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Needed precision: m,a® (Heavy Quarkonium)
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Tool:

Effective Field Theories = Factorization
Why?: There is a hierarchy of different scales (hard, soft and ultrasoft).

m>>mv >> an27 (/\OCD)

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.

4) Connection between non-relativistic (NR) Quantum Mechanics and
Quantum Field Theories.
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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?

(iao— L 3) W(r) =0

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?

(iao— L 3) W(r) =0

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

HBET (m,/m,) — NRQED(m,a) — pNRQED
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Summary (muonic hydrogen)
1) Matching HBET to NRQED. Integrating out the hard scale, m,, ~ m
HBET Feynman diagrams <
2) Matching NRQED to pNRQED. Integrating out the soft scale, m, v
Potential = Wilson loops = HQET-like Feynman diagrams <«
3) Observable: Spectrum or decays

Corrections to the Green Function ( =p?/m+ V(O))
_ 1 _ GO Oy _ |
Gs(E)—PsmPs—GS +(SGS GS (E)— hgo)_E

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

500,
5V S@G %,
= ———

1/(E — V¥ — p*/m)
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Matching NRQED to pNRQED

NRQED pNRQED

The Lamb shift in muonic hydrogen and the proton radius from effective field theories Antonio Pineda



LAMB SHIFT IBU ERFINE

Positronium/muonium
Tree level
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Order 1/m?
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. 727202 k* 8 5
(a) _ “p<p
V1/00p = 7m#mp (Iog ? 3 log2 + 5)
. 42222a2 k2
Vo) — 22T (og — +2log2 — 1) .
1loop SmMmp 09 MZ + o9
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Muonic Hydrogen: electron vacuum polarization
Ey, p E, pf

ot O

Figure: Leading correction to the Coulomb potential due to the electron vacuum
polarization. k = p — p" and kg = Ey — Ej.
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Muonic Hydrogen: electron vacuum polarization
Ey, p E, pf

ot O

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

; 1

V(O) = —4TI'ZP,ZpaV(k)E’

aerr(K) = L
M = n(—ke)

where
N(k?) = aNM(k®) + ®N®(K?) + *N® (K3 + ..

av(k) = aer(k)+ Y Z1Z7al™ (k) = aer(k)+oa(k),  da(k) = O(a’)

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

The Lamb shift in muonic hydrogen and the proton radius from effective field theories Antonio Pineda



INTRODUCTION LAMB SHIFT HADRONIC CONTRIBUTIONS HYPERFINE

Order 1/m?

( ) (p)
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Order 1/m? from energy-dependen/t terms

1, P E17 P
> ' >
|
:
ko, k
|
> ' >

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

©  Z.,ZyE" (pP—p'?) 1
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Theoretical setup (muonic hydrogen Lamb shift:
AE; = E(2P3)) — E(254)2))

2

Lpnraep = d*ra®RatS'(r, R t){/ao — %

—V(r,p,o1,02) + er- E(R, t} (r,R, 1) /dSr Fo, F*

VO V)

my m2

V(r7p7a170-2) — (r) +
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Theoretical setup (muonic hydrogen Lamb shift:
AE; = E(2P3)) — E(254)2))

2

Lpnraep = d*ra®RatS'(r, R, t){iao — %

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

VO V)

V(r,p,1,02) = VO(r) + m,, i
3 1
0 = —4rZ,Zp0v(K)iz
aerf(K) = e
o = TRk

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

av(k) = aer(k)+ > ZIZTal™ (k) = aen(k)+da(k),  da(k) = O(a*)
n,m=0
n+m=even>0
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Vacuum polarization effects: O(ma?)

Elv p Ei: p/
> T >
|
:
ko, k
:
> I >

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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Vacuum polarization effects: O(m,a*)

[ Boop bR [
 § * ) 4 *
| ] ] ]
] ] ]
(;) ] ] ]
e
| e e €
e
: ) ) )
' : : :
——— ——— ——— ———
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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Vacuum polarization effects: O(m,a*)

[ Boop bR [
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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*)

;
O ~ (nlsV

———6V|n) = 0.151 meV = O(m,a*)
_ En
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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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Static potential, not vacuum polarization: O(m,a®)

p____ W h_
! l | | 1 |
1 " ' 1 l l
e e e
1 | | : : |
NXNX N 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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Static potential, not vacuum polarization: O(m,a®)

p___ [T p___~
! 1 | 1 | |
1 \ \ ] 1 1
e e e
L4 : : {
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

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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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*

V(Xa p,o1, 0’2)

O+ m(r) Ve ,

m2
V(”(r)

n

— O(mya®)
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relativistic corrections+vacuum polarization

2
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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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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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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 :—g) 0.0575 (purely relativistic)
O(ma®) 0.0169 (Pachucki and Veitia; Borie)

The Lamb shift in muonic hydrogen and the proton radius from effective field theories Antonio Pineda



INTRODUCTION LAMB SHIFT HADRONIC CONTRIBUTIONS HYPERFINE

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)
o

O(ma®) 0.018759 (Jentschura; Karshenboim&lvanov&Korzinin;
Peset&Pineda)
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Ultrasoft effects: O(ma®)

AE = —0.6677 meV

oma®Tey . AE = -0.045 meV
Mp

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

Start the overlap with hadronic effects.

The Lamb shift in muonic hydrogen and the proton radius from effective field theories Antonio Pineda



INTRODUCTION LAMB SHIFT HADRONIC CONTRIBUTIONS HYPERFINE

Hadronic corrections

2
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2m;
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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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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’)

@)
VL), 1 prea g3 —AE~ — ! D”ad (ma)®
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Hadronic corrections

2

LPNHQED:/dSXdSthST(X»X, l‘){i&o— P
2m;
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V(x.p, o1, 0) = VO(r) + (” LG
m
sV@(r) 1

e Woga"'ﬁ(r) - AE~ ! D”ad (mya)®
n 4

Dgad' = —03 — 16madh + 70[)
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Hadronic corrections

2

LPNHQED:/dSXdSthST(x7X, 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[)

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

a>

sL=-. % FWDZF“” : —e—NTV EN, + - %NEN,,MM
[
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Luper = Ly + L+ Lx + Lz + Lin,ay + Liv,ay + Liv,ayr + L(N,a)irs
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Luper = Ly + L+ Lx + Lz + Lin,ay + Liv,ay + Liv,ayr + L(N,a)irs

as
2
mp

Ly=—4F*+ =S Fu,D°F* + ...

1
4
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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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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'}
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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
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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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HBET (m,)

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

Figure: Leading correction to the Coulomb potential due to the hadronic vacuum
polarization.
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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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cg"‘d = m
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cg"‘d = m

o / d*x € (p, 5| TJ* (x)J” (0))p. s)

. 1 m . m v
T = (—g "qi’ > Si(p, ¢ )+ (p“ q‘;pd) <p - bl > S2(p, 9°)
P

Sy =77 S, =77
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M @
A AN 7N 7

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

m?
Clgadwaz%—i—o o2 M 0E ~ O(mua® x — x —1)
My Nacp s m
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m,, extra suppression+xPT (Model independent)
Power-like chiral enhanced (— xPT can predict the leading order!)

m?
Clgadwaz%—i—o o2 M 0E ~ O(mua® x — x —1)
My Nacp s m

3 m
Error: LO x ™= ~ LO x 1 — ¢} = o? 72 47.2(23.6)
A 2 My
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HYPERFINE

HADRONIC CONTRIBUTIONS

INTRODUCTION LAMB SHIFT
Large Nc. Including the A particle
Error: ’
my my my,
—= ~ N, — ~ =
A ‘Naco ~ Maco 3
/ ! ‘v (1) ! 2
+ N N AR 4

(&ﬂ) M {47.2(23.6) (n),

had 2mu mx
P ARRNRCCLLC IV )
Pl et e [t Maco m, |56.7(20.6) (r+A),

K

AErpe = 28.59(7) + 5.86(7&A) = 34.4(12.5) eV (Peset&AP) .

Antonio Pineda
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INTRODUCTION LAMB SHIFT
Large Nc. Including the A particle
Error: ’
m, m, m,
—= ~ N, — ~ =
A ‘Naco Maco 3
/ ! 'v (1) ! 2]
+ N PN AN /

o o)
N PN PN A

(&ﬂ) M {47.2(23.6) (n),

had 2mu mx
P ARRNRCCLLC IV )
Pl et e [t Maco m, |56.7(20.6) (r+A),

K

AErpe = 28.59(7) + 5.86(7&A) = 34.4(12.5) eV (Peset&AP) .
(Model dependent: AErpe = 33(2)peV (Birse-McGovern))

The Lamb shift in muonic hydrogen and the proton radius from effective field theories Antonio Pineda




INTRODUCTION

HADRONIC CONTRIBUTIONS

HYPERFINE

chd: Two-Photon-Exchange contribution= Born+polarizability

Born:

y

&

@
Ge

Figure: Symbolic representation (plus permutations) of the Born (r3) correction.
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3

,

AEgom = 0.010' )@
fm3

() _ 48 [k 1 1,22\ _ 96 [d° 'k 1 2)
fm3 4 k8 Gz_1+§<r>k T 47 kGG GE
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3
,
AEgom = 0.010 )@
fm3

fm3

(Pl _ 96 / dD‘1k euled)
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3
AEpu — 0.01017 @

2
m m; (3 1
mim, (e = 20 (o ) e { ek

fm3

96 [ o1, 1 ~050

47TFO

23 o () o m (T}
r=0 r=1

where (A = Ma — M, ~ 300 MeV)

(=1)T(=3/2)

TT(r+)r(=3/2—-r

oo t27n
B, = / at In
0

2(r+2
) {Be+2r— §+2r)84+2,} . r>o0,

1 1
Neper t+vﬁﬂ

nl(2n — 1)Nr[—3/2]

Including Pions and A particles

22nm!r[1/2+n]
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INTRODUCTION

LAMB SHIFT

HADRONIC CONTRIBUTIONS HYPERFINE

CONCLU

! IR (r) \ (r°) | P
™ 0.4980 1619 5.203 0.9960
T&A 0.4071 1.522 4.978 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 EBorn

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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INTRODUCTION LAMB SHIFT

c; Polarizability effects

HADRONIC CONTRIBUTIONS

HYPERFINE

(peVv) | [1]

[2] (3]

[4]

B\PT(n)

HBET(7)  (n&A)

AE, | 12(2)

115 7.4(2.4)

15.3(5.6)

8.2(15%)

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

i - 4 d4kE l 1 2 2 2
Cg,sub - € Mpm//‘/ (27T)4 ké kg +4m12,k§,E (3k0,E +k )81 (Oa kE)
o= —e*Mpm dhe 1 !
Bnel = P ] (@r)t K KE -+ AmTRE
x {(3k§,E + K2)(Si (iko.£, —kE) — S1(0, —kE)) — K2 Sa(iko., _k,f-)}
AEC™ (r—loop) = —1.62 peV ; AEC™ (rA—loop) = —1.23 peV.
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Polarizability=Inelastic+subtraction

i - 4 d4kE l 1 2 2 2
Cg,sub - € Mpm//‘/ (27T)4 ké kg +4m12,k§,E (3k0,E +k )81 (Oa kE)
o= —e*Mpm dhe 1 !
Bnel = P ] (@r)t K KE -+ AmTRE
x {(3k§,E + K2)(Si (iko.£, —kE) — S1(0, —kE)) — K2 Sa(iko., _k,f-)}
AEC™ (r—loop) = —1.62 peV ; AEC™ (rA—loop) = —1.23 peV.

6c8hy ~ —5CEh _%az 6k (v /my) = DE o, ~ 114 peV
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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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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 LAMB SHIFT HADRONIC CONTRIBUTIONS HYPERFINE 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

(', sl |, s) = (') [H (@0 + in(qZ)"”""”} u(p),

2mp
Fi(q®) = Fi+ q—ZF,-’ ¥
My
2
Ge() = Fi() + 5 F(q),  Gu(q?) = Fi(@) + Fe():
[
d 31
rg(”) = 6d7ngE,p(q2)|q2:o “am (Cép)(u) — 1>
P

2
co(v) =1+42F +8F =1+8m; 7(162’;(;7 )

I

°=0
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Definition of the proton radius

(', sl |, s) = (') [H (@0 + in(qz)"”""”} u(p),

2mp
2 q
Fi(q)=Fi+5F +..
m
2
Ge() = Fi() + 5 F(q),  Gu(q?) = Fi(@) + Fe():
P
2 d > 31 ®)
15(0) = 6 gz Ceal @0 = 4 7 () 1)
2
co(v)=1+2F +8F =1+ Smf, 7de’E(2q ) ,
dq =0
Standard definition (corresponds to the experimental number):
> 31
ry = ——5 (¢o(v) — Cp,point—ike(V))
P 4 m% poin e
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Definition of the proton radius

(', sl |, s) = (') [H (P + in(qZ)";,"nZ"} u(p).,

2 7
FI(Q):FI’+W
i}

F+..

2

Ge(?) = Fi(P) + f—m%Fz(q"-‘), Gu(?) = Fi(q®) + Fa(c).
d

31
rg(”) = GquGE,p(qzﬂqZ:o “am (Cg))(u) — 1>
b
2
CD(V):1+2F2+8F1’:1+8m,2,dGZ;q(2q) ,

°=0

Standard definition (corresponds to the experimental number):
31
fs = ZF% (ep(v) — cp,point—iike(V))

D, point—like — = 3 V2

The Lamb shift in muonic hydrogen and the proton radius from effective field theories Antonio Pineda



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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HADRONIC CONTRIBUTIONS HYPERFINE

Definition of the neutron radius

(' sld"Ip.s) = U(P') | Fi (g )" +iFe

u(p)
q2
F(q') =0+ 5F +
P
2
Ge() = Fi() + 35 Fe(d),  Gu(q) = Fi(q) + Fe().
p
d 3 1
1 = 6 gz One(@)le—o = 4mgcg">

co=0+2F, +8F =0+8m5 dCre()

dqg? =0
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HADRONIC CONTRIBUTIONS HYPERFINE

Definition of the neutron radius

(' sld"Ip.s) = U(P') | Fi (g )" +iFe

u(p)
q2
F(q') =0+ 5F +
P
2
Ge(d®) = Fi(d°) + 4q sF2(a%),  Gu(d®) = Fi(d®) + Fa(d).
p
2 d 31
I'n :6d7qZGn,E( )‘qZ -0 = 4m‘2)CDn
cp =0+2F, +8F =0+8m; L”E(z 7)
dq =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

The Lamb shift in muonic hydrogen and the proton radius from effective field theories
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O(ma®) Ve 205. 00737
o(mya*) v 1. 50795
o(mya*) v 0. 15090
O(m,a’) v 0. 00752
O(m,as)mz v —0. 00089(2)
o(mra® x & veED 4 yEo 0. 05747
o)
o(m,a®) VED L v v 0. 01876
O(m,a’) V22 + ultrasoft —0. 71896
O(mra® x In(F2)) v@d. b —0. 00127
O(ma® x Ina) VED, 1 —0. 00454
2
O(mea x mérd) Ve, ¢ —5. 19752
2
O(mea® x mer?) VED 4 v 5 02, o) ~0. 02822
2
O(mra®Ina x m?r2) V@, cp) —0. 00142,
2
O(mra® x %) Vi) b 0. 0111(2)
O(mra x T M) V@, g 0. 0344(125)
2 e
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2
APk — [206.0243(30) - 5..'2270(7)ﬁrn—”2 +0.0455(125) | meV .

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

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

3
limited by uncomputed terms of O(m#aﬂ—g;, m,.a®).
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2
APk — [206.0243(30) - 5..'2270(7)ﬁrn—”2 +0.0455(125) | meV .

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

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

3
limited by uncomputed terms of O(m#aﬂ—g;, m,.a®).
Using

AE™ = E(2P3)2) — E(2S;2) = 202.3706(23) meV ~ Antognini et al.
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2
APk — [206.0243(30) - 5..'2270(7)ﬁrn—”2 +0.0455(125) | meV .

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

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

3
limited by uncomputed terms of O(m#aﬂ—g;, m,.a®).
Using

AE™ = E(2P3)2) — E(2S;2) = 202.3706(23) meV ~ Antognini et al.

r, = 0.8413(15) fm.
At 6.80 variance with respect the CODATA value.
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Hadronic corrections: Spin-dependent
Pineda: hep-ph/0210210, hep-ph/0308193; Peset&Pineda, 1406.4524

2

Lonpaep = / d®*xd®*XadtS" (x, X, t){iao _P
2m,

—V(x,p,o1,02) + ex - E(X, t)}S(x,X, t) —/dax%FWF“”,

V(1)(r) V(2)(r)
_ vy
V(x,p,o1,02) = V7 (r) + y + > + ...
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Hadronic corrections: Spin-dependent
Pineda: hep-ph/0210210, hep-ph/0308193; Peset&Pineda, 1406.4524

2

Lonpaep = / d®*xd®*XadtS" (x, X, t){iao _P
2m,

—V(x,p,o1,02) + ex - E(X, t)}S(x,X, t) —/dax%FWF“”,

V(O)(r)—&-m-i- (I’)

V(x7p761702) = m, m2
sVO(r 1
mi( ) 7[2)Dhad (S1 + 82)2630‘)
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Hadronic corrections: Spin-dependent
Pineda: hep-ph/0210210, hep-ph/0308193; Peset&Pineda, 1406.4524

2

Lonpaep = / d®*xd®*XadtS" (x, X, t){iao _P
2m,

—V(x,p,o1,02) + ex - E(X, t)}S(x,X, t) —/dax%FWF“”,

vy v®(r)

_ y©
V(x7p70'170'2)— Vv (r)-‘rT‘u-‘rT’%—'—
sV (r) 1 had 2.3
— —Dg™" (814 S2)76°(r)
m2 m3
D = 2¢4

¢4, matching coefficient of NRQED.

The Lamb shift in muonic hydrogen and the proton radius from effective field theories Antonio Pineda



INTRODUCTION LAMB SHIFT HADRONIC CONTRIBUTIONS HYPERFINE

Hadronic corrections: Spin-dependent
Pineda: hep-ph/0210210, hep-ph/0308193; Peset&Pineda, 1406.4524

2

Lonpaep = / d®*xd®*XadtS" (x, X, t){iao _P
2m,

—V(x,p,o1,02) + ex - E(X, t)}S(x,X, t) —/dax%FWF“”,

vy v®(r)

_ y©
V(x7p70'170'2)— Vv (r)-‘rT‘u-‘rT’%—'—
sV (r) 1 had 2.3
— —Dg™" (814 S2)76°(r)
m2 m3
D = 2¢4

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

C.
oL ="--— %NgaNp;ﬁau
mp
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¢4, Spin-dependent effects

A

p L [ p

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

[ ig* d’k 1 1 2\/1.2 2 2 Ko 2
-9/ 8r)0 R T g | o KVUE +2K°) 4 K7 1 Al )
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T = / d*x € (p, 5| TJ* (x)J” (0)|p. s)

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

v
™ = (fg“”+ qqg )31(;), 9)
1 w Mpp v Mpp 2
vz (p =) (0 - T ) Sur. )

I ywpo

“mp €77 qp50 A (p, O°)
i vpo

e 77y ((Mop)Ss — (G- 8)Ps) Ae(p, G°)
o
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Leading chiral logs to the hyperfine splitting

|

Y

: N In my
fri2

N

i 1
y N ——1In myg
fre2

sV = 2—826 (r).
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2
0EHF ~ (’)(mua X /\2 x Inmy)

The leading chiral logs are determined for Hydrogen and muonic hydrogen
hyperfine splitting. Model independent result!

2
cf”' ~ (1 - T) a

bir 5 A2 m; 22 2 7 2 2 M
18 N e R <§+2 )”gA'”VZ
2
m, -8 (5 7\ 2, A
TarkoE” 27 (3 7r2> ™ Galn g
2 2
(Ncioo) 2 ﬂ mp 2 2 2 me
-~ In 2 +7(47rl__0)2a7rg,4 e
i 2
/ m?
Eur = 4;:52 %(M,,pa)3 ~ m,iasﬁg x (Inmg,In A, Inmy).

b b
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Cfli = Cf,I’R + Cf + CplBorn + Cppol (as) .

,point—like
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i Pl i 3
Cf:, - Cf,’R + Cfpomlfhke + CpBorn + Cppol ( ) .
2 2
O U, PO
4,point—like - 1/2 ’

d’ 'k 1
(4mq) M,,3 / GG

4Bom = )01 k&
= (4:/1:)2 22 Q{QAIn—znL gf,NAlnﬁ—:},
= %%g (- 5) [dn™ - Seuan?]
—|—b112éFa2In ﬁ:
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€} = O+ i tke  Chom + Copor + O(°).
Cf,l;oim—uke = <1 — Kf) a?ln ,:2’2' s
P = (4ma)Mp2 (g’:%%epegy
= %azg : {QA nﬂz+ gerAln%::| ;
Cf,liml = %%g <%r - %) {gfﬂn %2 - ggﬁ,\m In ﬁ—:}
+ b1128F o?In ﬁ—: .
4/p0mt e + G 4,pol ez

Polarizability contribution small and vanishes in the large N limit!!
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SONTRIBUTIONS HYPERFINE

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

e e

\

&

-

/

o P

GO
G2 E

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

dD—k 1

! O
Cf,Born - 47('0( MPS D 1k4 )GM
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Zemach magnetic radius

Chiral logs can be determined and constitute the leading contribution!

) =2 [7 D [eePron@) 1] = -2 [~ R,

3 1 o T M AT(”::'"”HSSfm

r)=—=_"__ L P YL L N
Z) = A7 Olep 4,Born — 2 (47I'F())2 ga 2 gg'/rNA 2
"Experiment" ~ 1.04 — 1.08 fm.
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Hydrogen. Fixing v = m, we obtain:
EtiF ogaritims (M) = —0.031 MHz .
It accounts for 2/3 of the difference between theory (QED) and experiment.
Eur(QED) — Eur(exp) = —0.046 MHz.

What is left gives the size of the counterterm. Experimentally what we have
is ¢f = —480” and cf'g(m,) ~ ¢ 5(m,) ~ —160°.

The Lamb shift in muonic hydrogen and the proton radius from effective field theories Antonio Pineda
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Hydrogen. Fixing v = m, we obtain:
EtiF ogaritims (M) = —0.031 MHz .
It accounts for 2/3 of the difference between theory (QED) and experiment.
Eur(QED) — Enr(exp) = —0.046 MHz.
What is left gives the size of the counterterm. Experimentally what we have
is ¢f = —480” and cf'g(m,) ~ ¢ 5(m,) ~ —160°.

Muonic hydrogen.

/ e / e / e
Cf“ = Cf’ + [Cf,;oim—like - Cf,/point—like] + [Cf,:ol - Cf,lpol] + O(a37 azml‘/AQCD) .
2 m?
Iy o K 2 2
Cf,i)oint—]ikc - Cf,point—likc = ( - 4’_D> a”In ﬁ: ~ 2.09«
cfry—cf, = 0.17a%(r) +0.07a%(A) + 0.0080° (& A) = 0.240” .

Overall we obtain cf’“ ~ —460°. The bulk of this contribution comes from the
Born term, which in turn is related to the Zemach magnetic radius

1.1746

AEH/: ~ — n3

= —0.147(50)meV (Pachucki : —0.145)

n=2
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Recent work:
Hagelstein et al.: 1511.04301&1512.03765
Nguyen Thu Huong et al: 1511.06255

Not clear if they are able to reproduce the HBET/leading chiral contribution
(which is a model independent prediction).
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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.
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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.

Possible to obtain a rigorous connection between Quantum Field Theories
and a NR Quantum-mechanical formulation of the NR systems.
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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
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and a NR Quantum-mechanical formulation of the NR systems.

The proton radius is a matching 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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2
,
AEP™* = | 206.0243(30) — 5.2270(7) .25 + 0.0455(125) | meV .

Using
AE™ = E(2P3)2) — E(2S;)2) = 202.3706(23) meV  Antognini et al.

r, = 0.8413(15) fm.
At 6.8¢ variance with respect the CODATA value.
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The proton radius in hydrogen spectroscopy

Experimental measurements

28-2P,
25-2P ]
28-2p,, -
28-48 , —————
28-4D,,
2S-4pP , —
28-4p,, i
28-6S, ——
25-6D,, e
28-8S , —e—
28-8D,, i
2S-8D;, —e—i
2S-12D,, ————i
28-12D,, —e—i
1S-38, ] —a ‘
6.80
CP-Pineda : 0.8412(15) fm W
CODATA : 0.8775(51) fm To
H,, 8764(89) fm | 4o-e—
up - 0.84087(39) fm ¢ =
T T T T T T
0.75 0.80 0.85 0.90 0.95 1.00

proton charge radius [fm]

The Lamb shift in muonic hydrogen and the proton radius from effective field theories tonio Pineda



HADRONI HYPERFINE CONCLUSIONS

The proton radius in ep scattering

» Definition??

ip2013 e electronavg. > very sensitive to low g2 data:

extrapolation from |gq| > 100 MeV to |q| =0
|q| ~ mg ~ 0.5 MeV (muonic hydrogen)

|q] ~ mea ~ 5.10~% MeV (hydrogen)

scatt. JLab

1p 2010 ———++———scatt. Mainz

o Hspectroscopy
CE T o M‘L@m Ru'v[” > dependence on the fitting functions: normalization
e fa factors, full data set ...

» Bonn group with dispersion relations:

0.01
rp = 0.847%0 fm.
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