 1700 1800 1900 2000 2100 2200 1600 1700 1800 1900 2000 2100 2200 2300 2400
E'(MeV) E' (MeV)

M.E. Christy and P.E. Bosted. PRC 81, 055213 (2010)
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There is a urgent need for high precision e-D scattering
cross section and charge form factor data

In the limit of first Born approximation, elastic eD- scattering is
written in terms of the A(Q?) and B(Q?) structure functions.

do

do
o = S INsIA@) + B(Q?) ten® /2

a6IN5 s for elastic scattering from point-like spinless particle, &
A(Q2) and B(Q?) are related to deuteron charge (Gcu),
electric quadrupole (Gad) and magnetic dipole (Gmd) form factors:

AQ) = GH@)+ nGhiul@) + (7Gh@)
BQ) = 3001 +0)Gu(@),
n = Q*/4mg,

Fig. from Byungwuek Lee’s PhD thesis

D. Dutta

<&
<

@ uo]
117 | . ? -
0.95 |- -
0.73 . @@ —
T
osoL—1 | 1+ | | Tl
.0 2 4 8
Q [GeV/c]
Experiment @ (GeV/c) Symbol Year and
Reference
Monterey 0.04 - 0.14 O 1973 (8]
Mainz 0.04-039 (O 1981 [9]
Saclay ALS  0.13 - 0.84 1990 [10]
Orsay 0.34 - 0.48 A 1966 [11]
Stanford 0.48 - 0.88 O 1965 [12]
DESY 049-071  © 1971 [13]
CEA 0.76 - 1.15  x 1969 [14]
JLab Hall C  0.81 - 1.34 « 1999 [15]
JLab Hall A 0.83-244 O 1999 [16]
SLAC E101 0.89-200  + 1975 [17]
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Executive Summary

Using the PRad method, which has convincingly demonstrated the validit
and advantage of the new calorimetric technique, we will
measure the deuteron charge radius with a precision of 0.22%

We will cover the Q2range of 2x10-4 to 5 x10-2 GeV2 probing the lowest
Q2 reached by e-D scattering experiments.

We will use the PRad-ll setup along with a new recoil detector.

CODATA-2018 CODATA-2014
e : o |
D spectr.
uD 2019 +—e— : ®
uD 2018 +—e—
uD 2016 —e—

e-d scattering (Sick & Trautmann 1998) (re-analysis)
S :

- ' DRad proj.

| 1 | 1 Il 1 1 1 l | | | | l 1 | | | l L | 1 | l | | | | l L 1 1 1
2.115 2.12 2.125 2.13 2.135 2.14 2.145 2.15
Deuteron charge radius r, [fm]

D. Dutta PAC48 Meeting, Aug 10, 2020



