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GENESIS 1. The beginning

» In the beginning God created the quarks (ordinary matter) and made
them interact through the strong forces, the SU(3) group.

» And God said, “l do not understand a damn thing” so he said “Let there
be light”, and there was light, the U(1) gauge group.

We will study the strong interactions using light at very low energies: g° — 0.

nv
(0,819 .5) = TR | FilaP)y" + iFe(a?) Tt | ul).

2 i
F/(Q):Fi-&-?f:f—l—...

b

Observables: ep — ep, up — up, vp — P, atomic physics, muonic atoms,



INTRODUCTION / R HYPERFINE

Scales
mp ~ /\X
~ — _Mump
my ~ Mz ~ My = mp+mj,
mra ~ Me

Q* =0



INTRODUCTION LAMB SHIFT HADRONIC CONTRIBUTIONS HYPERFINE

Scales
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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
mp ~ N
~ ~ = m“mp
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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Dictionary (relation Wilson coefficients with low energy constants):
c(p) — up anomalous magnetic moment (low energy constant)

(p) — ag, Bum Proton polarizabilities (quasi low energy constant)
cD — Ip proton radius (quasi low energy constant)
cé’}i) — Two-photon exchange ...
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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

(0, s p.5) = U(E) | Fi (@ + iFe(c) Ty 2 | ().

Ge(q®) = Fi(q) + ;5 F(d7).  Gu(q®) = Fi(q°) + Fa(q).

4m

amp
d 31
15(0) = 6 gz Cenl @0 = 4 7 () 1)

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

I

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):
31
I’E im (co(v) — cp,point—ike(V'))
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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

] 4I ms
Cp, point—like = "r p g 7
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The proton radius in e — p scattering (Future p — p scattering)

1p 2013 ——e—— electron avg.
— et scatt. JLab
1p 2010 ———++———scatt. Mainz
—— H spectroscopy

[ =g 3 EED [E 0 [Ea 3
Proton charge radius R _ [fm]

Definition??

very sensitive to low g? data:

extrapolation from |gq| > 100 MeV to |q| =0
dependence on the fitting functions: normalization
factors, full data set ...

Bonn group with dispersion relations:

= 0.84795" im.
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The proton radius in e — p scattering (Future p — p scattering)

1p 2013 ——e—— electron avg.
— et scatt. JLab
1p 2010 ———++———scatt. Mainz
—— H spectroscopy
N

Proton charge radius R _ [fm]

Definition??
very sensitive to low g? data:
extrapolation from |gq| > 100 MeV to |q| =0

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

Bonn group with dispersion relations:

= 0.84795" im.

Q% — 0 INVOLVES COULOMB RESUMMATION — ATOMIC PHYSICS
lal ~ mua ~ me ~ 0.5 MeV (muonic hydrogen)

lq| ~ Meax ~ 5.102 MeV (hydrogen)

New scales: Micpont, Mieptonal®
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The proton radius in muonic and hydrogen spectroscopy (Lamb shift)
Experimental measurements

28-2pP , f - |
2S-2pP , —
28-2pP,, e o
2S-4S , e e
2S-4D,, } .
28 | )
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32
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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
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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



INTRODUCTION LAMB SHIFT HADRON ONTRIBUTIONS HYPERFINE

Positronium/muonium
Tree level

H

Pl
X H H -

g
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Order 1/m?
(1) ®)
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LAMB SHIFT

@ log— — ~log2+ >
ogu2 3 log +

; Z2Z2% [ K 8 5
1loop — W 3/

Cbe)  AZEZEaP k2
Vied) = sﬁqifmp log 75 +2log2 1) .
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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? 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.
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Theoretical setup (muonic hydrogen Lamb shift:
AE; = E(2P3)) — E(254)2))

2

Lonmgep = | d°ra®RatSt(r, R, t){iao _ P
2m;

—V(r,p,o1,02) + er-E(R, t)}S(r,R, t)—/dsr F.. F"",

(f) @(r)

2
mu

V(r,p. o1, 02) = VO(r) + +o
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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?)

E1> p {’ pl
> T >
|
[}
ko, k
I
- l -

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

1-loop static potential

Eio = (n|dV|n) = 205.0074 meV = O(m,a°)
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Vacuum polarization effects: O(m,a*)

Boop Boop pooop Boop
T T T A 4
| ] ] ]
) ) )
(;) ) ) ]
e
[} & e e
(&)
(] (] (]

i i i i
——— ———— ———— ———
p p p p p p p p

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
T T T A 4
| ] ] ]
) ) )
(;) ) ) ]
e
[} & e e
(&)
(] (] (]
i i i i
——— ———— ———— ———
p p p p p p p p
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
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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,
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relativistic corrections+vacuum polarization
r  ver
( ) (r) |

2
mg

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

V@(r)

4 5
> — O(mra”, o)
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relativistic corrections+vacuum polarization
r  ver
( ) (r) |

2
mg

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

V@(r)

4 5
> — O(mra”, o)
,u

O(ma* x z—z) 0.0575 (purely relativistic)
o
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relativistic corrections+vacuum polarization
r  ver
( ) (r) |

2
mg

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

V@(r)

4 5
> — O(mra”, o)
,u

O(ma* x z—z) 0.0575 (purely relativistic)
o
O(ma®) 0.0059 (Pachucki)
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relativistic corrections+vacuum polarization
r  ver
( ) (r) |

2
mg

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

V@(r)

4 5
> — O(mra”, o)
,u

O(ma* x z—z) 0.0575 (purely relativistic)
o
O(ma®) 0.0169 (Pachucki and Veitia; Borie)
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relativistic corrections+vacuum polarization
r  ver
( ) (r) |

2
mg

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

V@(r)

4 5
> — O(mra”, o)
,u

O(ma* x %;,) 0.0575 (purely relativistic)
(’)(mof’) 0.018759 (Jentschura; Karshenboim&lvanov&Korzinin; Peset&AP)
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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
AN izogad'ﬁ(r) —AE~ — ! D”ad (ma)®

m,
Dépu) _ pu —167rad2+ 2 p)
cP, db, ¢®), ... matching coefficients of NRQED.
@

3L = - FWDZF“” : —e—NTV ENp + - %N;Npum
[
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O(ma®) Ve 205. 00737
o(mya®) Ve 1. 50795
o(mya*) v 0. 15090
O(m,a’) v 0. 00752
o(m,a®) v —0. 00089(2)
O(mpa* x —& veED 4 yEo 0. 05747
O(mya® ) VED + v vP 0. 01876
o(m,a®) v<2 -2) o + ultrasoft —0. 71896
O(mra® x In(F2)) v@d. b —0. 00127
O(ma® x Ina) Ve . ch> —0. 00454
2
O(mra* x m?r2) V@D, cp) ~5. 19752,
O(mea® x mer?) VED 4 v 5 02, o) —0. 0282tmz
O(mra®Ina x m?r2) V@), cl) -0. 0014frTz
2
O(mra® x %) Vi) b 0. 0111(2)
O(mra® x :;2 ) ®); g 0. 0344(125)
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2

AE}' = |206.0243(30) — 5.2270(7) -5 + 0.0455(125) | meV .

This expression includes the leading logarithmic O(m,.a®) terms, as well as

2
the leading O (muoﬁ%) hadronic effects. The accuracy of our result is
P

limited by uncomputed terms of O(m,,a®
Using

m,a®).

ms )
AE™ = E(2P;5) — E(2S;,2) = 202.3706(23) meV  Antognini et al.

1, = 0.8413(15) fm.
At 6.8¢ variance with respect the CODATA value.
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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)

v

v

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

D,=08,+ieQA, V.=, 4T, u,=iu'(V,Uu
1, . . !
M= 5 {U' (O + 18QA)U+ (D, + 1eQA)' |
Ly, = m2 Z Np’Y Np iy l + m Z Cf,llﬁNP'YiNPZ'V/If
Mp i

b v C3
55:~-F§FWDZF” : —e—NTV EN, + - FpN,IN,,m,L
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Cgad _ m

A




INTRODUCTION LAMB SHIFT HADRONIC CONTRIBUTIONS HYPERFINE CONCLUSIONS

.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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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
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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
SR N R
A “Naco Maco 3
/’ ! 'v 1) ' 2)
+ N FAREAN 7 7

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
SR N R
A “Naco Maco 3
/’ ! ’v &) I 2)
+ “ N A N

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),

AErpe = 28.59(7) + 5.86(7&A) = 34.4(12.5)ueV (Peset&AP) .
(Model dependent: 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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chd: Two-Photon-Exchange contribution= Born+polarizability

Born:

=
plan ™
AT ™
T T
\ uni 1n4
D S s

@
G E

Figure : Symbolic representation (plus permutations) of the Born (r3) correction

CONCLUSIONS
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3

,

AEgom = 0.010' )@
fm3

() _ 48 [k 1 (GZE—1+1 2 2) gs/dD L 0 G0

fm? 47 k6 3! A
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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 1
6Cg,B0m = §a2m127mﬂ<r3>(2) = 2(71-04)2 (471-;0) ms {ng\ + 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
nl(2n— 1)NTr[-3/2]
22nm!Ir[1/2+n]

Hn

Including Pions and A particles
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y [ ] (r) (r5 [ (P ]
s 0.4980 1.619 5.203 0.9960
T&A 0.4071 1.522 4978 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.

neV

DR Pachucki Carlson et al

HBET Peset&AP(r)

(m&A)

A E Born

23.2(1.0)

24.7(1.6)

10.1(5.1)

8.3(4.3)

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: The 3rd entry is the prediction of HBET at leading order (only pions) and the last
entry is the prediction of HBET at leading and next-to-leading order (pions and Deltas).
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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,.

088

086

Ry lim]

084F 7

H w
CODATA20109  —o—
CODATA2014°
MamI
ThisWork ———e———
R,

7
O -

w0

082 o2

|
0012 0014 001 0018 0020 002
Qmax [GeV7]
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c; Polarizability effects
(reV) | [1] 2] 3] [4] BXPT(7) | HBET(n)  (n&A)
AE, [ 12(2) 115 7.4(2.4) 15.3(5.6) | 8.2("}2) | 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
) . d*ke 1 1
i — — M A a4
Ch & M / (2m)* ki ki +4m2KE ¢
, d*ke 1 1
Cg,llinel = —e4Mp m’f

(2m)* ki kg + 4meKG ¢

HYPERFINE

(3K £ + K?)S1(0, —kE)

x {8k £ + K°)(Si (iko.e, —kE) — $1(0, —kE)) — K Sa(iko., —KE) }

AES™(r—loop) = —1.62 eV ;  AE“™(rA—loop) = —1.23 peV.
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Polarizability=Inelastic+subtraction

/i o 4 d4kE l 1 2 2 2
S = oMo, [ T e i, e 16510,
o= —e*Mm, d'ke 1 !
Bnel P ] (@r)t K KE ARG .
x {8k £ + K°)(Si (iko.e, —kE) — $1(0, —kE)) — K Sa(iko., —KE) }
AEC™ (r—loop) = —1.62 peV ; AEC™ (rA—loop) = —1.23 peV.

: A 4 ,m,
5cg! )~ —ockh =~ —§a2 A" B} ein(v/my) — AEC™)|,_p ~ —11.4 peV
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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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Leading chiral logs to the hyperfine splitting

Y

Y ——Inm
2 .'-[

.

H frr
| |
| |
YTy U
| | —2 In mT[
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Tt | fT[
| |
5V =2 825 (r)
m2
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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;).
b b
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m2
SEpr ~ O(myua® x 7 x Inmy)
X

ONTRIBUTIONS

HYPERFINE

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

18 2
+(4:§0)20‘2§ <§ N 2%2) i
s (3 7) Pain:
2>} 2 ’:—2’2 + G ,;2’0)2 o?rPgiIn T—f
Eur = Cfl. ! (u,,pa)e' ~ mya® mz x (Inmg,InA,Inm).
14
Cpl

i
Cppmm like + Cp + Cppnl (

'4,Born

%).
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Cs,Born, Z€Mach magnetic radius
e e

G 2
M
Figure : Symbolic representation (plus permutations) of the Born correction.

Chiral Iogs can be determined and constitute the leading contribution!

(rz) = _; ng [GE(Qz) (Qz) _1 4 / D— 4?)QG(O)(QZ)G 2)(02)

0

3 1y T M, o M 4, A7 w=my)
<rZ> I asz 4Bom — T o (47TF0)2 |:gA|n iy + ggWNA In 2 1.35fm.

"Experiment” ~ 1.04 — 1.08 fm.
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C4.pol, Polarizability

Determined from dispersion relations. No subtractions needed.

Chiral computation still can give some information.

2
I - Kp\ 2, MM
Cppoml like <1 - 4> ln

: M; o?8 7 m> 8 A2
i _ P 2
Cflj,pol - (47TF0)2 T 5 ( 8 12) |:gA|n - gﬂ'NA ln
b3 A2
I 1F 2
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C4.pol, Polarizability

Determined from dispersion relations. No subtractions needed.

Chiral computation still can give some information.

2
i _ Kp\ 2, M
Cppoml like <1 - 4> ln

. M5 o?8 7 m 8 A2
li o _ W t* o 2 Mre 2
Cirl = (axFof 7 3 ( 8 12) {QA'” 2~ g9maln
bir 5 A2
+ Tha In?.
(Ne—o0) o m/2,
Cppomt like + Cppo/ = a”In 2

Polarizability contribution small and vanishes in the large N limit!!
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meV

-0.13

= This work Hydrogen

® This work y-Hydrogen
-0.14 o Carlson et al. '08

A Martynenko '04

i O Pachucki '96

-0.15-
-0.16

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

Cfﬁ'PE = Cf,eTPE + [Cf,/fFPE - Cf,eTPE](XPT) +0(a).
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CONCLUSIONS

Effective Field Theories provide with a model independent, efficient and
systematic (Power counting) approach to the dynamics of NR systems and a
unified framework to determine the nonperturbative effects.

Rigorous connection between Quantum Field Theories (Wilson coefficients)
and a NR Quantum-mechanical formulation of the NR systems (potentials).

The proton radius is a Wilson coefficient of the effective theory. In general it
is an scheme/scale dependent object.

The two-photon exchange energy shift (and the associated error) is (and can
only be) computed in a model independent way with xPT. Overall number
consistent with determinations from a combined use of dispersion relations
and models, but individual contributions are quite different.

xPT predicts the chiral logs of the hyperfine splitting and the difference
between hydrogen and muonic hydrogen.

Analytic understanding of the QCD dynamics: mq and N dependence.
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Definition of the neutron radius

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

2 7
Filq) = Fi+ —5Fi + ..
1%
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CONCLUSIONS

Definition of the neutron radius

(' slJ"(p.s) = U(P') |Fi(q* )" + iFa u(p)
q2
Fi(@*) =0+ 25 F/ +
P
2
Ge(d®) = Fi(d°) + 4q sF2(a%),  Gu(d®) = Fi(d®) + Fa(d).
p
> d 31 (n
2 =6—=Gne(q%)| e c
dg? " =0T 4P
¢p =0+ 2F, + 8F =0+8m; L”E(z 7)
dq =0
Standard definition (corresponds to the experimental number):
> 31
rn = ZF,%CD

Neutron-lepton scattering length = REAL low energy constant
1 2
b = amn. (CVCD - ;CngR> ~ Dg")had

It is not proportional to the radius
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Hadronic vacuum polarization effects

Figure : Leading correction to the Coulomb potential due to the hadronic vacuum
polarization.

d> — hadronic vacuum polarization

AE =0.011 meV
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