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The proton

Hadrons are 96% of visible matter

Proton is the the most common
particle in nature

I'ts fundamental properties as
* Mass

* Spin

© Size

are still object of controversy
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The MASS of the proton

L' energle du champ de nggs

0 0
Champ nul dans |'état Champ non-nul dans I'état
fondamental fondamental

u-quark=1.5-4 MeV/c?
d-quark=4-8 MeV/c?

Mp=938,2720 MeV/c?




The MASS of the proton

dynamically created by
the strong interaction

Antiproton-Proton collisions

|_:|':a nd =

gluon-rich environment!
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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'?,

J A M Lopes®, L Ludhoval!l, C M B Monteiro®, F Mulhauser!!,
T Nebel!, F Nez!, P Rabinowitz'?2, J M F dos Santos?,

L A Schaller!!, K Schuhmann’, C Schwob?, D Taqqu'?,

J F C A Veloso® and R Pohl!

Abstract. By means of pulsed laser spectroscopy applied to muonic hydrogen (1~ p) we have
measured the QSIF/EI - 2P3F/§2 transition frequency to be 49881.88(76) GHz [1]. By comparing
this measurement with its theoretical prediction [2, 3, 4, 5, 6, 7] based on bound-state QED
we have determined a proton radius value of rp = 0.84184(67) fm. This new value differs by 5.0
standard deviations from the CODATA value of 0.8768(69) fm [8], and 3 standard deviation
from the e-p scattering results of 0.897(18) fm [9]. The observed discrepancy may arise from a
computational mistake of the energy levels in pup or H, or a fundamental problem in bound-state
QED, an unknown effect related to the proton or the muon, or an experimental error.
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Lamb shift and hyperfine splitting (1)

Negative u beams at PST are stopped  '* . c 2P fine spliting
in H, gas target at 1 hPa and 20°C 2p i
28 — F=1
Kay Ky
A) Formation of up atoms in highly
excited states. 1% populates the
2S state (t=1 us).
B) Laser excitation of o »
25-2P transition sy
C) 25 and 2P energy levels. 2 ke xeray Izs hyperfine spliting
Vs and V,,: measured transitions -
IS —
lhvs + Ehvt = AE_ + 8.8123(2)meV AE;? = 202.3706(23) meV

4 4

AESP. = 22 8089(51) meV

hVS - th = AEHFS - 32480(2)meV
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Lamb shift and hyperfine splitting (1)

2P fine splitting

Negative u beams at PST are stopped™
in H, gas target at 1 hPa and 20°C * /

A) Formation of up atoms in highly et
excited states. 1% populates the s
2S state (t=1 us).

B) Laser excitation of 5
25-2P transition s w7

C) 25 and 2P energy levels.
Vs and v, measured fransitions

2 keV x=-ray
(Ko

IS —

An electron in S state has some probability to be inside the proton.
The electric field (charge distribution) is modified by the proton size.

The v, and v transitions are affected by the proton size ( few %)
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Lamb shift and hyperfine splitting

2nZa 5
3

AEﬁnit;t: size —

| W (0)]2* m23, m(up system)= 186 m,
H radius : 60000 x p radius

r2|¥(0))° Atomic wave function at the origin

WH Bohr radius is = 200 times smaller: larger sensitivity!

4 4

hvs — hvy = AEyps — 3.2480(2)meV

Ly, +2 v, = AE, +8.8123(2)meV AE[" = 202.3706(23) meV

AESP. = 22.8089(51) meV

AE® = 206.0336(15) — 5.2275(10)r2 + AErpg

rg = 0.84087(26)*P(29)™ fm
= 0.84087(39) fm

ALTpg =

0.0332(20) meV
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The proton radius puzzle
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PHYSIes Science 06 Oct 2017:
The proton| vol. 358, 6359, pp. 39 | —= e 6 o
radius DOI: 10.1126/ = r 2 x
. . science.aa03969 43 4p 4D 4F
revisited ) B
Hydrogen spectroscopy Bt 5
brings a surprise in the N (A% -/ 2: B/-\ " The 3;’;:;::;' s 2
search for a solution to a - awavelength of 436 nm 3
long-standing puzzle (Balmer B). lge:;ust:rtv?nr; <
Two decay of the 4P state via
hotons Lyman-y  primarily 97-nm Lyman-y
RpZO. 8335 (95 ) fm p lyman-e radiation.
Muonic hydrogen 1S '
spectroscopy
i ,‘ i .
il | | | I : | | | | | : | | H | Ii I
| 083fm | 084 | 0.85 0.86 | 087 | 0.88 | 089
—6— o
Beyer et al hydrogen spectroscopy Earlier hydrogen spectroscopy

new Rydberg constant, deuterium...
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Hadron physics: e-p scattering




ep-elastic scattering : Rosenbluth separation

" ¥ |do_(do L (2022 T2 (02
e e dQ_(dQ] (1+7:)(GE(Q )%GM(Q ))
Y(Q?) Mott
2(0 | |
£= ]+2(]+r)tan( = |
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Linearity of the reduced cross section |
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PRL 94, 142301 (2005)
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Root mean square radius

d*7p(7
In non-relativistic approach /Q P ( )
(and also in relativistic but in Breit frame)
FFs are Fourier transform of the density

density Form factor r.m.s. | comments
p(r) F(q®) <re>
4] 1 0 pointlike
a’ 12 ,
p—ar ) o dipole
e " a’ 6
. 21 ) monopole
—afr2
‘ 5 e—9 /(4a%) i gatssian
r . 2a
po for * < R 3(sin X ;(5( cos ) §R2 square well
0O forr>R X =qR
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Root mean square radius

F(q) = Jo d*Te p(l) _ 2 o do vt p(x)dx
3= /= c < o0 2 d
| 50l Jy~ 2p(w)da
Q

Expanding in Taylor series:

1
F(q) ~1— 6q2 <rZ>+0(q%),

6 dGpy(Q?)
Gegm0)  dQ? 02=0

<"?1}/M> -

RMS is the limit of the form factor derivative for Q?->0
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week ending

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

S

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

J.C. Bernauer,"* P. Achenbach,' C. Ayerbe Gayoso,l R. Bshm,' D. Bosnar,” L. Debenjak,3 M. O. Distler,"" L. Doria,’
A. Esser,I H. Fonvieille,4 J. M. Friedrich,5 J. Friedrich,I M. Gomez Rodriguez de la Paz,I M. Makek,2 H. Merkel,l
D.G. Middleton," U. Miiller," L. Nungesser,' J. Pochodzalla,' M. Potokar,” S. Sanchez Majos,' B. S. Schlimme,'

S. Sirca.®? Th. Walcher,' and M. Weinriefer'

Mainz, A1 collaboration (1400 points) Q7>0.004 GeV?
« Radiative corrections (r)'? = 0.879(5) g (4)syst (D modet(Hgroup M,
* Two photon exchange (r3)"? = 0.777(13) 43 (9)syst(5) modet(2) group fm.
e Coulomb corrections 11

What about extrapolation to

QZ 0%

- [13] wio TPE Gayou et al.
- [13]w/TPE  +=i Milbrath et al.
8F -2 +e+ Punjabietal. - D
e Crawt?rd etal. »e-«l Jones et al.l = RO

0 0.2 0.4 0.6 0.8 1
Q?/ (GeV/c)?

G.1. Gakh, A. Dbeyssi, E.T-G, D. Marchand,V.V. Bytey,
Phys.Part.Nucl.Lett. 10 (2013) 393, Phys.Rev. C84 (2011) 015212

Cea SPhN, 15-1-2018 Egle Tomasi-Gustafsson



Ge/Ggq. dipole

Ge/Ggyy. dipole
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Mainz ep elastic scattering
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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.
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Proton-Electron Elastic Scattering

Polarization effects in elastic proton-electron scattering

G. |. Gakh, A. Dbeyssi, D. Marchand, E. Tomasi-Gustafsson, and V. V. Bytev
Phys. Rev. C 84, 015212 — Published 28 July 2011

[Tucema B DYAS. 2013. T. 10, Ne5(182). C. 642-649

PROTON-ELECTRON ELASTIC SCATTERING
AND THE PROTON CHARGE RADIUS

G.I. Gakh, A. Dbeyssi,E. Tomasi-Gustafsson, D. Marchand, V.V. Bytev

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
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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

2 SPhN, 15-1-2018
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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)




Proton-electron elastic scattering:

The differential cross section

g 0_=50 mrad
8 10° 0.=30 mrad
o) -
% 10° £
<
« The electron mass S .0
~ 10|
can not be neglected |8 ¢
1€
* Interesting structure o
in the GeV region 0 50 100 150 200

E [GeV]
Steep rise at small energy




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’ !!




Low & Form Factor Parametrizations

Radial expansion

Ge.m(q?)

Gg.m(0)

1
=1+ —¢° ”'E v+ 0(gh),

6

Grp =1+3.496 ¢, Gy =2.793 + 8.65 ¢°.

<r2>=(.814

Expansion to 4™ order:

Dipole fit Gp(d’) =G, Gu(d") =G, G=(1-141¢") ",

Gg =1+ 2.82¢% + 5.96¢",

Gy = 2.793 + 7.88¢2 + 16.65¢"

2
Low Q[ (g2) = (1 - 1.517¢%)2, G (¢?) = pp(1 — 1.37¢%) 2

Gr =1+ 3.034¢° + 6.91¢", Gy = 2.793 + 7.65¢° + 15.72¢".

Sum of monopoles|,. . 3

3

—ag?’
1 q

3

F2(q2) = Z

m;  ||<r?>=0.657
9 —4¢*" | | <r2>=0.706

Gp=1+3017¢2+7.22¢%,

G = 2.793 + 8.239 ¢* + 20.31 ¢*| <r*>=0.702
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Dispersion analysis of the nucleon form factors including meson continua

M. A. Belushkin® and H.-W. Hammer'
Helmholtz-Institut fiir Strahlen- und Kernphysik (Theorie), Universitdit Bonn, Nuf3allee 14-16, D-53115 Bonn, Germany
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Dispersion analysis of the nucleon form factors including meson continua

M. A. Belushkin® and H.-W. Hammer'
Helmholtz-Institut fiir Strahlen- und Kernphysik (Theorie), Universitdit Bonn, Nuf3allee 14-16, D-53115 Bonn, Germany

UIf-G. MeiBner
Helmholtz-Institut fiir Strahlen- und Kernphysik (Theorie), Universitdt Bonn, Nuf3allee 14-16, D-53115 Bonn, Germany and
Institut fiir Kernphysik (Theorie), Forschungszentrum Jiilich, D-52425 Jiilich, Germany
(Received 4 September 2006; published 6 March 2007)

SC approach Explicit pQCD app. Ref. [23] Recent determ.
i (fm) 0.844 (0.840...0.852) 0.830 (0.822...0.835) 0.848 0.886(15) [72-74]
iy (fm) 0.854 (0.849...0.859) 0.850 (0.843...0.852) 0.857 0.855(35) [73,75]
(ri)? (fm?) —0.117 (—=0.11...—=0.128) —0.119 (—0.108... —0.13) —0.12 —0.115(4) [52]
ry (fm) 0.862 (0.854...0.871) 0.863 (0.859...0.871) 0.879 0.873(11) [76]
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Dispersion analysis of the nucleon form factors including meson continua

M. A. Belushkin® and H.-W. Hammer'
Helmholtz-Institut fiir Strahlen- und Kernphysik (Theorie), Universitdit Bonn, Nuf3allee 14-16, D-53115 Bonn, Germany

UIf-G. MeiBner
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ArXiv 1406.2962v2[Hep-ph]

Reduction of the proton radius discrepancy by 3 o

I. T. Lorenzl’ and UlIf-G. MeiBnerl’z’

THelmholtz-Institut fiir Strahlen- und Kernphysik and Bethe Center for Theoretical Physics,
Universitiat Bonn, D-53115 Bonn, Germany
?Institute for Advanced Simulation, Institut fiir Kernphysik and Jiilich Center for Hadron Physics,
Forschungszentrum Jiilich, D-52425 Jiilich, Germany

We show that in previous analyses of electron-proton scattering, the uncertainties in the statistical procedure to
extract the proton charge radius are underestimated. Using a fit function based on a conformal mapping, we can
describe the scattering data with high precision and extract a radius value in agreement with the one obtained
from muonic hydrogen.
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Why | do not trust the fits

Slide from Savely Karshenboim
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Why | do not trust the fits

Slide from Savely Karshenboim
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Conclusions

Discrepancy between the determination of the proton radius

« CODATA (ep scattering & H) and muonic hydrogen

« ep elastic scattering and uH

« Recent and previous Hydrogen Lamb shift experiments

« Tension between analysis of ep-scattering:
extrapolation o Q2=0 !ll

The problem is on derivatives, not on observables !

* QOur contribution:
« Very low transferred momenta can be reached by
proton-electron elastic scattering (inverse kinematics)

 Fully relativistic description of proton-electron
scattering : kinematics, differential cross section,
polarization phenomena and radiative corrections
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The unpolarized cross section (I)

p(p.) p(.)
o The matrix element 1 ?
2 :
Y (k)
M=l _
e(k) ek )

» 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 proton kinematics (E=100 MeV/)

N x103

=, (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)
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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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Proton-Electron elastic scattering

4m?(E? — MQ)
M?2 4+ 2mE + m? do-

(_k2)maw =

x10°

0.121 1 O -4

k2., [GeV/c]

\\\\‘\\ \‘\\\\
8 9 1
E [GeV]

OT\\\ \\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘

12 3 456 7 07 10

k?[GeV?]

0 7 107 107 107
k? proportional to m? /I
Extraction of electromagnetic form factors for
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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 SPhN, 15-1-2018 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 SPhN, 15-1-2018



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 SPhN, 15-1-2018



Po/ar/zaflon Transfer coefficients
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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?)] .

C@a SPhN, 15-1-2018




Spin corre/ahon coefficients
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Polarization by Spin Flip?

Ongoing experiments:
Spin Filtering with polarized targets
Spin Filtering with antiprotons at AD (CERN)
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Figure of Merit
fz(gp) = G(QP)A?J'(OP)? €(6p) = Ns(bp)/N;
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Figure of Merit
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Polarimetr

Polarized beam
on polarized target

N = B
LL C
<
o
F

10]

. [do .,
F? = / AT )k

N N w ©
I||| ) -

F? Max at E~10 GeV
L=10°? cm2s!

N
T

N beam=6 x10"" p s7! o 80 100 150 200
N target =2 x10' atomes/cm? T[GeV]
AP=1% in t=3m
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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) )”




Cross section and FFs

Born cross section with dipole FFs

do( mb
10°

102 — E=20GeV
. - - - E=100Gev
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Nt
-6

T gy

. do" m do™ . do*
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Hard Radiative Corrections (o)

Maximum energy of the hard photon
Emitted in the whole solid angle
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Results for Radiative Corrections (o)
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Sensitivity of RC to FFs
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Application

Precise measurement of the
proton radius




The SPIN of the proton

gluons
orbital momentum

o> E40X E

AG/G

Measured; ~ 1/4

And if ...
a proof of guark substructure?




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

SPhN, 15-1-2018 Egle Tomasi-Gustafsson



