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More modest: Hydrogen and muonic hydrogen

With an hadronic bias...
We want to study the strong interactions using light at very low energies:

q°* — 0.
Nz
(051" p.5) = B(P') | Fila )" + iFe(e) % | w(p)
2 q
Fi(q°)=Fi+5F +..
m

Observables: ep — ep, up — pp, yp — yp, atomic physics, muonic atoms,
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Tool: Effective Field Theories = Factorization

Why?: There is a hierarchy of different scales

EFTs are especially useful in these situations.

1) Perturbative calculations much easier and systematic.

2) Nonperturbative information is parameterized in a model independent way.
3) Power counting.
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Scales (and ratios)

mp ~ /\X

~ ~ — MuMp
My~ My~ My = mp+m,,
mra ~ Me
Q-0

Tool: Effective Field Theories = Factorization

Why?: There is a hierarchy of different scales

EFTs are especially useful in these situations.

1) Perturbative calculations much easier and systematic.

2) Nonperturbative information is parameterized in a model independent way.
3) Power counting.

Effective Field Theory: Non-relativistic protons, photons and (non-relativistic)
electron/muons.
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Caswell-Lepage
iDy = i8 + Z,eA, iD = iV — Z,eA

v d v
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) . (P) (DP)
iD D D —+——0c-eB+ =, (D-eE—-€eE-D
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Dictionary (relation Wilson coefficients with low energy constants):
c,(:p) — up anomalous magnetic moment (low energy constant)
Cp — Ip proton radius (quasi low energy constant)

cﬁ\’f) — ag, Bum Proton polarizabilities (quasi low energy constant)

cé’;i) — Two-photon exchange ...



INTRODUCTION

@* — 0 INVOLVES COULOMB RESUMMATION — ATOMIC PHYSICS
lq| ~ mua ~ me ~ 0.5 MeV (muonic hydrogen)

lg| ~ Meax ~ 5.1072 MeV (hydrogen)

New scales: Micpioncy, mlepmnoz



INTRODUCTION pNRQED HADRONIC CONTRIBUTIONS HYPERFINE

Theoretical setup (muonic hydrogen)
We use an effective field theory, Potential Non-Relativistic QED, which
describes the muonic hydrogen dynamics and profits from the hierarchy
m, > mua > m,a?

(ia —p—z—g)w(r):o

2my r
+-corrections to the potential potential NRQED E~ mv
+interaction with ultrasoft photons
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Theoretical setup (muonic hydrogen)
We use an effective field theory, Potential Non-Relativistic QED, which
describes the muonic hydrogen dynamics and profits from the hierarchy
m, > mua > m,a?

(ia —p—z—g)w(r):o

2my r
+-corrections to the potential potential NRQED E~ mv
+interaction with ultrasoft photons

2

NRQED(m,, o) — pNRQED
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Matching NRQED to pNRQED

NRQED pNRQED
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Hydrogen/Positronium/muonium
Tree level

H

Pl
X H H -
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Order 1/m?
(1) ®)

. c c
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Muonic Hydrogen: electron vacuum polarization
Ey, p Ei, pf

e

Figure : Leading correction to the Coulomb potential due to the electron vacuum
polarization. kK =p — p’ and ky = Ey — Ej.
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Muonic Hydrogen: electron vacuum polarization
Ey, p Ei, pf

e

Figure : Leading correction to the Coulomb potential due to the electron vacuum
polarization. kK =p — p’ and ky = Ey — Ej.

VO =477 zpav(k)kl
1
aer(k) = am )

where
N(k?) = aNMW(k®) + o®N® (k%) + *N®(K?) +

av(k) = aer(k)t > ZIZTal™ (K) = aen(k)+dalk),  Sa(k) =

n,m=0
n+m=even>0

O(a*)
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Order 1/m?

pNRQED

HADRONIC CONTRIBUTIONS HYPERFINE
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Order 1/m? from energy-dependent terms

El) p {7 pl
> T >
:
[}
ko, k
I
- I -

Figure : Leading correction to the Coulomb potential due to the electron vacuum
polarization. k = p — p’ and kg = Ey — Ej.

2,26 (PP PP o [* o 1
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Theoretical setup.
Muonic hydrogen Lamb shift: AE; = E(2P5,5) — E(2S542) and
hyperfine splitting: AEyr = E(nSz/2) — E(nSy)2)

2
Lonacep = | d°rd®RdtS'(r,R, t){iao - %

—V(r,p,01,02) + er-E(R, 1) } r,R,t) /de’r F. F*
va

VO, V@)

2
My mg.

(I' p70'170'2)_ (r)+ =+ ...
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Observable: Spectrum or decays

Corrections to the Green Function (h® = p2/m + V(@)
_ 1 ) Opy _ 1
Gs(E)*PsmPs*Gs +0Gs Gs'(E) = hgo)—E

A) Ultrasoft loops (lamb shift-like): x - E <
B) Quantum mechanics perturbation theory«—

i S,
= — —

1/(E~ VO —p?/m)
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Vacuum polarization effects: O(ma?)

El) p E{) pl
- T -
:
[}
ko, k
|
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Figure : Leading correction to the Coulomb potential due to the electron vacuum
polarization. kK = p — p’ and kg = Ey — E.
1-loop static potential

Eio = (n|6V|n) = 205.0074 meV = O(m,a°)

E; « (. Measure of (Non)-Asymptotically free theory!
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Vacuum polarization effects: O(m,a*)

Boop Boop pooop Boop
T T T A 4
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Pachuki/Borie

2-loop static potential is the same as two-loop vacuum polarization iterations
(*two loop vacuum polarization*)

6E = (n|6V|n) = 1.5079 meV = O(m,a*)
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CONCI

Vacuum polarization effects: O(m,a*)

Boop Boop pooop Boop
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Pachuki/Borie

2-loop static potential is the same as two-loop vacuum polarization iterations
(*two loop vacuum polarization*)

6E = (n|6V|n) = 1.5079 meV = O(m,a*)
Quantum mechanics perturbation theory (*iteration one-loop*)

1

OE ~ (noV—¢

§V|n) = 0.151 meV = O(m,a*)
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Vacuum polarization effects: O(ma®)
3-loop static potential (three loop vacuum polarization, Kinoshita-Nio)

0.00752 meV = O(m;a°)

Slightly corrected by Ivanov et al.
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p______ [ e
! 1 1 1 | |
| ' N I [ |
e e e
1 | | : : 1
NXNXNX NX  NX NX
(1:3) (2:2) (3:1)

Light-by-light (Wichmann-Kroll and Delbriick) contribution very small
(Karshenboim et al.)

AE ~ —0.0009 mev = O(m,a°)

Earlier work by Borie



pNRQED

1/m potential

V(U(,) V(2)(r)
_ y(0)
V(xa p) (B 9 0-2) - V (r) + m,u + m}% + i
(1)
Vn — O(mya®)

my,



pNRQED

relativistic corrections+vacuum polarization
r  ver
( ) (r) |

2
mg

V(x,p,o1,02) = VO(r) + +

Ve

m2 o(meat,a®)

Lamb shift
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relativistic corrections+vacuum polarization

(2)
V(x,p, o1, 02) = VO(r) + (” F 20,
mz(r) (m’a47a5)

Lamb shift ,
O(ma* x ) 0.0575 (purely relativistic)
o
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relativistic corrections+vacuum polarization

Vb oe) = VO + L0 4 L0
m2(r) O(mra’,a®)

Lamb shift ,
O(ma* x ) 0.0575 (purely relativistic)
o

O(ma®) 0.0059 (Pachucki)



INTRODUCTION pNRQED HADRONIC CONTRIBUTIONS HYPERFINE

relativistic corrections+vacuum polarization

V(X,p,o1,02) = VO(r) + (r) + % +
m2(r) o(mra*,a®)

Lamb shift ,
O(ma* x ) 0.0575 (purely relativistic)
o

O(ma®) 0.0169 (Pachucki and Veitia; Borie)
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relativistic corrections+vacuum polarization

Vb oe) = VO + L0 4 L0
m2(r) o(mrat,a®)

Lamb shift ,
O(ma* x ) 0.0575 (purely relativistic)
o

O(ma®) 0.018759 (Jentschura; Karshenboim&lvanov&Korzinin; Peset&AP)



pNRQED

relativistic corrections+vacuum polarization
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Hyperfine
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relativistic corrections+vacuum polarization
r  ver
( ) (r) |

2
mg

V(x,p,o1,02) = VO(r) + +

V(Z)( r)
s

— O(myat, a)

Hyperfine
mﬂp x O(ma*)
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relativistic corrections+vacuum polarization

v®
V(x7p701702) (r) (r) =+ % +
n
)
sz(r) — O(myat, a)
n
Hyperfine
mﬂp x O(ma*)

m

mg X O(mas) Martynenko; Indelicato; Pachucki; Borie; Peset-Pineda; ...
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Ultrasoft effects: O(ma®)

AE = —0.6677 meV

oma® ™y AE = -0.045 meV
Mp

All (soft+ultrasoft):
AE = —0.71896 meV.

Start the overlap with hadronic effects.
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Hadronic corrections

(2
V), 1 e gy —AE~ — ! D”ad (ma)®
[

ms,
DP*) — —cz — 16w + 7cg,>
sV (r) 1 had 2
LA phad(sy +.8,)28%(r
mi — ms d ( 1 + 2) ( )
Dgad. — 204
Cs, Ca, b, cg’), ... matching coefficients of NRQED.

d2

6L = -
EErt e

F.,DPF" — e—NTV EN, — 32 N Nopu 11+ %N;aNp/ﬂau
mp b
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Lamb Shift
O(m,a®) v 205. 00737
o(mya*) v 1. 50795
o(mya*) v 0. 15090
o(m,a®) v 0. 00752
O(m,a®) v —0. 00089(2)
O(mra* x —& Ve 4 yEo 0. 05747
o(ma® ) VED Ly v 0. 01876
o(m,a®) v<2 -2) » + ultrasoft —0. 71896
O(mra® x In(F)) V@, gl —0. 00127
O(mra® x Ina) VED, 1 —0. 00454
O(mra* x m2rg) V@D, cp) —5.
2
O(mra® x m?r2) VED 4 v 5 02, o) ~0. 02822
O(mra®ina x m2r?) ved; g 0. 0014tmz
2 P
O(mya® x 7) Vi) b 0. 0111(2)
O(mra® x ;’2 ) SE™E, v 0. 0344(125)
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Hyperfine muonic hydrogen 1S

HYPERFINE CONCI

i) o(ma’ 8 Erermi 182.65604
ii) O(m,a®) ven o yoa 0.73449
iii) o(m,a’ VEd 0.37465
iv) O(m,as%) SETE —1.161(20)
v) O(mya®) Ve veED 0.01457
vi) O(m,a®) R —0.01755
vii) o(mra®) Ve x v 0.00556
viii) O(m,a®) vEY 0.00292
ix) O(mya® x ) Ve vEn 0.01752
x) O(mra® x 7e) | VA vip¥icime | —0.00466
|  Totalsum | | 182.623(27) |

Table : The different contributions to the hyperfine splitting for the 1S in muonic
hydrogen in meV units. The value for the iv) and x) entries is obtained from the

hydrogen hyperfine measurement.
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pNRQED

Hyperfine muonic hydrogen 2S

HADRONIC CONTRIBUTIONS

HYPERFINE CONCI

i) O(m.a”) 6 Erermi 22.832005
ii) O(m,a’) Ve vi2 0.074474
iii) O(m,a’) vEa 0.048275
iv) O(m,a5%) SETE —0.1451(25)
v) O(ma®) Ve veEn 0.002581
vi) O(m,a®) Ve, 5ol —0.002194
vii) o(mra®) Ve % v 0.000375
viii) O(m,a®) Ve 0.000563
ix) O(mya® x ) Ve veEn 0.001846
x) O(ma® x Tty [ v 5 VD gy | —0.000473
| Total sum | 22.8123(33) |

Table : The different contributions to the hyperfine splitting for the 2S in muonic
hydrogen in meV units. The value for the iv) and x) entries is obtained from the

hydrogen hyperfine measurement.
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HOW to determine the Two-Photon Exchange correction?
» Dispersion relations
» lattice (not yet)

» Chiral perturbation theory (— (non-analytic) my dependence, N
dependence)

HBET (m,/m,,) — NRQED(m,a) — pNRQED
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HBET (m,)

Lrger = Lo+ L1+ Lr + Lix + Ln,ay + Liv,ay + Liv,ayr + Lv,a)ies

1 2 d2 2 v
L, = 7ZF + FI%FW,D F* +
2 .
L,,:%Tr[DNUD“UH—m U= =éFr
Ly =N (iv'V, 4+ gau, S*)N+ -+ (A) + - — e—NTV EN,

D, =0, + ieQA, Vu=0,+T, u, = iu" (v, U)u
1y 4 . , i
M= 5 {U' (O + 18QA)U+ (D, + 1eQA)' |

Ly, = mz Z 2N ° Noliy°l; + oy Zcf,/‘)quvinZW//i
Mp i
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HBET (m,)

Lrger = Lo+ L1+ Lr + Lix + Ln,ay + Liv,ay + Liv,ayr + Lv,a)ies

1 2 d2 2 v
L, = 7ZF + F,_?,F‘“’D F* 4+
F7% m 2 j A
Lr="FT[DUD" U]+ U=u"=ém
Ly =N (iv'V, 4+ gau, S*)N+ -+ (A) + - — e—NTV EN,

D, =0, + ieQA, Vu=0,+T, u, = iu" (v, U)u
1y 4 . , i
M= 5 {U' (O + 18QA)U+ (D, + 1eQA)' |
Ly, = m2 Z Np’Y Np i %+ m Z Cf,llﬁNPVINPZ'V/If
Mp 5

e=+ RE,DPFY e PN EN, — Z NN u+ N o Ny orp

ms m3 m3
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Cgad _ m

A
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.y / d*x €% (p, s| TJ* (x)J” (0)|p, ) ,

1% 1 m 17
™ :( g qqg )51(/’: )+H§ <pu7q7/32pqu)( *? >32(07 %)

Sy =77 S, =77
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HYPERFINE

CONCLUSIONS

TWO-PHOTON EXCHANGE correction

, / : \ ) / \ ) / )

N

(6) (7) ®)

m,, extra suppression+xPT (Model independent)
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TWO-PHOTON EXCHANGE correction

e N e NP e

m,, extra suppression+xPT (Model independent)
Power-like chiral enhanced (— xPT can predict the leading order!)

m?
c‘g“d~a2@+0 o2 M 0E ~ O(mua® x — x =1
mx /\QCD X



INTRODUCTION pNRQED HADRONIC CONTRIBUTIONS HYPERFINE

TWO-PHOTON EXCHANGE correction

)
N
}
o
%
N

e N e NP e

m,, extra suppression+xPT (Model independent)
Power-like chiral enhanced (— xPT can predict the leading order!)

a2 My 2 My, s ML om,
G ~at—+0 — 0E ~ O(m — X —
¢ O‘mﬁ+ (a /\QCD> (M. X/\i Xmﬁ)

Error (A = Ma — M, ~ 300 MeV): LO x 2= ~ LO x}
— = a7 47.2(23.6)
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Large Nc. Including the A particle

Error:

my m m 1
O N s Np—E ~
A °ANaco “Naco 3
! (&) ' 2)
+ N S A

had 2my, mx 2 my, 2Mmy, 472(236) (71')7
chad 21y M ]lio M\ 2
> T, [rg ] (a /\oco) “m, {56.7(20.6) (7 + A),

AErpe = 28.59(7) + 5.86(7&A) = 34.4(12.5) eV (Peset&AP) .
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Large Nc. Including the A particle

Error:

my m m 1
o~ Ne— — N, B~
A °ANaco “Naco 3
! 0) I 2)
+ N A A

had 2my, mx 2 my, omy, 472(236) (71')7
C3 ~ — 1 +H#—+.--|+0 ) =
> T, [1+#3 } (a /\oco) “m, {56.7(20.6) (7 + A),

AFErps = 28.59() + 5.86(7&A) = 34.4(12.5) eV (Peset&AP).
(Model dependent+DR: AErpe = 33(2)peV (Birse-McGovern))
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2 oo
5 m my n
AETPE ~ mp‘a X W X miﬂ, ;Cn(Nc\/WQ)
# 747
F g
Mq
plus large N¢
#

,
ST 217 74
o N7 ]+[#Nc+.Nc+.+ | vmq +

? — Size of the counterterm in HBET
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HADRONIC CONTRIBUTIONS

HYPERFINE

ueV | DR Pachucki Carlson et al HBET(7) (
A Epon 232(1.0) 24.7(1.6) 10.1(5.1) 8.

Table : Predictions for the Born contribution to the n = 2 Lamb shift. The first two

entries correspond to dispersion relations. The last two entries are the predictions of
HBET (AP and Peset&AP).

_ e _ 48 [ Pk 1 1 5
AEaom = 0.010-8 = 0.010= [ Z=c (GE— 1+ (K

(peV) | 1] [2] 3] 4] BxPT(r) | HBET(x)  (7&A)
AE,. [ 12(2) 115 7.4(2.4) 15.3(5.6) | 8.2("L%) | 18.5(9.3) 26.2(10.0)

Table : Polarizability contribution to the n = 2 Lamb shift. The first four entries use
dispersion relations for the inelastic term and different modeling functions for the
subtraction term. [1] Pachucki, [2] Martynenko, [3] Carlson&Vanderhaeghen, [4]
Gorchtein et al.. The 5th entry is the prediction obtained using BxPT (Alarcon et al.).
The last two entries are the predictions of HBET (Nevado&AP and Peset&AP).
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Polarizability=Inelastic+subtraction

/; - 4 d4kE l 1 2 2 2
S = oMoy [ G R k anrg O TS0, K)
i d*ke 1 1

= - 64 Mp my

3,inel

(2m)* kE Kt + 4m2KE

x {(Sk&E + K2)(Si (iko.£, —kE) — S1(0, —kZ)) — K2 Sa(iko., —k,i-)}

AEC™ (r—loop) = —1.62 peV ; AEC™ (rA—loop) = —1.23 peV.
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Polarizability=Inelastic+subtraction

4
n 4 d kE 1 1 2 2 2
A ‘ 1 3K £ + K2)S: (0, —k

CIl;,sub € MPm/// (271_)4 kg ké+4m/21k&[_:( 0, + ) 1( ) E)
4
S,I;nel = _e4MPm’/ d kE ! 1

(2m)* kE Kt + 4m2KE
x {(Sk&E + K2)(Si (iko.£, —kE) — S1(0, —kZ)) — K2 Sa(iko., —k,i-)}

E®™) (r—loop) = —1.62 peV ; AEC™ (rA—loop) = —1.23 peV.
: . 4 ,m
e~ —acl o~ — 39 A "03 e In(v/my) — AES)|,_p ~ —11.4 peV

Also seen in RelativisticyPT (Alarcon et al)



INTRODUCTION pNRQED HADRONIC CONTRIBUTIONS HYPERFINE

Hyperfine: Hydrogen and muonic hydrogen

Experiment:
EE;E,HFU S) = 1420.405751768(1) MHz,

ES? 1x(2S) = 22.8089(51) meV .
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Hyperfine: Hydrogen and muonic hydrogen

Experiment:
Elf;iHFU S) = 1420.405751768(1) MHz,

ES? 1x(2S) = 22.8089(51) meV .

Theory:
sV@(r) 1 had -
— —Dg" (81 +S2)°6°(r)
m2 m,%
Dgad. _ 204

¢4, matching coefficient of NRQED.
HBET(m,./m,) — NRQED(m,«) — pNRQED

oL="--— %N;O’NpHTUM
mp
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¢4, Spin-dependent effects

Figure : Symbolic representation (plus permutations) of the spin-dependent correction.
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& Ig d’k 1 1 2y/,2 2 2 ko 2
= (2m)P K2 k* — 4nPkE Ai(ko, k7) (ko + 2k*) + 3k FpAz(ko,k )

Drell-Sullivan(67)

- ’/ d*x e%%(p, s| TJ*(x)J"(0)|p, s) ,

which has the following structure (p = q - p/m):

o s )
i vpo

e e q,o((mpﬂ)sa —(q- S)PU)A2(07 qz)
D

A, A (xPT): Ji-Osborne; Peset-Pineda



INTRODUCTION

pNRQED

HADRONIC CONTRIBUTIONS HYPERFINE

CONCLUSIONS

Leading chiral logs to the hyperfine splitting
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m2
SEpr ~ O(myua® x 7 x Inmy)
X

The leading chiral logs can be determined for Hydrogen and muonic
hydrogen hyperfine splitting (AP).

A ° ] | InA,l
Enqr = 4—5 ;(M’.pa) ~ mypa’— x (Inmg,In A, Inm;).
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Figure : Symbolic representation (plus permutations) of the Zemach correction.
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Figure : Symbolic representation (plus permutations) of the Zemach correction.
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Cs,Born, Z€Mach magnetic radius
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Figure : Symbolic representation (plus permutations) of the Born correction.

Chiral Iogs can be determined and constitute the leading contribution!
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"Experiment” ~ 1.04 — 1.08 fm.
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C4.pol, Polarizability

Determined from dispersion relations. No subtractions needed.

Chiral computation can still give relevant information.
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C4.pol, Polarizability

Determined from dispersion relations. No subtractions needed.

Chiral computation can still give relevant information.
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Polarizability contribution small and vanishes in the large N limit!!
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Fixing c;°. Hydrogen

Hydrogen. By fixing the scale v = m, we obtain the following number for the
total sum in the SU(2) case:

EHF,logarithms(mp) = —0.031 MHz,

which accounts for approximately 2/3 of the difference between theory (pure
QED) and experiment.

EHF(QED) — EHF(exp) = —0.046 MHz.

What is left gives the expected size of the counterterm. Experimentally what
we have is ¢}z = —48.69(3)a” and c{%;(m,) ~ ¢} 4(m,) ~ —160°.
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Cf:t”‘FPE = Cf,eTPE + [Cf,t‘FPE - Cf,eTPE](XPT) +0(a).

2 m2 2 2

e - Kp o, M Kp Kp m,

Cfflguim—like - Cf,poim—like = (1 - 4> In m + Ff, (1 + ?( - E)) In Vsion
~ 2.09 - 0.09 = 2.00(9),
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CpTPE CpeTPE + [CpTPE Cf,eTPE](XPT) +0(a).
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DR (Carlson et al) ~ —0.3(1.4). RelativisticyPT 0.08(27)/0.11(55)(Hagelstein
et al)
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CpTPE CpeTPE + [CpTPE Cf,eTPE](XPT) +0(a).
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Overall, combining the three contributions, we obtain

(e — CEopel (XPT) = 3.68(72)

meV

-0.13+

= This work Hydrogen

@ This work y-Hydrogen
-0.14—+ o Carlson et al. '08

A Martynenko '04

* O Pachucki '96

-0.15—
-0.16

Figure : Two-photon exchange contribution to the hyperfine splitting of the 2S muonic
hydrogen. Peset-Pineda

Variation of this idea has later been applied using DR (Tomalak). Error ~ 1/2.
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A, (ppm) Az AL | Az + AR AP Aprs
this work, pH rg, 7} | —7415(84)|844(7)| —6571(87) | 364(89) |—6207(127)
this work, electron 7, riy | —7487(95)(844(7)| —6643(98) | 364(89) |—6279(135)
this work, yH rg, 75, | —7333(48)|846(6)| —6486(49) | 364(89) | —6122(105)
this work, electron rg, 75, |—7406(56)|847(6)| —6559(57) | 364(89) |—6195(109)
Hagelstein et al. [59] —61770
Peset et al. [29] —6247(109)
Carlson et al. [28,30] | —7587 | 835 |—6752(180)|351(114)|—6401(213)
Martynenko et al. [38] —7180 —6656 | 410(80) |—6246(342)
Pachucki [7] —8024 —6358 | 0(658) |—6358(658)

Figure : From Tomalak, 2017
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2
AE" — |206.0243(30) — 5.2270(7)%2 +0.0455(125) | meV .

Eur(1S) = 182.623(27) meV,  Eur(2S) = 22.8123(33) meV
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CONCLUSIONS

Definition of the proton radius

v
(P, 5" p, s) = U(p') |Fi(q")7" +iF2(q2)02mZ” u(p),

Ge(q) = Fi(q) + 415

d
rg(’/) = GTqZGE,p(q2)|qZ:o
Infrared divergent! — Wilson coefficient
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Definition of the proton radius

v
(0,5l p,s) = T(P) | Fi(P)" + iFa(a) 52| ulp),

Ce(q") = Fi(@) + 15 Fe(d).  Gu(d) = Fi(q") + Fal)

2
o
B0) = 6 4o Cen(@lemo = 4 o (6 1)

co(v)=1+2F+8F =1+8 270'632(2 7)

)
q?=0
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Definition of the proton radius

v
(051" P, s) = B(6) | Fi(P )" + iFa( @) 52 | u(p),

Ce(q") = Fi(@) + 15 Fe(d).  Gu(d) = Fi(q") + Fal)

2
o
B0) = 6 4o Cen(@lemo = 4 o (6 1)

co(v) =1+2F +8F =1+8nmj 2 9Ge.£(0°)

dq® e’
Standard definition (corresponds to the experimental number):
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Definition of the proton radius

v
(051" P, s) = B(6) | Fi(P )" + iFa( @) 52 | u(p),

Ce(q") = Fi(@) + 15 Fe(d).  Gu(d) = Fi(q") + Fal)

2
o
B0) = 6 4o Cen(@lemo = 4 o (6 1)

co(v) =1+2F +8F =1+8nmj 2 9Ge.£(0°)

dq® e’
Standard definition (corresponds to the experimental number):
31
I’E im (co(v) — cp,point—ike(V'))

mp
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Cp, point— /:ke—1+ﬂ_ g' 7
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chd: Two-Photon-Exchange contribution= Born+polarizability

Born:
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Figure : Symbolic representation (plus permutations) of the Born (r3) correction
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3
Ao = 0010412
fm3
()@ _ 48 [ d°k 1 2e) = 9 [ 47k 1 @
fm? 47 k6 Ge - § / 47 £ GE
2
I 7T m m, (3 o 1
6Cg,B0m = §a2m127mﬂ<r3>(2) = 2(71-04)2 (471-;0) My {ZgA + g

+ g7\’NA i E Cr (%) +g72rNA E H; (I’Zr)zr} )
r=1
where (A = Ma — M, ~ 300 MeV)

__ (=1T(=3/2) 2(r+2)
O = 321 {B"*z’ 3+2r B4*2’}7

oo t27n 1 /1
ni(2n — 1)11M[-3/2]
22nm!Ir[1/2+n]

Hn

Including Pions and A particles
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y R () \ (r¥)e [ P |
T 0.4980 1.619 5.4(2.7) 0.9960
T&A 0.4071 1.522 5.0(2.0) 0.8142
Dipole 0.7706 1.775 3.325 2.023
Kelly 0.9838 3.209 7.440 2.526
Distler et al. 1.16(4) 8.0(1.2)(1.0) 29.8(7.6)(12.6) 2.85(8)

Table : The first two rows give the prediction from the effective theory (Peset&AP). The
third row corresponds to the standard dipole fit with (r?) = 0.6581 fm°. The fourth and
fifth rows correspond to different parameterizations of experimental data. For
completeness, we also quote <r3)(2) = 2.71 fm® from Friar.

! e T e [ A [ v | O]
- 0.71(36) | 104(52) | 0.35(18) | 0.71(35) | 6.3(3.2)
&N | 0.60(29) 99(37) 0.44(16) | 0.79(28) | 6.9(2.4)

Table : Values of (r")g and (r")wm in units of fm from the effective theory. The first row is
for the effective theory with only pions and the second is for the theory with pions and
Deltas. Uncertaintes in the last two digits are shown in parentheses.
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The proton radius in ep scattering from xPT
Hessels, Horbatsch, AP

2 - 2n 2n
Ge(@) :ZO 2n+1)|Q )

» Extrapolation from |q| ~ 100 MeV to |q| =0

» dependence on the fitting functions: normalization factors, full data set ...

Higher moments diverge in the chiral limit

2k 22k
(r) ~ ms

Extrapolation controlled by xPT (at low Q?): r, ~ 0.855.
Bigger values for the moments produce larger values of r,.
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