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Proton-Electron Elastic Scattering

Inverse kinematics
Three possible applications:

1. Beam polarimeters for high energy polarized
proton beams, Novosibirsk (1997)

2. Polarized (anti)protons (ASSIA, PAX at FAIR)
F. Rathman (1993), C. J. Horowitz and H. O. Meyer (1994),
A.L~Milstein, S. 6. Salnikov and V. M. Strakhovenko(2008),
T. Walcher, H. Arenhoevel (2006-2009) erratum,

S. O'Brien, N. H. Buttimore (2006)...

3. Proton Radius
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Proton-Electron Elastic Scattering
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Proton-Electron Elastic Scattering

» Inverse kinematics : p(p) P(p,)
projectile heavier than the
target — take into account ")

the electron mass
e'(k) ek )

« Specific kinematics:
* very small scattering angles
* very small transferred momenta

« Equivalent total energy s° E = %e ~ 2000 €

A.I Akhiezer and M.P. Rekalo,
Hadron Electrodynamics, Naukova Dumka, Kiev (1977)




The unpolarized cross section (I)

p(p.) p(.)
o The matrix element 1 ?
2 *
e . Y (k)
— k_2],u J e
e(k) e'(k)

» The leptonic tensor j, = u(ks)vy,u(ky),

o The hadronic tensor

Ju = (pa) | Pk = 53 Fok)ks | u(r)

(p2) |Gy (k*)y, — Fa(k*) P, u(ps).

Py = (p1 + p2)u/(2M).

|
~q

Ql

Gy (k?) = Fi(k?) + Fy(k?)
(k2) = Fl(kz) - TF'z(kz)




The differential cross section

and the electron solid angle

do I 1 E;’ |J\/[|2 66=50mrad

10° - 0, =30 mrad

ds, 3272 mp —k2E +m’

do / dQQ, [mb/sterad]

10% -
* The electron mass 0l
can not be neglected
1¢
* Interesting structure o
in the GeV region 0 50 100 150 200

E [GeV]
Steep rise at small energy
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Application

Precise measurement of the
proton radius




The cross section at E=z100 MeV

E

- Cross section is huge § |
- Only Electric FF 8 ,f
contributes ! < |

do
sz o szﬁz Q4 ’

D = —Q*(—Q*+2m*)G3; +2[GE + 7GR

1 (Q)? 2
— 2 ,."' 2 — — —
[ Q M~ + T o (QmE > ) ,
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Proton-Electron Kinematics (E=100 MeV)

x1 0®

[GeV]

max

2

(k") mae =

°o 0.05 0.1 015 0.2 025 0.3
4m2(E2 — MZ) E [GeV]

M? + 2mE + m?

k? proportional to m’ !!




Radiative corrections to elastic proton-electron scattering
measured in coincidence

G. |. Gakh, M. I. Konchatnij, N. P. Merenkov, and E. Tomasi-Gustafsson
Phys. Rev. C 95, 055207 — Published 30 May 2017

" D2 m P2 m D2
Real
b ks by - N Virtual
g g R g g Vacuum
M, M, Myac
j 4! P2 y4| P2 ” Do j 4 P2
ky k2 ky ks ky ko ky ko
> > e —> > > e -

Soft Radiative Corrections (a.3)
Hard Radiative Corrections
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Soft Radiative Corrections (o)

do'FC) = (1 + 61 + 62 + 6 4+ 502N do(B) = (1 + 8¢ + 6 + 602))do(B),

5= 1 _omo+ & | €2 + ko 1 +1n €2 + ko o (™ +m+3e2_
T ko m m ko 2€9
€o +m 1 Q? M?q? €9 + ko ‘ 5 21
—111( kz )_21n(m2) +4m—€mln - (GE—2TGM —

w2 . (€2 — ko . [e2+ka+m . [e2—ka+m
_F+L”(ez+kz)+L”( 2(ez + m) )_L”( 2(ez + m) )”




Low & Form Factor Parametrizations
Radial expansion |Ge ()

1

Grp =1+3.496 ¢, Gy =2.793 + 8.65 ¢°.

Expansion to 4™ order:
Dipole fit Ge(d®) = G, Gu(d®) = ppG, G = (1-141¢°)"",
Gg =1+ 2.82¢% +5.96¢*, Gy = 2.793 + 7.88¢% + 16.65¢*

2
Low Q Ge(q?) = (1—=1517¢%) "2, Gu(q®) = pp(1 — 1.37¢%) 2
Gr =1+ 3.034¢° + 6.91¢", Gy = 2.793 + 7.65¢° + 15.72¢".

3
Sum of monopoles| ;2 _ -~ o Bl =) o,
1 z

Gp=1+3017T¢%+7.22q¢", Gy =2.793 +8.239 4> + 20.31 ¢*
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Cross section and FFs

Born cross section with dipole FFs

do( mb
10°

10° —— E=20GeV
. - - - E=100Gev
Sobeees E=500GeV
10? v
\N .
-6

T gy

R p— ]_ — . R p— ]_ —_— . R . 1 . )
dO-Sd ' dO'Sd dO'Sd y
0-05'_ E=20GeV 1] E=100GeV 10. E=500GeV
0.05 - _Rf * 1 _Rf R
- 1.0- m sl —
0.04{----R" 1----R ——-- R
_ . 08, R N pl
0.03 """ R ol TREL e B
0-021 . 0.4 g 4 )
0.01{ 1 -7 02 A -7 2l
4 7" ] 7~ Iez(Glev|)
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Hard Radiative Corrections (o)

Maximum energy of the hard photon

; et S Emitted in the whole solid angle
| i o_(MeV
"\, | 025{ s' __Juasr
l'.? i o 0.20- \\\
_________ 0.15- \
[ [ [ {|—— E=20GeV \
Kinematically allowed region I =994 \
-for proton (E,) and |oEssioGev| | e, (GeV)

1E-3 001 01 1 10

- electron (€,) energy

™ "‘v. y = [(m—e)(F — e —w)

AE
_\E2+€2=E+m e2—m?/(E+m—e —w)?— M?|/w.
{AEZ /
E,+€,+W=E+m

N o
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Results for Hard Photon Corrections (o)
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Results for Radiative Corrections (o)

1 E=1 00GeV
1 (

6(h) E=500GeV

€,(GeV) . € (Ge
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Change sign!
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Sensitivity of RC to FFs

E=500GeV| 102,
0.003- o __pm
0.10- ,
0.002- —P
0.001- 0.05-
oo004- . “=="287700 | S -----o
0.004=~"" . EZ(GeV)
10 20 30 40 50

0, RC for dipole parametrization
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RC : what we learned

The sensitivity of the cross section to FFs grows with
proton beam energy

The hard photon correction depends on the uncertainty in
the energy of the scattered particles

Strong cancellation between the positive hard correction
and the negative virtual and soft: at E=100 GeV §s~dh~20
c,/o, but the sum 8~6%

Taking into account the proton structure does not change
essentially the estimation at so small Q2

Two photon exchange is ~0.17

Model independent radiative corrections for pe elastic
scattering have been calculated for a cross section
measured at permille accuracy.

Model dependent corrections are small and can not affect
the cross section

LAL, 7-XI-2017 Egle Tomasi-Gustafsson



The Proton Radius

Rp=0.84184(67) fm (muonic atom)

—e— Rp=0.879(8) fm
Up e (e-p Mainz)

Rp=0.8768(69) fm

dispersion

lattice QCD
_ #p=0.897(18) tm

I 1 1 1 I 1 1
0 D.84 0.86 0.88 0.9 0.92
PRC75 035202(2007) m re 1 p (fln)
PRD 79 094001(2009) S




The Proton Radius

Rp=0.84184(67) fm (muonic atom)
Rp=0.879(8) fm

up ///

o

dispersion

lattice QCD

0
PRC75 035202(2007)




Lamb shift and hyperfine splitting

AES® =2023706(23) meV| . . / .
AES®. = 22.8089(51) meV A B 3
P
A) Formation of up in highly
excited states and ° Lan
cascade with prompt x-rays .
B) Laser excitation of B .
25-2P transition taser_—~
C) 2S and 2P energy levels. S iz Izs hyperfne splitting
Vs and v, measured fransitions e o
AE™ = 206.0336(15) — 5.2275(10)72 + AEpg
2nZo
AEﬁnite size — 3 2|\P(0)|

re = 0.84087(26)*P(29)™ fm ,
= 0.84087(39) fm (O)= m?2, m(up system)= 186 m,

Egle Tomasi-Gustafsson
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International Nuclear Physics Conference 2010 (INPC2010) IOP Publishing
Journal of Physics: Conference Series 312 (2011) 032002 doi:10.1088/1742-6596/312/3/032002

The proton radius puzzle

A Antognini’?2, F D Amaro®, F Biraben?, J M R Cardoso?,

D S Covita’, A Dax®, S Dhawan®, L M P Fernandes®, A Giesen’,
T Graf®, T W Hinsch!’, P Indelicato?, L Julien?, C-Y Kao'’,

P Knowles!', F Kottmann?, E-O Le Bigot?, Y-W Liu'’,

1cy may arise from a
hblem in bound-state
1ental error.

from the e-p s
computational 1

QED, an unkn

ulhauser!!,

5 71F CODATA-06 “ our value s3,

E' - . ‘ 13.

£ gl—e-p scattering ‘ )

S 6

§ °F calib.
Abstract. B 3 [ ’ rogen (p~p) we have
measured the ¢ 3 40 [z [1]. By comparing
this measurem £ | »n bound-state QED
we have detern ~ 3F v value differs by 5.0
standard devis b 3 standard deviation

IRy

49.75 498 29.85 299 29.95
laser frequency [THz]
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PHYSICS

The proton

radius

revisited

Hydrogen spectroscopy
brings a surprise in the
search for a solution to a
long-standing puzzle

Science 06 Oct 2017:
Vol. 358, Issue 6359, pp. 39-40
DOI: 10.1126/science.aa03969

Muonic hydrogen
spectroscopy

il o~83|ﬁﬂ!l o.;‘il I !
—o0—

Beyer et al hydrogen spectroscopy

C@a LAL, 7-XI-2017

6S 6P 6D 6F
55 5P 5D 5F
45 4P 4D 4F
3S 3P 3D
Imer-
Samer-p The 25-4P transition is
2S /\ 2P  excited by one photon at
- a wavelength of 486 nm
(Balmer-B). Its excitation
is monitored by observing
Two decay of the 4P state via
photons Lyman-y  primarily 97-nm Lyman-y
1S
Electron scattering

P
| 0.88

| 089

—o0—

Earlier hydrogen spectroscopy

Egle Tomasi-Gustafsson
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ep-elastic scattering : Rosenbluth separation

do _ do
dQ |aQ

|

Mott

1
(1+7)

(GE(©0%)-

G1(©)

E =

—1

Linearity of the reduced cross section |

— tan<6, dependence

—Holds for Iy exchange only

0.0150

1950

00145} Q°=2.64 GeV?

"l Q2=3.20 GeV?

0.0050

0.0046

bR

0.0 03 05
€

0.8 1.0

PRL 94, 142301 (2005)
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Root mean square radius

In non-relativistic approach
(and also in relativistic but in Breit frame)
FFs are Fourier transform of the density

density Form factor comments
p(r) F(q*) <re>
) 1 pointlike
e
e " dipole
(g% + a?)? p
e ar az l
. 21 monopole
—a7‘2
e
5 e~ /(4a) gaussian
r
3(sin X — X cos X
po for * < R ( e ) square well
0 forr> R X =¢qR

1
F(q) ~1—=¢*<1r*>+0(¢*),

6
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<rh>= s

|, 2?p(z)dx




week ending

PRL 105, 242001 (2010) PHYSICAL REVIEW LETTERS 10 DECEMBER 2010

£

High-Precision Determination of the Electric and Magnetic Form Factors of the Proton

J.C. Bernauer,"* P. Achenbach,l C. Ayerbe Gayoso,l R. B(ihm,l D. Bosnar,2 L. Debenjak,3 M. O. Distler,” L. Doria,l
A. Esser,I H. Fonvieille,4 J.M. Friedrich,S J. Friedrich,l M. Gomez Rodriguez de la Paz,l M. Makek,2 H. Merkel,|
D.G. Middleton,I U. Mi‘l]ler,I L. Nungesser,l J. Pochodzal]a,l M. Potokar,3 S. Sanchez Majos,I B.S. Schlimme,|
S. Sirca,®? Th. Walcher,' and M. Weinriefer'

Mainz, A1 collaboration (1400 points) Q7>0.004 GeV?
« Radiative corrections (Y2 = 0.879(5) e @)yt (2 mtel @group 0

« Two photon exchange

« Coulomb corrections (3! = 0.777(13) g (9syst (S maet(2) group fm.
1.1 T T T
..... comments 08
« MUSE Experiment [ S ) SEEY e
« Jlab CLAS 0.95
) 0.9
thaf about extrapolation to WO TE Lo Gayoustal,
Q — 0? o8l " o Punjabietal. +e: D
07 »: Crawford etal. e+ Jones etal. .
G.1. Gakh, A. Dbeyssi, E.T-G, D. Marchand,V.V. Bytev, 0 0.2 0.4 0.6 0.8 1
Phys.Part.Nucl.Lett. 10 (2013) 393, Phys.Rev. C84 (2011) 015212 Q?/ (GeVic)®
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Ge/Ggq. dipole

Ge/Ggyy. dipole

1.03
1.02

1.01

0.99
0.98
0.97
0.96
0.95

1.05

0.95

09

0.85

08

Mainz ep elastic scattering

(rhyae) = -

&1 Borkowski et al. [15]
e+ Janssens et al.

L HEH Slmon etal. = Murphy et al. [16]
t Price et al.

2 2
662  dGg/m (Q?)
2
Gg/m (0) dQ 020
1.1 T T
I N B [13] te+ Hanson et al.
1.08  --- [2] - Borkowski et al. [195]
—1 k4 Christy et al. ++4 Janssens et al.
- ® 106 - \m Priceetal. =i Bosted etal.
71 £ 404l r* Bergeretal. v Barteletal.
'q -
2 il | s ek
o 10205 | | T
z  1f
=
G 098 R
0.96
0.94
0 0.2 04 0.6 08
11

- [13]
" Hmsty etal
| =+ Simon et al.
HH Price et al. =~ Borkowskilet al| [15]
re+ Bergeretal. e Janssens et al.
SRR Hanso|n etal s’ Murphy et z}l. [16]
0 0.2 04 0.6 08
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”pGE/GM

1.05

0.95
09
0.85
08
0.75
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------ [13] w/o TPE Gayou et al.
- [13]w/ TPE HH Milbrath etal. +
- g] +e4 Punjabietal. +- D
[ rawf?rd etal +e4] Jones et al.]
0 0.2 0.4 0.6 0.8
Q% / (GeVic)®




Mainz ep elastic scattering

< 2 > _ 6h2 dGE/M (Q2)
"M T T G (0) T dQ?

Q?=0

1) Rosenbluth extraction
2) Direct extraction

(assuming a function for FFs)

Spline
<7‘%>§ — 0-875(5)5tat.(4)syst.(z)model ﬁn,
1
<T§/I > ‘= 0'775(12)stat.(9)syst. (4)model fm

Polynomial
<T}23>-2- — 0'883(5)Stat.(5)syst.(3)model ﬁn,
1
<7‘M>2 = 0.778 +14)stat (lo)syst (6)model fm.

B e ireeee LAL, 7-X1-2017



Why | do not trust the fits

Slide from Savely Karshenboim
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Why | do not trust the fits

Slide from Savely Karshenboim

0.8 1.0

-1.0 -

g 4 .
L 1 ) = 2
B - L=
-15 1 _ |’| e lgE=1"
=L | Lis==leTi 5"
i i T ! ‘
J:,?‘ Nigd
/; |! ;I‘ II = .
Z
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Conclusions

« Fully relativistic description of proton-electron
scattering : kinematics, differential cross section

and polarization phenomena

« Polarization effects are large at energies in the GeV
range: possible applications to polarized physics for
high energy (anti)proton beams

Our suggestion: polarize high energy (anti)proton beams in
collisions with electrons at rest.

+ Very low transferred momenta with - large cross
sections - large proton energies-large electron angles

Our suggestion: measure elastic cross section at the
photon point limit.

LAL, 7-XI-2017



Proton-Electron elastic scattering

gy AmP(E = M)
T M2 4+ 9mE + m2 do-
103 — [mb/GeV?]
‘ugo.n*
[]
S o1
oF

-k

10710 107° 1078 1077 1076

k2[GeV?2
k2 proportional to m? I eVl

Extraction of electromagnetic form factors for
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The proton kinematics (E=100 MeV/)

N x1073

=, (7)) L
o 0.2 0.5:
< i
04
0.15 !
0.3
0.1 f
i 0.2
0.05: 01"

; 107 _...|...|...|...|....

0 — % 02 04 06 08 1
SInep cosee
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Proton-Electron Kinematics

cosO(p)- cos B(e)

L QDQ-
- 2
0.6 S
- 999998
0.55" 999996
i 999994
0.5—_I 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 :
0 02 04 06 08 1 999992;
cos0, 999999
999988/
E(e)— cos 9(2) 999986
999984, . . ..l
0 02 04 06 08 1
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Hadron Electromagnetic Form Factors

GE Polarized

GE unpolarized |

1 0_3 —|‘| L NI R / L1 | §| oo N L s
-30 -20 -10 O 10 20 20
2(SeVvic)?]
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Applications |

Polarimetry of high energy
(anti)proton beams




Polarization phenomena

1) Polarization transfer coefficients
pte — pte
2) Spin correlation coefficients

pté — pte

3) Depolarization coefficients
pte — pte




Depolarization coefficients

* [nitial and final proton spins

* The polarized cross section

do
— (71, 12) = (W) [1 4+ DyuS1459% + DnpS1nS2n + DeeS16S2¢ + DieS14S20 + DpS105:]

o The coefficients

DD(m,n2) = 2(1+ T)_l{k ck - Gy (k) [kz (Gur(k?) = GE(A'Q)) +2m*(1+ T)GM(I*TZ)]
k% (14 7) G5 (K) (2K - mokea - — mipy - 12)
+AG A (K?) (k- ks - o — ke - kg - ) [MP71 (GR(E?) — Gar (k%))
+mE (Gr(k*) + 7Gu(K?))]

=1y - 2 (GEH(K?) + 7G3,(K)) [F*(M? — 2mE) + 4m® E?| }

Cea LAL, 7-X1-2017 Egle Tomasi-Gustafsson




Polarization

* Polarized lepton tensor

Lff,’,) = 2ime€paskaSs,

e Polarized hadronic tensor

W (n) = —2iG p (F?) [A’IGz\f(kz)euvaﬁkanjﬁ T
-+ Fz(kz)(pryaﬁa, — Pyepaﬁq)plap'Zﬁnj’Y]

The transverse beam polarization induces effects smaller by M/E

Cea LAL, 7-XI-2017



Polarization transfer coefficients

* [nitial electron and final proton spin

- I B P (i - Sa)
S — (056)1 T2 = (A[pz ' 823 S'Z + A[(EZ + A[))

* The polarized cross section

do
— (£, 9:) = (@) 11+ Tpe&eSo¢ + TranknSon + T1:&eSot + Tr&eSot + The&tSae]

o The coefficients

C@a LAL, 7-XI-2017



Po/ar'/zahon Tmnsfer coefficients
lr+e-—+lr+e
0.=30 mrad
0.=10 mrad

0.=0
0.=50 mrad

. L
' |
. L
] -
' n
' ~ut
] e
] Lo
] e
1 Fa v
] o s
' 1
' 1
' A K 0-5
¥ .
] \d 0-1_:
: B E
] N -f: [ L
[] - )
0 1—| '!'. )
] e A L
L e L “
[ la-
: 0.05 |
L3 la- 2 .
H B . 0
A RN D T AR S AL EE R ALELT
Ly ‘o, : . ~o | “eo
I e e D A I R
§ , S T D L L PR
L [l | Lol kL | | |

L -|-..:.'.'l'."."..".'.'.'.'.'L--.--.r--.--u- 0 e = L1
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Polarization correlation coefficients

* [nitial electron and proton spins

- p-Si o, BF-SY)
S = (0 | = S
(0.8). ™ ( M 1+M(E+M))

* The polarized cross section

do - =

do
@(53 Sy) = (d_kz) 11+ Cee€eS1e + Ciet S1t + CrnnSin + Cu&eS1t + Cre€iSie)

* The coefficients

DC(S,m1) = 8mMGy (k) [(k - Sk - ny — k28 - )G (k) + 7k - (k- S + 2py - S)Fy(k?)] .
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Spin corre/ahon coefficients

R A -

100 150
E [GeV]

uuuuuuuuuuuuuuuuuuuu
4
’
,
L]
'K
U
4

(WK 4
-
IIIIIIIIIlIIIIIIIII

0 50 100 150
E [GeV]

4

~ -
~~~~~~~~
---------

0 50 100 150
E [GeV]

p’—l—é’ — pte
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0.=0
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Polarization by Spin Flip?

Ongoing experiments:
Spin Filtering with polarized targets
Spin Filtering with antiprotons at AD (CERN)

20—
S
N

=0' 2

=
-

Our contribution to |..| a2
this problem: ol oal
large polarization | | ol
effects appear at | | R :
large energies. i 2l )

0.4 05

—> — ‘ i
pte — prte

LN : ‘\
| 0,05

(1] o 2
.. ..“:.:'."""'---- e 0 . .“.“-‘.‘;’I"u. i :::.::.'J'T'H-L-
0 50 100 150 0 50 100150 0 50 100 150
E [GeV] E [GeV] E [GeV]
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Figure of Merit
fz(gp) = G(QP)A?J'(OP)? €(6p) = Ns(bp)/N;

ﬂ)

—_—

AP (6p) ’ B 2
( P )  Ni(0,)F2(6,)P?  Ltn(do /dQ)dQAZ(6,) P?

N
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Polarimetr

Polarized beam
on polarized target

N = B
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<
o
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. [do .,
F? = / AT )k

N N o ©
I||| ) -

F? Max at E~10 GeV
L=10°? cm2s!

N
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N beam=6 x10"" p s7! o 80 100 150 200
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Root mean square radius

F(q) = Jo dBfei(ﬁP(f). 2 e o atp(z)dr
/ d*Tp(T) ) Jo #*p(x)dz
0

Expanding in Taylor series:

1
F(q) ~1— 5q2 <r?>+0(q%),

RMS is the limit of the form factor derivative for Q?=0

61> dG (0%
GE/M(O) d Q2

(r 2E/M) -

0*=0
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