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1.3 GeV Booster Ring 60 MeV electron linac
tagged photons (~ 1 GeV) ~10 kW electron beam
exp. on hadron, hypernucleus Radioactive Isotope photo production
Exp. Hall 2
| GeVy beam |
1.3 GeV Exp. Hall 1
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Electron Scattering
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Structure studies of neutron-rich nuclei
by
electron scattering
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H.deVries, C. dedager and C. deVries
Atomic Data and Nuclear Data Tables 36 (987)495

M strictly limited to stable nuclei
W never applied for exotic nuclei (short-lived)
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50 o some example for unstable nuclei such as 3H, 14C, 41Ca etc...
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SCRIT facility in RIKEN/RI Beam Factory zuzuw=sormoons
world S flrst electron scattermg facmty for exotic nuclei =
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electron scattering facility@RIBF .zyz=0ug-01s

Self-Confining Radioactive-isotope lon Target

Electron energy © 150 - 700 MeV
stored current © 300 mA (as of today)
beam life time * 2 hours

Luminosity
Monitor

Electron
Spectrometer

RTM : Race Track Microtron
injector + ISOL driver

|50MeV/0.5 mA peak/2 Us pulse

2w () () - '-"”
501 SO 9 - 3\‘
o g
w, R - —
1S

ISOL (ERIS)
photofission of 238U
1325n : 3x10°> @ 20W

Electron Spectrometer
Ap/p ~ 103
AQ ~ 100 mSr

long target acceptance ~ 50 cm
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Ee Nbeam pet L
Hofstadter’s ~ InA
|50 MeV ~10!1% /[ecm?2 ~1028 /|cm2/
era (1950s) © (~10° /s) o o
~100pA ~1022 ~1036 2
JLAB 6 GeV ~1014 /5 1022 /cm?2 1036 /cm?/s
150 - 300 ~200 mA PP I
SCRIT MeV (~1018 /s) 1019 /cm 1027 /cm?2/s

~108ions are trapped on e-beam (~ 1 mm?2)

N¢~108 /mm2=> 1010 /cm2
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First experiment at SCRIT facility

132X e(e,e’)

FhFYIBZDERE2018

with only ~108 target ions

Charge Form Factor

Exp. (Ee=151MeV)

¢
e r ¢ Exp. (Ee=151MeV)
ol 107 v Exp. (Ee=151MeV)
=l s — DWBA calc.
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10'35—
_4_
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Charge Radius
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10" |
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r (fm)

K. Tsukada et al.
Phys. Rev. Lett. 118 (2017) 262501
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60 years of Phys. Rev. Lett. @ EMKXFE  uzumorms
60 years of Physical Review Letters OH15H

158 S20£$ 13:30~17:10
ER L
(34 - American Physical Sockety )

1. 60 years of PRL: looking back and forward PRL, APS
Garisto Robert

2. The Calorimetric Electron Telescope (CALET) Experimentonthe Sl Eng. Wasada Univ.
International Space Station Shoj Torll

3. Lovely phase space Kavi-HPMU, Univ. Tokyo
Mella Thomas Eaward

4. Nucdiear experimental approach toward the nuclesoynthasis Inthe  Sdl. Osaka Univ.

universae Takahiro Kawabeta
Break
N EESS A A e TSRS ERTEE » = RN SR S Pt
5. The SCRIT electron Scatering faclity: Toward the world s first ELPH, Tohoku Univ.
study of unstable nuciel by electron Kyo Tsukada

6. Observation of high-energy cosmic rays with the Tibet air shower  ICRR, Univ. Tokyo
array Masato Takita

7. From CP violation to X YZ partices Scl., Nara Women's Uni.
Kenkichi Miyabayashi

8. Quest Tor CP viciation In neutrino oscillation Sd., Kyoto Univ.
Atsuko K ichikawa
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Proton Radius Puzzle

2010~
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Proton Radius Puzzle ?

o— — BFELEL
(1950~)
KRBT he——
(2010~) ——  —
| (1990~)
® Q)

| | | 7 0 T4%DA—E | | | |
0.82 0.84 0.86 0.88 09 0.92

Proton Charge Radius (fm)

C. Carlson, Prog. Part. Nucl. Phys. 82 (2015) 59.



Particle Data (2017) e

Citation: C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016) and 2017 update

N BARYONS
(S=0, I=1/2)

p, Nt = uud n, NO = udd

E OP) = 13 H)

Mass m = 1.00727646688 + 0.00000000009 u
Mass m = 938.272081 + 0.000006 MeV (4]

mp — m5|/mp < 7x 10710 CL = 90% ]
,j’q—y /(,‘,’7—’;) — 1.00000000000 + 0.00000000007

Gp + qp|/e < 7x 10710, CL = 90% (P!
qp+qe‘/e < 1x102t [
Magnetic moment p = 2.792847351 + 0.000000009 1 p
(kp + wp) [ pp = (0.3 +0.8) x107°
Electric dipole moment d < 0.021 x 10723 ecm
Electric polarlzablllty a = (11 2+ 0. 4) x 1074 fm3

’ \ 2 4

Charge radlus P Lamb shlft = O 84087 + O 00039 fm [d] :

Charge radlus ep CODATA value = O 8751 i O 0061 fm CIN

Mean life r > 2.1 x 1029 years, CL = 90% [f] (p — invisible mode)
Mean life 7 > 103! to 1033 years [l (mode dependent)
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Why is the proton (charge) radius a hot topiciﬁ%ﬁ@ﬁ@o,s

1) the radius is one of the basic properties of the nucleon

2) the radius is strongly correlated to the Rydberg constant

oy,

@ AE = o - Rrydperg + B <r?>

3) possible new physics beyond SM (??)
Lepton Universality 77

possible MeV-order force carrier <+—  (9-2)u 3.50 discrepancy

(dark photon ---7?)

4) (bound) QED high precision calculations
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e-p scattering and form factor iuzussormaos
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Charge Radius and Density Distribution .. . -0ez00:

RMS radius 2o /rzp(;)df

[ )
1 | ~ exponential
3
- A~
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Proton Charge Radius
by
Hydrogen spectroscopy
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Scattering

0.8770(60)
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Rydberg constant T YRS DERE2018

the most accurately determined fundamental constant

R_ = 10973 731.568 539 +0.000 055 m™!

e uncertainty

Uncertainty of Rydberg constant determination over time

10" E
107 =
N
g
< -
T -
104 9
Q 10 E .
g = e Single measurements
Té u A Least-square adjustments
-10 | .
S 10 E B Muonic hydrogen + H(1S-2S)
9 =
S o
=~ 1071 =
1072 — .\.
:IllllllllII|[II|[II|IIII|IIII|II[I|IIII|III
1930 1940 1950 1960 1970 1980 1990 2000 2010

Year
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Hydrogen Spectroscopy SRR WS OER2015

Roo : Rydberg constant

: Roo Myed. ENS :
E(n,l,]) — = 5 - 3 510—|—A(n,l,j) _2m 5 Myed. \3 <r>2 9
ns m n Ens = -a( )7 )
3h m )\C
Main Proton size  Higher order 2 - radiative correction,
polarizability etc.
E E

AE = —¢ // pn(Tn) )drndre — [—ZeQ/pe(re) dre]
_fre 7’6

o0

= —4rel Pn(rn)ridrn : 47r[/ pe(re)rgdre +/ pe(Te)rnge — / wﬁdre]
0 T 0

0 T'n

proton charge radius
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H-hydrogen Spectroscopy o g
PSI ( Paul Scherrer Institute) H- beam
N, ~ 600 /s trapped to the hydrogen orbital (n ~ 14)
E,=3-6keV ~19% of p trapped in metastable 2S (~1pS)

beam cross section : 0.5 x 1.5 cm?2
Laser excitation for 2S -> 2P

H: gas target : ~1mbar, 20cm measuring the decay 2keV X-rays
" )

= ¥ I “ our value
a n=14m=——-oeoaes —_— c 6 — l
8.4 meV -
1% 99% T F
- 2Py E:% g s
28 =— 2P, F=1 < -
F=0 S [
O 41—
2 keV X-ray 2, L
(Ko Kg, K)) z u
206 meV & 3
18— 50 THz 2 F
6 um = L
S 21
o -
b 2P C s T l 0 l
T I amazasa
28 3 T +
Finite size 0 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1
5 ke X effect: 49.75 49.8 49.85 49.9 49.95
ev A-ray 3.7 meV B laser frequency[THz]
K) R F=1
284
23 meV AEss_sop = 209.9779(49) — 5.2262 < r, >2 +A(2S,2P)
{F=0

— R. Pohl et al., Nature 466 (2010) 213
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Recent results from hydrogen spectroscopy;ﬁwﬁ(,,ﬁ,gzo,,3

Science 358 (2017) 79.

e-H (2017)
2S-4P
(Garching)

Electron
@— — scattering
(1950~)

Hydrogen
®—  — spectroscopy
(1990~)

e-H (2018)
® ’ 1S-3S
(Paris)

Phys. Rev. Lett. 120 (2018) 183001

@
! p-Hydrogen
spectroscopy
(2010~)
@
0.82 0.84

0.86

Proton Charge Radius (fm)

088 09 092

C. Carlson, Prog. Part. Nucl. Phys. 82 (2015) 59.
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Hydrogen spectroscopy SR FUES (EE2018

transition f (kHz)

Garching 2S-4P | 616520 931 626.8(2.3) 10 973 731.568 076(96)  0.8335(95)

LKB-Paris 1S-3S 2922743 278 671.5(2.6) 10 973 731.568 53(14) 0.877(13)

Uncertainty Budget (Garching)
Av (kHz) o (kHz)

Statistics 0.00 0.41

First-order Doppler shift 0.00 2.13

Quantum interference shift 0.00 0.21

Light force shift -0.32 0.30

proton Size effect ~ ngZ Model corrections 0.11 0.06
. Sampling bias 0.44 0.49

(GarChlng) Second-order Doppler shift 0.22 0.05

DC Stark shift 0.00 0.20

Zeeman shift 0.00 0.22

Pressure shift 0.00 0.02

Laser spectrum 0.00 0.10

Frequency standard (H maser) 0.00 0.06

Recoil shift -837.23 0.00

Science 358 (2017) 79-8b. Hyperfine structure (HFS) corrections -132552.092  0.075

PRL 120 (2018) 183001. Total -133388.9 2.3
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Proton Charge Radius
by
Electron Scattering
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Scattering
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Proton Charge Radius measurements k7 A R R01S

Electron Scattering (1950~) eH-Spectroscopy (1990~) | HH-Spectroscopy (2000-~)
my 200 me
O T ST AT .
L2 aemm=al ()
P ] -
e @ ------------ > G .-~ .-~ | Proton Radius ~10-'*m UGkt
I st Electron Orbit ~ 10-1°m

Sl
~ -
-------

Muon Orbit ~ 10-12 m

o(r) or <r2> AT e Dyt e B i >

World_ES_20160721

- L R.Hofstadter J. Friedman, H. Kendall,R. Taylor
—~ 09 [ + ’+
S o] by iR
5 0.85 : é ® o
5
£ 08 A ® +

electron scattermg eH spec. pH spec.
075 L.
1950 1960 1970 1980 1990 2000 2010 2020

YEAR
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Charge Radius and Density Distribution .. . -0ez00:

Charge Radius <1 >= / P2 o) dF

[ Pb (5_499(1) fm) ] [ Proton (""0.8 fm) ]
0.1 : : \/ . Rho_2(|)8Pb_Integl:ationPlot 1 ; V Prowncharge‘for‘lmegmio"!
208 : Proton ]
0.08 | Pb 0.01 r 1
— r 0.895+0.018 fm 1
A 006} ——  —~| 5.503+0.002 fm = 0.0001 ; (2x10-2) 1
& (4x10-%) <
o 004f a 10 g 1
] 1
0.02 | ] 108 | ]
. ~ exponential i,
-10 . . 3
1.8 : 10
™ 2 —
J 2 p(r)dr
— 1
00 dr —
° —
N N r .
& & oc " r?p(r)dr
05 i ~r 7
[ 7207
0 0 - .
0 2 4 6 8 10 12 0 2 4 6
r (fm) r (fm)

[ Ratio = 98 % J [ Ratio =98 %
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. Z,’/ do

momentum transfer g=¢€—¢e
energy transfer w e

4 momentum transfer Q° = ¢° —
— 4 e €/sin?(0/2)

1) high Q2 charge density p(r)

4
—ar
t 3 ,0(7“) ~ €
p(r) e 4
2 o 2 (AP h 0.5 1 1.5
<r >—/7“ p(r)dr L

radius is sensitive to p(r) at large distance
(evenatr~4fm)

© ,qyﬁ?‘ ______________ -

FhFYIBZDERE2018
EEMREF BERETF

do Mottig%(@2 il EE_—.J %\4(@2

B (d_Q) IL+7
do z2a? cos?(0/2)  e?
(55) Mott = 5 . 4 O
dQ 4e sin“(0/2) ¢
1
T +2(1 + 7)tan?%
2
T = —4Q 5
My
2) low Q2
) <r?>UZ <tz
Ge(Q )Nl—TQ ‘*’1—2062 — ..
2
<r?>=—6 —deég )|Q2—>0

ill problem : higher order contribution

e

lower Q2 as possible
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BT L EFOHERELHEE
Ee

do 2. (02 9) 2. (02 ’
10 & B(Q7) + alf) G (Q7) _ ~
. PR 4 TTEENETZIT

BERMREF gy EVORETF Q% — 4 B.E!sin?(0/2)
L N do
n Ge(Q2) D53 Ef < FRE (Rosenbluth73 ) a0
a—xE<c0 ZZZIHIE P
e
AEmc E— AT RILF—EEIRE | e A
‘ G2E<Q2) —'.—--j. GM(Q )
D E13Q2ted0r WE .
a6
BN G0y camEEOBE (02> 0) f o
SO .“n
) @2 <rt> , <rf> C | ~‘~,
Gp(Q) ~1 - ==+ =59 ~ 1 Q"+ - ol
s _ o dGE(Q?)
EQ25EE T D Ge(Q?) FIED S B EFRTE IR o
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15 Eb% ﬁﬁw;ﬂu* 9 @ Fl:ﬁ;EEln\ . ?ﬁ?%fiﬁ@iﬁEZOﬁ /10
Mainz data (2014)
Ee = 180 - 855 MeV

<r?>=-6 —dGE(Qz)
gﬂ 0.96 | ’3%
& $*’i

054 | g%ﬁt{tg

4
2 2 4 6
Gp(@) ~ 1 - ——@ 1= @ — 5@
0.92 . : :
0 0.005 0.01 0.015 0.02
Q? (GeV/e)?
=
B{EQ2 $8i5 DT —7 73U = I XRILF—hNESE T
Rosenbluth 7B BIE 4 U HERE—LIRILF—EEHLART
B ETE (& AE g E REBBRIFKFEN+ AR NOX—5

ERE—AY mm&mﬁﬁm/
D BIHELEOMESEY 27

(Phys. Rev. C90 (2014) 045206)
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only ~ 2%

098 | == -~ P ...

0.96

G,(Q%)

Q2 = 0.0003 (GeV/c)2

052 /[

0 0.005 0.01 0.015 0.02
Q? (GeV/c)?
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(EEFIERITEHIE TD Ge(Q?) BIE R TR ORERE2018

—5 < GE(Q%) + a(f) G, (Q7)

EWE—LIRILF¥—

Q° =4 E.E!sin*(0/2) BLVEEERT 7 B g

Ge(Q2) ;RERHRosenbluth 2BfD =W ICIXEIELADZEEH WA
BIXILF—BORABRE—LIRILF—DEFE—LDARER
HRREIRDES TRILF—KEINESE TIEAOTHE |

ﬁ%tMEI*w¥—§Em$ﬂﬁ]

1) BT RILX—EFINESR
2) GWERE (HELATZOEFARI MNOX—Y) Z=z%tu9—0H
3) EFHELZEME T EFIZMRSE

ELPH BT RILF—BFINERFDHFHERARICTEN T 5RER




BEFAREFHREYI—TOBFHIER  susonsommon
(BELXRILFX—EFINESS : Ee =20-60MeV

$ FEEBFIRINE—ICEIET - BFEHEEEL
D EFHEITRELEEEOBEVEFEEIEL T

Exp. Hall 2 ¥ﬁl:—.L\$A1_¥‘
B FEABTUER oo
1.3 GeV Exp. Hall 1

booster
NKS II synchrotron
GeV y beam
fH,L e '* .
90 MeV e-Linac | o0 VeV e-Linac |
FOREST (injector)

GeV-y Hall
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AO;’

new beam line

+ new spectrometer(s)

FOREST

GeV-y Hall

90 MeV e-Linac
(injector)

60 MeV e-Linac
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Electron spectrometer (P =20 - 60 MeV/C) suzum=aemsons

Electron spectrometer

Vacuum chamber radius 500 mm

bending angle 90°

Return yoke

max. B 0.4T@60MeV
Pole piece

gap 70 mm
dispersion 850 mm
sl Ap/p 8x10-4
momentum bite 10%
AB

5 mrad

T solid angle 10 mSr
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Single-Sided Silicon Detector (SSSD)
developed for g-2/EDM experiments at JPARC

Single-sided silicon detector (SSSD)
v Active area  97.28 mm x 97.28 mm
Readout boards Thickness 0.32 mm
“Multi-Slit128A board” Strip length  48.575 mm
Four ASICs “Slit128A” Strip pitch 0.19 mm
(128 ch/chip) No. of strips 512 ch x 2
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other on-going projects
and
future projects
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Scattering

0.8770(60)
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MUSEQ@PSI

p* scattering off proton
p =115, 158 and 210 MeV/c

6 =20-100°
Q2 = 0.002 - 0.07 (GeV/c)2

.......

.....

Target

Target Chamber

SciFi Beam GEMs

Cerenkov ‘ SV 380 KMyers 15/ar

PRAD@JLAB

Eemin = 1.1 GeV

0 ~ a few deg.
Q2 = 0.0002 - 0.02 (GeV/c)?

No Rosenbluth separation
(quite small factor for GM(Q2))

Absolute cross section
(relative to Moeller)

PRad Setup (side view)
GEM

Collimator sllows

0gen
as

i

C ‘
I

1

I

ellows 1]
¥

]

t

New ylmd cal i.

L]

1

.

1

1

1]

§ |
*

1.7m

m

p : window-less gas targegt
e : PbWO, telescope

Courtesy of A. Gasparian
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Orsay, CNRS (75> 2X)
ProRad

An electron-proton scattering experiment

@

PRAR

Mostafa HOBALLAH on behalf of the ProRad collaboration
h llah@ipno.in2p3.fr

Institut de Physique Nucléaire d'Orsay, CNRS/IN2P3, Universités Paris-
Sud & Paris-Saclay

Ee = 30-70 MeV
0=6-16°

COMPASS, CERN Mainz, Germany (K1)

d-Quark Transversity Proposal

for high precision measuremens of
the ep - differential cross sections at small
t- values with the recoiled proton detector

and

Proton Radius

Addendum to the COMPASS-II Proposal

Suggested by PNPI to perform

The ProRad experim @2—= o o ? a2 o, at MAMI ( Mainz Microtron)
Experimental requirements K iledeFrance < g in 201 8
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High precision beam Vertex Z coordnate M2

Precise knowledge of the beam energy
A stable target
Optimised measurement of the scattered electron energy and position

E scattering angle 6.
Statistics and beam time
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Target thickness = 3.6-1022 p/cm?
2% P =20bar L =35cm

Beam intensity  2-108 sec™!
Running time 30 days
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