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Ep-scattering  1962-2014
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@ Electron-proton scattering:

Q= 0.879(8) fm, Mainz, A1 Collaboration, 2010
© rp, = 0.875(10) fm, JLab, Zhan et al, 2011

o CODATA: r, =0.877 5 (51) fm 2010




Lamb shift in hydrogen atom (ep-atom)

Electronic Hydrogen

L.
Em'J ~ —Cpjj nz ‘I‘ f
Los = LYD + cr?

/ \

L1s = 8171.636(4) + 1.5645(r2) MHz

Rydberg constant
R..=13.60569253(30)eV...



Lamb shift in hydrogen atom (ep-atom)
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@ 15 Lamb shift in ep: r, = 0.877(7) fm, Garching-Paris, 2006-2011



Ep-scattering @ ep-atom summary

Electron Data

@ Electron-proton scattering:

©Q r, = 0.879(8) fm, Mainz, Al Collaboration, 2010
@ r, =0.875(10) fm, JLab, Zhan et al, 2011

@ 15 Lamb shift in ep: r, = 0.877(7) fm, Garching-Paris, 2006-2011
o CODATA: r, =0.877 5 (51) fm 2010




Lamb shift in muonic atom (up-atom)

Muonic Hydrogen
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Theoretical Prediction

o AE/"=206.0336 (15) — 5.2275 r3 + AErpg meV,
AETPE = 0.0332 (20) meV/




Lamb shift in muonic atom (up-atom)
Experiment at PSI 2013
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Lamb shift in muonic atom (up-atom)

Experiment at PSI
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28 hyperfine splitting

Delayed / prompt events (104)
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Laser frequency (THz)

o AEPP = AE(2P; ), —251/2) = 202.3706 (23) meV,

o AEM" =202.042 (5) meV for r, =0.877 5 (51) fm
o Discrepancy: A = E., — Ey = 0.33 (6) meV

Rp =0.8409(4)




Proton charge radius
status 2016

up 2013 &% +—— electron avg.
. + scatt. JLab
up 2010 f- * e——————scatt, Mainz
- + H spectroscopy
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Proton charge radius R ) [fm]
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Proton radius puzzle

Rp = 0.877 fm
or

Rp =0.841 fm
?7?77?

€he New York Times
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Bo3mMoOXXHble 00ObACHEHUS

OwWwmnbKM B 3KCNEpMMEHTaX

HapyweHne nenToHHOW YHMBEPCANbHOCTU
(HoBasA ou3nKa)
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@ Electron-proton scattering:

Q= 0.879(8) fm, Mainz, A1 Collaboration, 2010
© rp, = 0.875(10) fm, JLab, Zhan et al, 2011

o CODATA: r, =0.877 5 (51) fm 2010




Extraction of proton radius from differential e-p cross section
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Yemy cooTBETCTBYET pasHuLa B paguyce npoToHa
Rp=0.84 fm and Rp=0.88 fm

0.05)

Electrons 500 MeV

090}

Rp =0.84 fm

085}

0.80f /A

R, =0.88 fm

= P R —
I 5 /m 15

Ao=12%at Tp=10 MeV

' Tr MeV
20 R,

UToObl HagexHo pa3nnunTb BapuaHTbl Rp=0.87 dom n Rp=0.84 cm,
HY>XHO N3MepuTb cedeHne B uHTepeane 103 —-4-102 aB
c abcontoTHoM To4HOCTbIO 0.2%




Proposal
for high precision measurements of
the e-p differential cross section at small t-values
with the recoiled proton detector

PMPS experiment
Precision Measurement of Proton Size

A.Vorobyev
Petersburg Nuclear Physics Institute

Mainz April 6, 2016 16



The main goal of the proposed experiment

a0 .
— ., mb/({GeV/c)
ot 1000+ To measure absolute do/dt
: in the t-range 0.002 — 0.04 Gev?
: with
100¢ < 0.2% point -to-point precision
' ~1/t? < 0.2 % absolute precision
10}
: This could distingwish the two options
f (0.887 fm and 0.844 fm) on the 7o confidence level
L3
0.1} 4
' . ' — 4Tz MeV
- 5 10 15 21) A
0.001 0.02 0.04 | -t,GeV?
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Hetektop MKAP B akcnepumeHtax WA9/NA8 B LIEPH

Active target
MwuLleHb 1 oeTekTop
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An example from cross sections of 1Tp- and pp- scattering

do s gt moAGeVsc)?

measured with IKAR

Nuclear Physics B217 (1983) 285-335
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p= ReA(0)/ImA(0)
b = do/dt(t=0)

0.4% Tx-scale calibration

1% absolute precision in do/dt
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do/dt, mbA(GeVlc)*

PaccesiHne 9K30TUYECKMX SAep Ha NpoToHe

Nuclear Physics A766 (2006)1-24
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x 100 0
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4He, 5He, 8He

6Li, 8Li, °Li, 1Li

Be, ‘Be, 1°Be,1Be, 1°Be, 1“Be
5B

13C 14C,15C,17C.

IKAR in GSI




[Tpobnema donbLUMX YrioB paccesHUs
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Combined recoiled proton @ scattering electron detector

H, 20 bar Film separating volumes Ar+CH, 20 bar

~_ \ EE
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Scattering point coordinates

oX = oY = 30um ( determined by beam telescope)
0Z =150 ym (determined by TPC) 23



P=20 bar

To stop 10 MeV protons inside the sensitive volume.

Why 20 bar ?

Also, to increase counting rate.
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Lower pressure can be used for measurements
at the lowest t-values with better Ty resolution

P=4 bar
Tg R
MeV | mm
1 23.5
2 80
3 165
4 277

A
v

Diam 700 mm 25



Comparison of the TPC parameters
In the WA9/NAS8 experiments with those in the proposed

experiment

WAO9/NAS8 experiments

Proposed experiment

H, pressure 10 bar 20 bar, 4 bar
Drift distance, mm 100,00+ 0.1 400,0+ 0.1
Drift velocity,mm/200ns | 1,000 £ 0,003 1,000 £ 0,001
o(z-coordinate) +300um +150um

o (target thickness) 0.4% 0.1%

o (Tg) 60 KeV 40 KeV
Tk-scale calibration 0.5% 0.1%
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H2 20 atm
UYuctora 108

AN

2077

Ar +CH4 20 atm

/

642 3 770

B1320

@1020

100 kV

10 kv
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[leTekTop NPOTOHOB OTAAYU

Bpema-npoekumoHHaa kamepa

Ouametp 600 mm
[OnnHa 400 Mm

H2 20 atm
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[leTekTop pacceaHHbIX 3NTIeKTPOHOB

MHOronpoBonoYHbIe NPONOPLMOHANbHbLIE Kamepbl
C KaToAHbIM CbEMOM UHOpMaLIMM

X-Y- X-Y nnockocTtu
800 x 800 mm?2

Ar+ CH4 20 atm

oX =0Y = 20 MUKpPOH
KaTtogHble cTpurbl 2 mm
MeToa: UeHTp TAXeCTun
HaBedeHHbIX CUrHanos
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Yckoputens MAMI

OHeprus  180-1600 MaB
AE/E = 104

HenpepbIBHbIN BO BPEMEHU MY4YOK
Pasmep natHa 100 MUKPOH

Injector Therm. Source
Linac + Pol. Source

( Mainz Microtron )

Parity
Violation

Spectrometer
Hall
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YctaHoBka A1 B MawnHue,
Ha KOTOPOW MoJSly4eHbl OCHOBHbIE JaHHbIE MO ep-pPacCeaHmnto
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0.95|
0.90}
0.85}

0.80}

Statistics and beam time

Target thickness = 5.2:102? p/cm?
P =20bar L =35cm

Beam intensity 2-10° sec!
Running time 30 days

N events | norm t-scale | o(Rp)
1.5 -107 fixedtol |fixed [z0.002fm
1.5 -107 free fixed |£0.003 fm

*  Simulation peints

— Theoretical line

T MeV
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[lpepgnaraembin rpapuk peanm3aymm NpoekTa

2016 Pa3paboTka npoekTa, oTpaboTka OTAeSbHbIX Y3I10B,
npuobpeTeHne maTepuarnos.

2017 3rotoBrneHne ycTaHOBKN.

2018 3aBepLUeHne N3roToBNeHNSA YCTaHOBKW, TECTUPOBAHME,
TpaHcnopTuposka B MAMHL], nposeaeHne TeCToBOro ceaHca
Ha nyuJKe.

*

*

*

NioHb 2016 One page letter to Mainz PAC
5 ceHT 2016  Proposal ¢ 3anpocom yCKOpUTENbHOrO BPEMEHMU
Ha 2017 n 2018
2017 Test run ¢ UCNonb3oBaHMEM UMELOLLENCA cenyac
YCTaHOBKWU C aKTUBHOW MuULLEHbIO And R3B
KoHeu 2018  Testrun c ocHoBHOW ycTaHoBKOW PMPS
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OueHka (pmHaHCUPOBaHUS

2016 3 + 0.5 (komaHOMPOBKKN) MITH.pY6.
2017 9+ 1.5 wmrH. py0.
2018 6+2  MIH. pyO.

Bcero 18 MIH.pyo6.

36



3aknyeHue

Peanunsaunss gaHHOro rnpoekrta Mno3BOSIUT WU3MEPUTb
ondpdepeHynanbHoe cevyeHuUe ep-paccedHud
C OTHOCUTENnbHOU U abCoNKTHOU TOYHOCTb 0.2%

"
onpeaennTb 3NeKTpu4eckuin pagnyc NnpoToHa
c To4HOoCTbI 0.5%.

OTO MOXET ObITb peLluarLmmMm dakTopoM B NOHUMAHUN
cywiectBytoulero pacxoxaeHnst (B4% )  mexay
N3MEPEHUSIMN MPOTOHHOIO paguyca MIOOHHBIM U

SNEKTPOHHbLIM METOJAMMN.
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bnarogapto 3a BHUMaHUe
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Radiative corrections

{ de Fdo 'y 1 4§
(@) = (ag) @+9.




Radiative corrections

Two advantages

« Wide kinematic range, experimental cuts can be
varied offline.

e Control of radiative corrections at the smallest
t —values by absolute measurement of do/dt.

40



e,d,T

Vacuum polarization correction

Q2 GeV? | e-loop | p-loop
0.002 1.13%

I 0.02 1.49% | 0.048%
0.04 1.59%

]
dmy

with v2 = 1+ o where m; is the mass of the particle in
the loop. The approximation (12) is valid for loop elec-
trons. However, at the energy scales of this experiment
and within the envisaged accuracy, the vacuum polariza-
tion via muon and tau loops has to be accounted for and

must be evaluated with Eq. (11).
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Electron vertex correction

Q? Gev? | Byertex
0.0001 -2.12%
0.002 -6.26%
0.02 -10.85%
0.04 -12.46%

The finite part of the electron vertex correction (v2, the
infinite part cancels later on) is given in the ultrarela-
tivistic limit by

i a3 Q? 1. 5,03 T2
Overtex = — -1 — | —-2—-=1 — ,
" ™ {Q t (mz) 9 1 (nr N 6

(13)
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Real photon emission by electrons

(rl) K (r2) I

1., (@ 2 2 be .
—I—§ In (@) — 3 + Sp (CDb 7) } , o (14)

where n = E/E', AE; = n- AE'. E’ is the energy
of an electron scattered elastically through an angle #
when no photon is emitted. An electron which radiates a
photon has a lower energy than E'. AFE’ is the maximum
difference to E' allowed by the radiative tail cut-off; it
is called the cut-off energy. Details about the Spence
function Sp (x) can be found in Appendix B of Ref. [35].

Sp(0)=0
Sp(1)= T72/6
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Partial mutual cancellation of d,, and 0

Oy +O0g = 0, +0Og(1)+0R(2) =

= a/1 {3/2 In(Q?/m?) -2} + a/1T {In(AE?/EE") In(Q%/m?) }

Q2 Gev? o, +6x(1) 6r(2)
AE/E=0.1
0.0001 1.6% -6.3%
0.002 2.65% -9.58%
0.02 3.43% -12%
0.04 3.69% -12.76

Note that 6x(2) depends on the experimental conditions (cuts).
Hope in our experiment it will be much less and controlable
( the cuts mostly off-line )



Two Photon Exchange correction

(v5)
OTpE = —(1 — =) a 111[:15 QE +1)

Q2 AN
52(14—2(14— 9_1)t3112—) .
-lm}—J 2

example:
P, =500 Mev, Q2=0.02, 8 =16 deg, € =0.98,
a and b were free parameters in the fits and were
obtained to be a=0.1 and b=0.4 GeV~?
Therefore d;pg= 10 at Q% =0.02 GeV?
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Corrections with proton contributions

v3) K (r3) % (r4)

. 20 4(AE)? . .
01 =— {111 (T) Inn+ Sp (1 - g)

1 . _ _ _
P (1 - n?) } (1) Relatively small corrections
o0 ) (AAE?N (Ep ) L But to be understood
Soow ms ‘P—'P‘ :
Be (Clie —mom (2 ) +me
—I—_ﬁi_ (—Elnza —Inrln (E) 1lnzx
Spl1 ! + 25 ! +ﬁ2 16
—Sp(1-—)+28p (- )+, (16
with
2
= % PP =Q*+4md. (17
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COuUnts
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MoHTe Kapno cumynauua
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Measurement of absolute value of beam

NIM 177(1980)353-359

Table 1
Experimental results.

momentum

Gas filling
He(90%) + H, (10%)

*

(P*8)2 = 2MT,

Polarity — po P —Po p
(GeV/c) Po (GeV/e)
(%)

i 100 +0.30 £ 0.05 100.30 + 0.05
+ 100 +0.20 + 0.05 100.20 £ 0.05
= 150 +0.35+ 0.12 150.52 £ 0.18
+ 150 +0.35 + 0.05 150.52 + 0.08
~ 200 +0.35 + 0.06 200.79 £ 0.12
- 250 +0.15 + 0.05 250.38 + 0.13
- 250 +0.15+0.07  250.38+0.18
- 280 +0.23 + 0.10 280.64 £ 0.28
- 300 —0.04 £ 0.06 299.88 + 0.18
+ 300 —0.08 £ 0.06 299.76 + 0.18

234U Ea
4 774,6 k3B (71,38 %

Absolute precision

op= 0.05%
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Possible TPC calibration in hadronic beams

aa 5
—, mb/{GeV/c)
at
1000
100
ol ep- scattering 500 MeV
‘I -
0.1 1 L 1 1 T;:; _MBV
5 10 15 20
- T
o | P =-0.040= 0,0!’?"
PP | $\Q\L b 12.17 (GeV. o) fixed
120 X /NDF 33/33
250 GeV |
2x10° 5 100 \3\0"‘-2 “%
160 I B ~ 4 +
% l . - e Vj\i\f,‘ r‘:’“ﬁ“‘"‘-»—‘——ru..aﬁi_hi
> = 5 S e - b
80 |
% i20 “’ T RSN SN Wl Ao  Massuiliv, LS SRR | SO I 2
E .002 .004 .006 008
= ] 5&' it (GeVye)?
S sol i pp-scattering 250 GeV
ok T
) OA,
——eea, M
————— Siwig
40| s
0412 0.014 b=12 0.29GeV/c ) X NDF = 44/60
__1_ —— HESSEIERE S SIS == Sa—-— SN S — L;f_A_ it
.01 .02 .03 04 05
tI(GeV/e)

t=2MTj

For example, in a proton beam at Gatchina synchrocyclotron.

Advantages:
Flat do/dt.
Higher rates
Higher precision.

Goal :
Calibration of T, —scale
to 0.1% precision
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0.95|
0.90}
0.85}

0.80}

Statistics and beam time

Target thickness = 5.2-1022 p/cm?
P =20bar L =50cm

Beam intensity 2-10° sec!
Running time 18 days (1.5 -10° sec)

N events | norm t-scale | o(Rp)
1.5 -107 fixedtol |fixed [z0.002fm
1.5 -107 free fixed |£0.003 fm

*  Simulation peints

— Theoretical line

T MeV

Goal: g(Rp) < £ 0.005 fm
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