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INTRODUCTION/EXPERIMENT QED ONIC CONTRIBUTIONS

Precise measurements in atomic physics — Learning about hadron structure
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INTRODUCTION/EXPERIMENT QED CONTRIBUTIONS

Precise measurements in atomic physics — Learning about hadron structure
Hyperfine splitting (hydrogen atom):

Eff=E(n=1,s=1)—E(n=1,5s=0) (s = total spin)
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

Precise measurements in atomic physics — Learning about hadron structure
Hyperfine splitting (hydrogen atom):

Eff=E(n=1,s=1)—E(n=1,5s=0) (s = total spin)
Nature (1972)

VHF = % = 1420.4057517667(9) MHz (13 digits)
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INTRODUCTION/EXPERIMENT (0] CONTRIBUTIONS

Precise measurements in atomic physics — Learning about hadron structure
Lamb shift (muonic hydrogen)

E = E(2P;2(F =2)) — E(25:2(F = 1))
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

Precise measurements in atomic physics — Learning about hadron structure
Lamb shift (muonic hydrogen)

PSI: R. Pohl et al., Nature vol. 466, p. 213 (2010)
Eexp = 206.2949(32)meV
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

Precise measurements in atomic physics — Learning about hadron structure
Lamb shift (muonic hydrogen)

PSI: R. Pohl et al., Nature vol. 466, p. 213 (2010)
Eexp = 206.2949(32)meV

2 3

Ew = 209.9779(49) — 5. 2262)("2 +0. 0347f meV = 205.984 meV
using CODATA value r, = 0.8768(69)/0.8775(51) fm.
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

Precise measurements in atomic physics — Learning about hadron structure
Lamb shift (muonic hydrogen)

PSI: R. Pohl et al., Nature vol. 466, p. 213 (2010)
Eexp = 206.2949(32)meV

2 3

Ew = 209.9779(49) — 5. 2262)("2 +0. 0347f meV = 205.984 meV
using CODATA value r, = 0.8768(69)/0.8775(51) fm.

Eexp - E[h =0.311 meV
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

Precise measurements in atomic physics — Learning about hadron structure
Lamb shift (muonic hydrogen)

PSI: R. Pohl et al., Nature vol. 466, p. 213 (2010)
Eexp = 206.2949(32)meV

2 3
Ein = 209.9779(49) — 5.2262 f"2 +0.0347 2 f meV = 205.984 meV
using CODATA value r, = 0.8768(69)/0.8775(51) fm.
Eexp - E[h =0.311 meV

New proposed value: r, = 0.84184(67)/0.84087(39) fm. 5/7 standard
deviations!!
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INTRODUCTION/EXPERIMENT (0] HADRONIC CONTRIBUTIONS

Precise measurements in atomic physics — Learning about hadron structure
Lamb shift (muonic hydrogen)

PSI: R. Pohl et al., Nature vol. 466, p. 213 (2010)
Eexp = 206.2949(32)meV

2 3
Ein = 209.9779(49) — 5.2262 f"2 +0.0347 2 f meV = 205.984 meV
using CODATA value r, = 0.8768(69)/0.8775(51) fm.
Eexp - E[h =0.311 meV

New proposed value: r, = 0.84184(67)/0.84087(39) fm. 5/7 standard
deviations!!
A. Antognini et al., Science vol. 339, p. 417 (2013)

AE™ = 202.3706(23) meV

AESY — 22.8089(51) meV
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INTRODUCTION/EXPERIMENT

sz*T- - IZS hyperfine splitting
fin.size F=0 -

Figure : From 1208.2637. A. Antognini et al..
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS

Theoretical setup
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?

O%—Bi—g)wn:o

2my r
+-corrections to the potential potential NRQED E ~ mV?
+interaction with ultrasoft photons
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INTRODUCTION/EXPERIMENT

Theoretical setup
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?

(iao— L 3) W(r) =0

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

Scales:
mp ~ /\X

~ ~ — MuMp
My~ My~ My = o2
mra ~ Me
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CONTRIBUTIONS

INTRODUCTION/EXPERIMENT

Theoretical setup
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?

(iao— L 3) W(r) =0

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

Scales:

mp ~ Ny

my ~ Mz ~ My =

Mo ~ Me

Expansion parameters, ratios between scales, mainly:
m; my

mp - mp 9
mra mra? 1
LY ~ O~ ——
my mra 137

My Mp
mp+m,,
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ONTRIBUTIONS

INTRODUCTION/EXPERIMENT

Theoretical setup
We use an effective field theory, Potential Non-Relativistic QED, which

describes the muonic hydrogen dynamics and profits from the hierarchy
m, > mya > m,a?

2
, p a
i0g — 5— — — r)=0
( 0 2m; r) w(r)

+corrections to the potential potential NRQED E ~mv

+interaction with ultrasoft photons

Scales:

mp ~ /\X
__ _Mump

my ~ My ~ My = mp+m,,
Mrae ~ Me
Expansion parameters, ratios between scales, mainly:
m; my

m, my 9
mra mra? 1

—_— ~N QN —

my mra 137
Needed precision m,a° (heavy quarkonium precision)
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS

Theoretical setup

2

LpNRQED = /dsrdSRdtST(r, R, t){la() — L
2my

V(r,p,o1,02) + er- E(R, t)}S(r,R, t)—/d?’r Fu F*

(f) A(r ) |

+m2

V(r,p,o1,02) = (r)
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS

Theoretical setup

2

Lonraep = / d3rd3RdtsT(r,R,t){/a -
2my

V(r,p,o1,02) + er- E(R, t)}S(r,R, t)—/d?’r Fu F*

VEporo) = VO + 0 VO
VO = 477 zpav(k)kl
(k) — ;
Oeff — a1 ¥ I—l(_kz) )

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

av(k) = aer(k)+ > Z1ZJal™ (k) = aen(k)+da(k),  da(k) = O(a*)

n,m=0
n+m=even>0
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INTRODUCTION/EXPERIMENT

Vacuum polarization effects: O(ma?)

Eh p 17 p,
> T .
l
[}
ko, k
I
> l >

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

1-loop static potential

Eio = (n|§V|n) = 205.0074 meV = O(m,a®)
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INTRODUCTION/EXPERIMENT
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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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INTRODUCTION/EXPERIMENT

HADRONIC CONTRIBUTIONS CONCLU
Vacuum polarization effects: O(m,a*)
poop poop pooop poop
' * ’ ’
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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*)

OE ~ <n|6v¥6V|n> =0.151 meV = O(m,a*)
HC - En
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS

Vacuum polarization effects: O(ma®)

2O OO

GG

3-loop static potential (three loop vacuum polarization, Kinoshita-Nio)

0.0076 meV = O(m,a°)

Slightly corrected by Ivanov et al.
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS

Static potential, not vacuum polarization: O(m;,a®)

! 1 1 ] | |
] | | | 1 ]
e e e
1 | | : : |
NX Xy X 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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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS

| ] ] [} ]
N X Xy X NX  yX 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

Observation:

The limit me — 0 known from QCD (Anzai et al. and Smirnov et al).

It should be possible to obtain the result with finite mass (albeit numerically)
and check.
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS

1/m potential

2

Lonmoep = / d®xd®*XdtS" (x, X, t){/ao _P
2my

—V(x,p,01,02) + ex - E(X, t)}S(x,X, ) _/d3x1 Fo, F*

O+ m(r) Ve ,

V(Xap7a170'2) m2

V(”(r)

n

— O(mya®)
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS

relativistic corrections+vacuum polarization

2

LPNHQED:/dSXdSthST(X»X, l‘){i&o— P
2m;

-V(x,p,o1,02) + ex - E(X, t)}S(x,X, z‘)—/d3x1 F F"
R

Ve(r
# — O(mat, a®)
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS

relativistic corrections+vacuum polarization

2

LPNHQED:/dSXdSthST(x7X, l‘){i&o— P
2m;

—V(X,p, a1, 02) + ex - E(X, t)}S(x,X, f) f/d3x1 F. F*
R

m’fr) O(mra*,a®)

O(ma* x :—Z) 0.0575 (purely relativistic )
b
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS

relativistic corrections+vacuum polarization

2

LPNHQED:/dSXdSthST(x7X, l‘){i&o— P
2m;

-V(x,p,o1,02) + ex - E(X, t)}S(x,X, z‘)—/d3x1 F F"
R

m’fr) O(mra*,a®)

O(ma* x :—Z) 0.0575 (purely relativistic )
o
O(ma®) 0.0059 (Pachucki)
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS

relativistic corrections+vacuum polarization

2

LPNHQED:/dSXdSthST(x7X, l‘){i&o— P
2m;

—V(X,p, a1, 02) + ex - E(X, t)}S(x,X, f) f/d3x1 F. F*
R

m’fr) O(mra*,a®)

O(ma* x :—Z) 0.0575 (purely relativistic )
b
O(ma®) 0.0169 (Pachucki and Veitia)
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS

relativistic corrections+vacuum polarization

2

LonraeD = / d®xd®*XdtS"(x, X, t){iao _P
2my

—V(X,p, a1, 02) + ex - E(X, t)}S(x,X, f) f/d3x1 F. F*
R

m’cgr) O(mra*,a®)

O(ma* x :—g) 0.0575 (purely relativistic )
O(ma®) 0.018759 (Jentschura; Karshenboim, Ivanov, Korzinin)
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS

relativistic corrections+vacuum polarization

2

LonraeD = / d®xd®*XdtS"(x, X, t){iao _P
2my

—V(X,p, a1, 02) + ex - E(X, t)}S(x,X, f) f/d3x1 F. F*
R

m’cgr) O(mra*,a®)

O(ma* x :—Z) 0.0575 (purely relativistic )

P
O(ma®) 0.018759 (Jentschura; Karshenboim, Ivanov, Korzinin)
Matching NRQED to pNRQED. Getting the potential
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS

2 D4

D
L, = {’DO + Ck=—+ Csa—=

tcrg? B
om = %gme T %92

+cpg

(D-E-E-D) . o-(DxE-ExD)
8m? tlesg 8m? H

2 D4

D
Ly = NT{/Do+ck2m + Cigan

+CF92
mp

a~(D><E—E><D)}
2 Np7
8mj

(D-E—E-D)
8m?

+cp g +ics g

and c
Lup = —3 NTNp + /L auN olNp.
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INTRODUCTION/EXPERIMENT

E17 p E{? p/
T >
[}
[}
[}

ko, k
:

> l >

Figure : Typical one-loop correction to the previous diagrams coming from the electron
vacuum polarization. k = p — p’ and ky = Ey — Ej.
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS

Order 1/m?
3 K) [ cw o)
o _ maen(k) | 7 " S Co
2 P mi + (a3 mf) )
(1) (p)
v ; k) g8 cd's;
VO = _i2ram(k)PXK) ) 7% St 7 G :
e k2 P m2 " mg
- g at”
V) =z, z16ma (2, 4 24 BN
m2 - m2 m3
Ve _ 7 7 4moen(k) (P2 (P k)
v - Z“Zp my,Mmp k2 k4 ’
- i4 k) (p x k
v = _;aier;fvf,)ﬂiz) ) (ZpC(Ff‘)51 + ZMC(Fp)52)7
o
o _ 4raen(k)of cf si ks -k
- mm, 5T e )
i
V0 = LB+ 8cEhs) — 268,82
mg 3,NR 4,NR 4,NR .
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS

Order 1/m? from energy-dependen/t terms

L P Ei, p
> r >
|
|
ko, k
|
> ! >

Figure : Leading correction to the Coulomb potential due to the electron vacuum
polarization. k = p — p" and ky = Ey — EJ.

o 2,26 (PP —p'?) 1 2
5VE — 4mp,mp k2 7me/ d(q m2q2+k2)2 ( )

u(qz):%,/ ; (1+52) .
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS

2 2 oo 2
e vo| = BECTE [Ty uq)

1loop m m,u mp (meq)2

{2 (7))

—meQqr 2
— (1 maan) L2 +7(mjf) e (14 T2 - 27r5(r)} ,

where L is the angular momentum. It agrees with the corresponding
expression by Pachucki.
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ON/EXPERIMENT HADRONI TRIBUTIONS

s _ ZiZse? (Io K2 8 5)
1loop m,,mp ’

- 4727202 k2
b,
v1(/oocg = 3 uup 5 (Iog 2 +2log2 — 1)
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS

Ultrasoft effects: O(ma®)

Pachucki
AE = —0.6677 meV

oma® ™y AE = -0.045 meV
Mp

Start the overlap with hadronic effects.
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

Hadronic corrections

2

LPNHQED:/dSXdSthST(X»X, l‘){i&o— P
2m;

—V(x,p,01,02) + ex - E(X, t)}S(x,X, ) —/dax%FWF““,
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

Hadronic corrections

2

LPNHQED:/dSXdSthST(X»X, l‘){i&o— P
2m;

—V(x,p,01,02) + ex - E(X, t)}S(x,X, ) f/d3x1 Fo, F*

(f) )

+m2

V(X,p,0'1,0'2) (I’)
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

Hadronic corrections

2

LPNHQED:/dSXdSthST(X»X, l‘){i&o— P
2m;

—V(x,p, 01, 02) + ex - E(X, t)}S(x,X, t) f/d3x1 Fou F™
r r
V(x,p,o1,02) = (r) ( ) + 2( )
my
(2
V) 1 ppee 3y —AE~ — ! D”ad (ma)®
m, b
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

Hadronic corrections

2

LPNHQED:/dSXdSthST(X»X, l‘){i&o— P
2m;

—V(x,p, 01, 02) + ex - E(X, t)}S(x,X, t) f/d3x1 Fou F™
r r
V(x,p,o1,02) = (r) ( ) + 2( )
my
(2
V) 1 ppee 3y —AE~ — ! D”ad (ma)®
m, b

Dgad' = —03 — 16madh + 70[)
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

Hadronic corrections

2

LPNHQED:/dSXdSthST(x7X, l‘){i&o— P
2m;

—V(x,p,01,02) + ex - E(X, t)}S(x,X, ) f/d3x1 Fo, F*

(f) )

+m2

V(X,p,0'1,0'2) (I’)

(2
‘sz(’ ) VDo) 5 AE ~ D”ad (ma)®
[

m

Dgad' = —03 — 16madh + 70[)

Cs, 02, Cp, ... matching coefficients of NRQED.
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

Hadronic corrections

2

p
2my

Lpnraep = / d*xd®XdtS' (x, X, t){

—V(x,p,o1,02) + ex - E(X, 1) } (x, X, t) /d3x F., F"

V(X,p,0'1,0'2) (I’) (r) + m2(r)

(2
‘sz(’ ) VDo) 5 AE ~ D”ad (ma)®
[

m

Dgad' = —03 — 16madh + 70[)

Cs, 02, Cp, ... matching coefficients of NRQED.
HBET(m,./m,) — NRQED(m,«) — pNRQED
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

Hadronic corrections

2

p
2my

Lpnraep = / d*xd®XdtS' (x, X, t){

—V(x,p,o1,02) + ex - E(X, 1) } (x, X, t) /d3x F., F"

V(X,p,0'1,0'2) (I’) (r) + m2(r)

(2
‘sz(’ ) VDo) 5 AE ~ D”ad (ma)®
[

m

Dgad' = —03 — 16madh + 70[)

Cs, 02, Cp, ... matching coefficients of NRQED.
HBET(m,./m,) — NRQED(m,«) — pNRQED

a>

sL=-. % FWDZF“” : —e—NTV EN, + - %NEN,,MM
[
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HBET (m)

Luper = Ly + L+ Lx + Lz + Lin,ay + Liv,ay + Liv,ayr + L(N,a)irs
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HBET (m)

Luper = Ly + L+ Lx + Lz + Lin,ay + Liv,ay + Liv,ayr + L(N,a)irs

as
2
mp

F? 4+ =2 F, D*F" + ...

1
[uy:*Z
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HBET (m)

Luper = Ly + L+ Lx + Lz + Lin,ay + Liv,ay + Liv,ayr + L(N,a)irs

a2

1 2 2 v
£y = P+ g FuDPF
F? " o
Lo= ZTDUD U+ U=if =6
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

HBET (m,)

Luper = Ly + L+ Lx + Lz + Lin,ay + Liv,ay + Liv,ayr + L(N,a)irs

L,=—1Fy o —2 FuDPF™ +
4 P
F7% " 2 j 1
Lr= FT[DUDU+ - U= =€
Ly = N'(iv'V, + gau, S*)N+ -+ (A) + -+ - — e—NTV EN,

D, =0, + ieQA, Vi=0,+T, u, = iu' (VHU)u

M= % {U'(8, + 10QA)U + u(d, + ieQA,)U' |
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

HBET (m,)

Luper = Ly + L+ Lx + Lz + Lin,ay + Liv,ay + Liv,ayr + L(N,a)irs

L,=—1Fy o —2 FuDPF™ +
4 P
F7% " 2 j 1
Lr= FT[DUDU+ - U= =€
Ly = N'(iv'V, + gau, S*)N+ -+ (A) + -+ - — e—NTV EN,

D, =0, + ieQA, Vi=0,+T, u, = iu' (VHU)u
10 4 . , i
M, = 3 {u (Ou + 1eQA U+ u(0, + ieQAL)U }

1 = - 1 o
Ly =3 >~ ElaNoy " Nol? s + 2 >~ Sl Noy Nolih
P P
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

HBET (m,)

Luper = Ly + L+ Lx + Lz + Lin,ay + Liv,ay + Liv,ayr + L(N,a)irs

L,=—1Fy o —2 FuDPF™ +
4 P
F7% " 2 j 1
Lr= FT[DUDU+ - U= =€
Ly = N'(iv'V, + gau, S*)N+ -+ (A) + -+ - — e—NTV EN,

D, =0, + ieQA, Vi=0,+T, u, = iu' (VHU)u

M= % {U (@ + i6QA)u + u(@, + ieQA,)u'}

1 = - 1 o
Ly =3 >~ ElaNoy " Nol? s + 2 >~ Sl Noy Nolih
P b

G E F DPF" 4. — e DNIV - EN, + -
m m?2

P P

oL = NTNpl,I/ I

C3
m2
mp
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS

Hadronic vacuum polarization effects

Figure : Leading correction to the Coulomb potential due to the hadronic vacuum
polarization.
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS

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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INTRODUCTION/EXPERIMENT

HADRONIC CONTRIBUTIONS

2
c3 or Zemach (r®) effects: O(m,a® x '/(’—2: )

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

& D (3\@) P

@
G E

Figure : Symbolic representation (plus permutations) of the Zemach (r3) correction.
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HADRONIC CONTRIBUTIONS

3
AE = O.O1Oiri>

m3

3
) _ %/d[’“k%e,@eﬁ?

fm3 T
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

_ (r5)
AE = 0.010m
3
2
i T m my |3
5C§,Zemach = §a2mpmu <rp> - 2(7Ta)2 (4%?0) {*gA g

2T S0 () e S () } ,
where (A = Ma — M, ~ 300 MeV)

_ (=1)T(=8/2) 2(r+2)
Cr= Fr+ 1) (=3/2 = 1) {BG+2r 31or B4+2r} , r>o0,

oo t27n 1 1
ni(2n — 1)1M[-3/2]

22nm![1/2 4+ n]
Including Pions and A particles

H, =
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HADRONIC CONTRIBUTIONS

3
AE = O.O1Oiri>

m3
fm3 T

3
) _ %/d[’“k%e,@eﬁ?

(r3)|xpT

= 1.9 (Pineda) - AE = 0.019 meV
fm?
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

3
AE = 0.01Oiri>

m?3

3
o) _ %/dD“k%Gf_f)Gg)

fm3 T

3
N = 1.9 (Pineda) — AE = 0.019 meV
fm3
(3] oxpr 2.71(13) Friar — Sick
~Pe % = {250 Arrington — AE =0.025 — 0.029

2.85(8) Bernauer — Arrington
Not the reason for the discrepancy.
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

3
AE = 0.01Oiri>

m?3

3
o) _ %/dD“k%Gfgo)Gg)

fm3 T

3
N = 1.9 (Pineda) — AE = 0.019 meV
fm3
(3] oxpr 2.71(13) Friar — Sick
~Pe % = {250 Arrington — AE =0.025 — 0.029

2.85(8) Bernauer — Arrington
Not the reason for the discrepancy.

(rg) ~ 35 De Ruijula, not consistent neither with experiment nor chiral
symmetry.
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS

2

c3 Polarizability effects: O(m,,a® x % )

: d*ke 1 1
g =—€'m m./ —
3R P ] (@r)t K kE+AmIG

X {(3/(5,5 + k%) S (iko,e, —kE) — K* Sz (iko,, —ké')}
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

™= //d4X e7(p, s| T (x)J"(0)lp, s).,

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

e
™ = (—g““r qqg )31(p, 9)
A (e Mep u)(vimpp u) 2
vz (p =) (- T ) Sur. )

AE(Dispersion relations + Model) = 0.012(Pachucki)/0.015(Borie) meV
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

™= //d4X e7(p, s| T (x)J"(0)lp, s).,

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

= (o T sipdd)

1 Mpp v
top (7= ) (o= ) o)
AE(Dispersion relations + Model) = 0.012(Pachucki)/0.015(Borie) meV
Can one do better? — xPT (Model independent)
Power-like chiral enhanced (— xPT can predict the leading order)
m,, extra suppression

2
m, m
O(mua® x /\T m:)
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INTRODUCTION/EXPERIMENT (0] HADRONIC CONTRIBUTIONS

P 3) P p 4) P
H \Y
WN
e - N

’ N .

/ pn \
]
\ /J

p (Seagull) P

Figure : Diagrams contributing to T%. Crossed diagrams are not explicitly shown but
calculated.
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

2 D—1
i 4 oM @ d ke 1
Cg,NH € mp m. ( f ) / (271.)D—1 (1 F k2)4
d7WWD_5 :72
o 7 w2 44

w2 (112
x {(2 (1 + KA, KE) + (1 + K22 KW Be (W2, k2)}
where (for D = 4)

1
AE——E

2 V1 +x2w2 + x(1 — x)w2k2

1 [
—§+ 1+W2+/dx 1-x },
0

1 ! 1—2x
Be = — / ax
87 |Jo 1+ x2w2 + x(1 — x)w2k?

1 [ (1 —x)(1—2x)?
—5 [ adx 3| -
2Jo (14 x2w2 + x(1 — x)w?k?)2
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS CONCLU

2
c3 Polarizability effects: O(m,a® x % )
Power-like chiral enhanced (— xPT can predict the leading order)
m,, extra suppression

Y
¢ "b\ 0

AE|(Dispersion relations + Model) = 0.012(Pachucki)/0.015(Borie) meV
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS CONCLU

2
c3 Polarizability effects: O(m,a® x % )
Power-like chiral enhanced (— xPT can predict the leading order)
m,, extra suppression

Y
¢ "b\ 0

AE|(Dispersion relations + Model) = 0.012(Pachucki)/0.015(Borie) meV

AE|,pr(pions) = 0.018(Nevado — Pineda) meV Model independent!!

THE MUONIC HYDROGEN LAMB SHIFT AND THE PROTON RADIUS Antonio Pineda



HADRONIC CONTRIBUTIONS

Definition of the proton radius

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

Definition of the proton radius

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

3%
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HADRONIC CONTRIBUTIONS

Definition of the proton radius

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

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
17 = 6 gz Cen(@leeo
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS 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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INTRODUCTION/EXPERIMENT

HADRONIC CONTRIBUTIONS

CONCLUSIONS

Definition of the proton radius

2,
Fi(d") = Fi+ ,‘77;5/ +
GE(qz) ~ A+ L) Gule) = R+ F()
B0) =6 4o Cen(@lemo = 4 o (B 1)

co(v) =1+2F +8F =1+8 2%

’

92=0
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INTRODUCTION/EXPERIMENT

HADRONIC CONTRIBUTIONS

Definition of the proton radius

2mp

Gs(qz) = F(@)+ 5 Fel@) Gu(d) = (@) + Fe(@).

2
P
3 1
ro(v) = GE (@)lgmo = 5 —5 (¥ (v) — 1
P P =0 = 4m ( D )

co(v)=1+2F +8F =1+8m zidG"E(z 7) ,
dqg =0
Standard definition (corresponds to the experimental number):

> 31

Ip = 4 %(CD( ) cD,point—Iike(V))
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INTRODUCTION/EXPERIMENT

HADRONIC CONTRIBUTIONS

Definition of the proton radius

2mp
R = Fir LR+
m% 1
2
GE(QZ) = Fi(q?) + 47772 Fa(4°), Gu() = F1(q%) + Fa(dP).
P
2 31 (o
(V) = GE (@)oo = >— (P (v) -1
p P q?=0 — 4 mg ( D )
Co(v) =1+2F +8F] =1+8m EdGL(Z) ’
d@ | eg
Standard definition (corresponds to the experimental number):
31
I‘g 4 2 (CD( ) CD,point—Iike(V))
p

1 4I mp
CD,point—like = Jr - 5 7
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INTRODUCTION/EXPERIMENT

HADRONIC CONTRIBUTIONS

Definition of the proton radius

2mp
2 q
Fi =Fi+ 5F
(@) + P +
2
GE(GZ):H(QZ) S R(@). Gu(@) = Fi(@) + Fa(e).
P
2 31 (.
() = 6 5 Cep(e) o = amg (B0)-1)
dGp.e(qP)
Co(v) =1+ 2F, +8F] =1+ 8m2 RENT) ,
(v) 2 + 8F] L P
Standard definition (corresponds to the experimental number):
31
I’E im 2(CD() CD,poinr—/ike(l/))
p
1 40 mp
CD,point—like = Jr - 5 7

AE = —5.19745 + 0.8768% ~ —4 meV
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HADRONIC CONTRIBUTIONS

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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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS CONCLUSIONS

Definition of the neutron radius

(P, 81" |p, s) = U(R) |Fi(@ )" +iFe u(p)
q2
Fi(q") =0+ 5 F +
P
2
Ge() = Fi() + 35 Fe(d),  Gu(q) = Fi(q) + Fe().
p
d 31
1 = 6 gz One(@)le—o = 4mgcg">

Co = 0+ 2F, + 8F] — 0+ 8, I0nE(@)
dq =0
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INTRODUCTION/EXPERIMENT

Definition of the neutron radius

HADRONIC CONTRIBUTIONS

(' sld"Ip.s) = U(P') | Fi (g )" +iFe u(p)
2 (72
Fi(d®) =0+ 5 F +
m;
2
Ge(q) = Fi(@) + 5 5F(d),  Gu(q) = Fi(d) + Fa(d")
p
> d 31
2 =6—=Gne(q%)| e c
dg? " F0 T ame
Co = 0+2F; +8F = 0+8m; "GLE)
dq 02:0
Standard definition (corresponds to the experimental number):
o 31
rn = Z?CD

n

Neutron-lepton scattering length = REAL low energy constant

1 2 / (n)had
by = — cp— —cf ~ D
ni am, (CV D P S,NF{> d

It is not proportional to the radius
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

Hadronic corrections: Spin-dependent

2

LPNHQED:/dSXdSthST(X»X, l‘){i&o— P
2m;

—V(x,p,01,02) + ex - E(X, t)}S(x,X, ) —/dax%FWF““,
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

Hadronic corrections: Spin-dependent

2

LPNHQED:/dSXdSthST(X»X, l‘){i&o— P
2m;

—V(X,p, a1, 02) + ex - E(X, t)}S(x,X, f) f/d3x1 F. F*
R
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

Hadronic corrections: Spin-dependent

2

LPNHQED:/dSXdSthST(X»X, l‘){i&o— P
2m;

_V(x,p,o1,02) + ex - E(X, t)}S(x,X, t) f/d3x1 Fo F™
V(x.p, o1, 0) = VO(r) + (” LG
m
ARG

2~ 2 D8 (81 + 82)%°(r)
o P
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

Hadronic corrections: Spin-dependent

2

LPNHQED:/dSXdSthST(X»X, l‘){i&o— P
2m;

_V(x,p,o1,02) + ex - E(X, t)}S(x,X, t) f/d3x1 Fo F™
V(x.p, o1, 0) = VO(r) + (” LG
m
ARG

2~ 2 D8 (81 + 82)%°(r)
o P

Dgad‘ — 2C4
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

Hadronic corrections: Spin-dependent

2

LPNHQED:/dSXdSthST(x7X, l‘){i&o— P
2m;

_V(x,p,o1,02) + ex - E(X, t)}S(x,X, t) f/d3x1 Fo F™
V(x.p, o1, 0) = VO(r) + (” LG
m
ARG

2~ 2 D8 (81 + 82)%°(r)
o P

Dgad‘ — 2C4
¢4, matching coefficient of NRQED.
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

Hadronic corrections: Spin-dependent

2

p
2my

Lpnraep = / d*xd®XdtS' (x, X, t){

—V(x,p,o1,02) + ex - E(X, 1) } (x, X, t) /d3x F., F"

(f) )

+m2

V(X,p,0'1,0'2) (I’)

V@) 1,
_L phad. 2453
m o mle (S1+82)70°(r)

Dgad‘ — 2C4
¢4, matching coefficient of NRQED.
HBET(m,/m,) — NRQED(m,«) — pNRQED
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

Hadronic corrections: Spin-dependent

2

p
2my

Lpnraep = / d*xd®XdtS' (x, X, t){

—V(x,p,o1,02) + ex - E(X, 1) } (x, X, t) /d3x F., F"

(f) )

+m2

V(X,p,0'1,0'2) (I’)

V@) 1,
_L phad. 2453
m o mle (S1+82)70°(r)

Dgad‘ — 2C4
¢4, matching coefficient of NRQED.
HBET(m,/m,) — NRQED(m,«) — pNRQED

oL="--— %N;O’NpILTUM
mp
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

Leading chiral logs to the hyperfine splitting

Y

N

|
: N In my
fre2

N

1
N ——1In myg
fri2

S

5 C4NR a2 <(3)
V=2—H .
1 mf; S0 (r)
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INTRODUCTION/EXPERIMENT

HADRONIC CONTRIBUTIONS

2
¢4, Spin-dependent effects (Zemach): O(mua5 X % x Inmy)
X

e e

e T

1 N
£ ™
TTT TT
| an m
)~

2
G M

Figure : Symbolic representation (plus permutations) of the Zemach correction.

THE MUONIC HYDROGEN LAMB SHIFT AND THE PROTON RADIUS

Antonio Pineda



INTRODUCTION/EXPERIMENT

HADRONIC CONTRIBUTIONS CONCLU

2
¢4, Spin-dependent effects (Zemach): O(mua5 X % x Inmy)
X

e e

e T

1 N
£ ™
TTT TT
| an m
)~

Gy
M
Figure : Symbolic representation (plus permutations) of the Zemach correction.

d® 'k 1
6 Zemach (47Ta) mps/( D— 1k4G Gl\/zi)
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HADRONIC CONTRIBUTIONS

¢4, Spin-dependent effects (polarizability): (’)(mﬂoz5 X 7\7—2 x Inmy)
X

Y
¢ ‘”b\ 0

Figure : Symbolic representation (plus permutations) of the spin-dependent
polarizability correction.
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS CONCLU

¢4, Spin-dependent effects (polarizability): (’)(mﬂoz5 X 7\7—2 x Inmy)
X

Y
¢ ‘”b\ 0

Figure : Symbolic representation (plus permutations) of the spin-dependent
polarizability correction.

it d°k 1 1 2y (g2 2 2 ko 2
i =5 | G iz | Vo KK +26°) 13K 0 Aol K2)
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

T — / d*x 6% (p, s| T (x)J” (0|, §) ,
which has the following structure (p = g - p/m):
= (g L) siodd)
1 m, P v m ,0 v 2
e (p“ qu ) (p - q—”zq )32(/3767 )

i 2
- nres SUA )
my 1(p, q°)

v

i vpo
e 77y ((Mop)Ss — (G- 8)Ps) Ae(p, G°)
o
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HADRONIC CONTRIBUTIONS

2
sc! _3420r -G oy, M
4, point— like 4 1/2 .
2 2
mp 22 5 o, M

/i
6Cf,Zemach—u,d =

2 2
I My 28 25 A
6C§,Zemach—A — Wa EW grNA In ?

2 2
i CbiE oA
605,,;70/.7A - 18 a”lIn ? )
mg 20{2 8 mf,

/i _
5Cy ol —nN = —WQA73 n—2

2 2 2
h _ My 2 a”64 . A"
6Cf,pol.—7rA = (47TF0)297TNA T 27 2 .



INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

Only logarithmically chiral enhanced but they can be determined from
hydrogen hyperfine splitting.

2
e Ay Mo 22 (2, T ’1
T8 Nt R 3 (3 + 5z ) TGl
my .8 (5 7 | 2
T @nRe® 27 \3 7 72 ) T gl
i 2
Eur = 4 ‘;nNR ! (1up0) x (Inmg,In A, Inm;).

b b
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INTRODUCTION/EXPERIMENT (0] HADRONIC CONTRIBUTIONS

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 MHZ7

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 ¢f \, = —47.70% and cf'(m,) ~ cf o(m,) ~ —160°.
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

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 MHZ7

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 ¢f \, = —47.70% and cf'(m,) ~ cf o(m,) ~ —160°.

Muonic hydrogen.

AEpr ~ —0.153meV (Pachucki : —0.145)

AE = %(—0.15)meV = —0.0375meV
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CONCLUSIONS

Important to have a model independent and efficient approach to the
problem. Effective Field Theories suitable for this task.
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CONCLUSIONS

Important to have a model independent and efficient approach to the
problem. Effective Field Theories suitable for this task.

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

Important to have a model independent and efficient approach to the
problem. Effective Field Theories suitable for this task.

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

Precise determination of hadronic parameters from alternative sources
(experiment).
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CONCLUSIONS

Important to have a model independent and efficient approach to the
problem. Effective Field Theories suitable for this task.

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

Precise determination of hadronic parameters from alternative sources

(experiment).
Non-trivial double checks by chiral perturbation theory.

THE MUONIC HYDROGEN LAMB SHIFT AND THE PROTON RADIUS Antonio Pineda



INTRODUCTION/EXPERIMENT (0] HADRONIC CONTRIBUTIONS CONCLUSIONS

CONCLUSIONS

Important to have a model independent and efficient approach to the
problem. Effective Field Theories suitable for this task.

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

Precise determination of hadronic parameters from alternative sources
(experiment).
Non-trivial double checks by chiral perturbation theory.

Previous claims about r® unfounded.

THE MUONIC HYDROGEN LAMB SHIFT AND THE PROTON RADIUS Antonio Pineda



INTRODUCTION/EXPERIMENT (0] HADRONIC CONTRIBUTIONS CONCLUSIONS

CONCLUSIONS

Important to have a model independent and efficient approach to the
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2
EP — 206.0791(190) — 5.2257ﬁrni2 meV,

r, = 0.8424(22) fm.
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Beyond ma®. Resummation of logarithms

Pineda
0! ZZ5/0 16 Ct(l/ )
SR (vie) = Eno 3n (75 log (Tus) —3(cp — 1)) ,
1
where cp(vs) =1+ £inz, z = [2((%)] % 11 (2m)a(vs) (),
Bo = =5 Teny with Te =1, By = —mZ*a®/(21°), vs = 2a, ", where
a,' = %Zaf) « is also understood at the soft scale vs = 2a; " unless the

scale is specified. We take vys = —En.

@ _ o) _ alv) Bo m?
Dy > = > 1+ 2ﬂ_a(1/us)ln ot
8 avus) mv? 2 a(vus) 2 > mv?
. ( 3 . Nop sl )Mot
. 4 o®(vus) | mv? B %oﬁ(uus) n mv? In mv?
B 3 m 3 n? mv m
1 a®(vus) , o mv?
—gﬁo 2 In© —— .

It agrees with Pachucki.
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