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

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

EfX =E(n=1,s=1)-E(n=1,s=0) (s = tota spin)
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS CONCLUSIONS

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

EX =E(n=1s=1)-E(h=1s=0) (s=totaspin)
Nature (1972)

Uhe = % = 1420.4057517667(9) MHz (13 digits)
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INTRODUCTION/EXPERIMENT

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

E = E(2P3)2(F = 2)) —E(2S1,2(F = 1))
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS CONCLUSIONS

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

E = E(2P3/2(F = 2)) — E(2Sy/2(F =1))
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 CONCLUSIONS

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

E = E(2P3/2(F = 2)) — E(2Sy/2(F =1))
PSI: R. Pohl et al., Nature vol. 466, p. 213 (2010)
Eexp = 206.2949(32)meV

r2 r3
Ewn = 209.9779(49) — 5.2262"- 1 0.0347—L. meV = 205.984 meV
fm?2 fms3

using CODATA value r, = 0.8768(69) fm.
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS CONCLUSIONS

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

E = E(2P3/2(F = 2)) — E(2Sy/2(F =1))
PSI: R. Pohl et al., Nature vol. 466, p. 213 (2010)
Eexp = 206.2949(32)meV

r2 r3
Ewn = 209.9779(49) — 5.2262"- 1 0.0347—L. meV = 205.984 meV
fm?2 fms3

using CODATA value r, = 0.8768(69) fm.
Eexp — En = 0.311 meV
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS CONCLUSIONS

Precise measurements in atomic physics — Learning about hadron structure
Lamb shift (muonic hydrogen)
E = E(2P3/2(F = 2)) — E(2Sy/2(F =1))
PSI: R. Pohl et al., Nature vol. 466, p. 213 (2010)
Eexp = 206.2949(32)meV

r2 r3
Ewn = 209.9779(49) — 5.2262"- 1 0.0347—L. meV = 205.984 meV
fm?2 fms3

using CODATA value r, = 0.8768(69) fm.
Eexp — En = 0.311 meV

New proposed value: r, = 0.84184(67) fm. 5 standard deviations!!
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS CONCLUSIONS

Precise measurements in atomic physics — Learning about hadron structure
Lamb shift (muonic hydrogen)
E = E(2P3/2(F = 2)) — E(2Sy/2(F =1))
PSI: R. Pohl et al., Nature vol. 466, p. 213 (2010)
Eexp = 206.2949(32)meV

r2 r3
Ewn = 209.9779(49) — 5.2262fm—"2 + 0.0347fm—'“3 meV = 205.984 meV

using CODATA value r, = 0.8768(69) fm.
Eexp — Ein = 0.311 meV

New proposed value: r, = 0.84184(67) fm. 5 standard deviations!!

Elo = 205.0074 = O(ma®)
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS CONCLUSIONS

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,ao?

2
(i(‘)o - zenr + %) W(r) =0

+corrections to the potential potentill NRQED ~ E ~ mv?
+interaction with ultrasoft photons
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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
my > My > myuo®

2
(iao - zenr + %) W(r) =0

+corrections to the potential potentill NRQED ~ E ~ mv?
+interaction with ultrasoft photons

Scales:
mp ~ /\x

~J ~Y = mump
My ~ My~ My = oL
Mra ~ Me
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INTRODUCTION/EXPERIMENT

HADRONIC CONTRIBUTIONS

CONCLUSIONS
Theoretical setup

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

describes the muonic hydrogen dynamics and profits from the hierarchy
my > mua > mya?

2
ig,_ P a _
(10 -+ ) v =0
+corrections to the potential potentill NRQED ~ E ~ mv?
+interaction with ultrasoft photons

Scales:

mp ~ /\X

My~ Mg~ Me = s
Mra ~ Me

Expansion parameters, ratios between scales, mainly:
m. m, 1
m mp 9

mra mro? 1

my mra ~ ~ m
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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, > mya > m,a?

2
0 P2 _
(10 -+ ) v =0
+corrections to the potential potentill NRQED ~ E ~ mv?
+interaction with ultrasoft photons

Scales:

mp ~ /\X

My~ Mg~ Me = s
Mra ~ Me

Expansion parameters, ratios between scales, mainly:
m., m, 1
mp, " mp 9

mra mro? 1
m ma %7137

Needed precision m;o° (heavy quarkonium precision)

CONCLU
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Theoretical setup

2
LonROED = /d3rd3RdtsT(r,R,t){iao _ P
2m;

—V(r,p,o1,02) +er- E(R,t)}s(n R,t) — /dBr%FWF“" 7

1) @)
V(r,p,al7o-2):\/(0)(r)+v (r) +V (r)

+ ...
my mﬁ
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS CONCLUSIONS

Theoretical setup

2
LpnroeED = /dsl’dsttS‘L(r,R,t){ia0 - ZF;nr

—V(r,p,o1,02) +er- E(R,t)}s(n R,t) — /dBr%FWF“" 7

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

my m2
7(0) — 1
V& = —4nzZ Zpav(k)k—

1
een() = T ARy

where
N(k?) = aN®(k?) + 0N (K?) + 0N (k) + ..

av(k) = aer(K)+ D ZiZTaG™ (k) = aen(k)+da(k),  da(k) = O(a®).
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INTRODUCTION/EXPERIMENT JADRONIC CONTRIB CONCLU

Ela p /7
> ’ >
|
:
ko, k
:
> : >

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

1-loop static potential

Elo = (n|6V|n) = 205.0074 = O(m;?)
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS

Vacuum polarization effects: O(mya*, m;a®)

boop bR Boop Beoop
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Pachuki/Borie

2-loop static potential is the same as two-loop vacuum polarization iterations
1.5079(*two loop vacuum polarization*)+ 0.151(*iteration one-loop*)
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INTRODUCTION/E>

Vacuum polarization effects: O(mya*, m;a®)

M_N N‘N IL‘,UJ N‘N
T v v v
] [ ] ]
(] (] (]
Q ] ] ]
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e
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—_— —_— —_— —_—
p p P p p p p P

Pachuki/Borie
2-loop static potential is the same as two-loop vacuum polarization iterations
1.5079(*two loop vacuum polarization*)+ 0.151(*iteration one-loop*)

3-loop static potential (three loop vacuum polarization, Kinoshita-Nio, 0.0076)
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS CONCLUSIONS

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

D E—— D S—— D — — —
! | | 1 1 1
1 ' ' I I I
e e e
1 1 1 : : |
NXNX X NX  NX NX
(1:3) (2:2) (3:1)

Light-by-light (Wichmann-Kroll and Delbriick) contribution very small
AE ~ —0.0009 mev (Karshenboim et al.)

Earlier work by Borie
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS CONCLUS

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

T [ w__
! | | 1 1 1
1 ' N | | |
(& (& €
| | | : : |
NX NX X NX  NX NX

(1:3) (2:2) (3:1)
Light-by-light (Wichmann-Kroll and Delbriick) contribution very small
AE ~ —0.0009 mev (Karshenboim et al.)
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

LpoNRQED = /dSXdSthST(X,X,t){iBO — ZF;T'I
r

—V(x,p,01,02) +ex- E(X,t)}s(xyx,t) - /d3x%FWFW :

v®(ry v

RV
V(x,p,01,02) =V(r) + ot = T
(1)
v (r)—>(’)(mra6)
ml—b
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS CONCLUSIONS

relativistic corrections+vacuum polarization

2

LonrED = /d3><o|3x@|tsﬁ(x,x,t){ia0 _Pp
2m;,

—V(x,p,01,02) +ex- E(X,t)}s(xyx,t) - /d3x%FWFW :

va(r)y  vO(r)
—yv©
V(X7paala‘72)_v (r)+ m,, + mﬁ

+ ...

V@ (r)

o o(mat, o)
m

O(ma*) 0.0575 (purely relativistic )
O(ma®) 0.0169 (Pachucki and Veitia)
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS CONCLUSIONS

Ultrasoft effects: O(ma®)

AE = —0.6677 meV

oma® L)y . AE = —0.045 meV
Mp

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

Hadronic corrections

2

P
2m;,

LpnroED = /d3xd3xmsf(x,x,t){iao -

—V(X,p,o1,02) +ex - E(X, t)}S(x X, t) /d3x F F*
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS CONCLUSIONS

Hadronic corrections

2

LonrED = /d3><o|3x@|ts*(x,x,t){ia0 _Pp
2m;,

—V(x,p,01,02) +ex- E(X,t)}s(xyx,t) - /d3x%FWFW :

V()  v(r)
—v©O
V(X7paala‘72)—v (r)+ m, + mﬁ

+ ...
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS CONCLUSIONS

Hadronic corrections

2

LonrED = /d3><o|3x@|ts*(x,x,t){ia0 _Pp
2m;,

—V(x,p,o1,02) +ex - E(X, t)}S(x X,t) /d X=F ., F*

(r) @)

V(x,p,o1,02) = VO(r) + + pev i SRR
m
(2)
6Vm2(r) %%Dgadﬁs(r)
i P
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS CONCLUSIONS

Hadronic corrections

2

LonrED = /d3><o|3x@|ts*(x,x,t){ia0 _Pp
2m;,

—V(x,p,o1,02) +ex - E(X, t)}S(x X,t) /d X=F ., F*

(r) 2(r)

+m2

V(vaaalaO'Z):V(O)(r) =+ ...

2
G $D2m 0
H p

D'Jad‘ = —C3 — 16mad;, + 7r2—aCD
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS CONCLUSIONS

Hadronic corrections

2

LonrED = /d3><o|3x@|tsﬁ(x,x,t){ia0 _Pp
2m;,

—V(x,p,o1,02) +ex - E(X, t)}S(x X,t) /d X=F ., F*

(r) 2(r)

+m2

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

(2)

VO | L
m2 m2

D'Jad‘ = —C3 — 167ad;, + 7r2—aCD

cs, dy, Cp, ... matching coefficients of NRQED.
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS CONCLUSIONS

Hadronic corrections

2

LonrED = /d3><o|3x@|tsﬁ(x,x,t){ia0 _Pp
2m;,

—V(x,p,o1,02) +ex - E(X, t)}S(x X,t) /d X=F ., F*

V(x,p,o1,02) =VO(r) + (r) +—m2( by
(@)
v 2(r) %%Dgad‘ag(r)
mZ mg

D'Jad‘ = —C3 — 16mad;, + 7r2—aCD
cs, dy, Cp, ... matching coefficients of NRQED.
HBET (m,/m,) — NRQED(m, o) — pNRQED
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS CONCLUSIONS

Hadronic corrections

2

LonrED = /d3><o|3x@|tsﬁ(x,x,t){ia0 _Pp
2m;,

—V(x,p,o1,02) +ex - E(X, t)}S(x X,t) /d X=F ., F*

V(x,p,o1,02) =VO(r) + (r) +—m2( by
(@)
v 2(r) %%Dgad‘ag(r)
mZ mg

D'Jad‘ = —C3 — 16mad;, + 7r2—aCD
cs, dy, Cp, ... matching coefficients of NRQED.
HBET (m,/m,) — NRQED(m, o) — pNRQED

dz

p c c
L= FWD PEM 4 .—em—DzNgV~ENp+-~+m—32Nngmu
p p
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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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DDUCTION/E> VIEN 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 T—Z: o)

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

A

4

A

=

/4

P~

@
G E

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

3
AE = 0.010@
fm3

(%) _ 96 [ o1 1 0~0
W:?/d ki@ Ce Ce
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS CONCLUSIONS

{r3)
fm3

(%) _ 96 [ o1 1 0~0
W:?/d ki@ Ce Ce

AE =0.010

My

1
8
+ ngA Zcr (&) +g7\'NAZHr (mf) }
where (A = Ma — M, ~ 300 MeV)

_ (=1)T(=3/2) 2(r+2)
C = Tr+1)r(-3/2-1) {BG+2r—mB4+2r} ) r>0,

R SR E

ni(2n — 1)11M[—3/2]
2(2n)!F[1/2 + n]
Including Pions and A particles

2
™ m my, 3
58 e = gazmSmu<rs>:2(m)2(4ﬂgo) m {3a+

Hn =

THE MUONIC HYDROGEN LAMB SHIFT AND THE DEFINITION OF THE PROTON RADIUS Antonio Pineda



INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS

(rs)

AE = 0.010-2L
0.010 775
(r3) 96 1, 1L o~
e = | 4 igelel
(r3)|xpr

R — 1.9 (Pineda) — AE = 0.019 meV
fm3
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS CONCLUSIONS

3
AE = 0.0104%)
fm3
(r5) 96 [ o1 1 0a@
m = / 47 ki Ge Ce
3
<rpf>rr|1>§PT = 1.9 (Pineda) — AE = 0.019 meV
() o 2.71(13) Friar — Sick
~RILEP ! 2.50 Arrington — AE = 0.025 — 0.029

fm3 .
2.85(8) Bernauer — Arrington

Not the reason for the discrepancy.
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS CONCLUSIONS

3
AE = 0.0104%)
fm3
(r5) 96 [ o1 1 0a@
m = / 47 ki Ge Ce
3
<rpf>rr|1>§PT = 1.9 (Pineda) — AE = 0.019 meV
() o 2.71(13) Friar — Sick
~RILEP ! 2.50 Arrington — AE = 0.025 — 0.029

fm3 .
2.85(8) Bernauer — Arrington

Not the reason for the discrepancy.

(r3) ~ 35 De Rujula, not consistent neither with experiment nor chiral
symmetry.
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INTRODUCTION/EXPERIMENT HADRONIC CONTRIBUTIONS CONCLUSIONS

. - m?
c3 Polarizability effects: (’)(mua5 X /\g X ?—Z)

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

Y Y

p~” ST p

AE (Dispersion relations) = 0.012(Pachucki)/0.015(Borie) mev

AE|,pr (pions) = 0.018(Nevado — Pineda) mev
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS CONCLUSIONS

dke 1 1
(2m)* ki ké +4m2kZ

x {3k e + K*)Su(iko, k&) — K*Sa(ikoe, ~ké) |

pl . 4
Canr = —€ MpMy,

THv i/d“x 9%, s|TJ*(x)37(0)|p, S ,

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

LV
i
1 m L Myp L
oz (p“ - —q‘;pq“) (p - —q"zpq >32(qu2)

i vpo
e "7 q,50A1(p, 0%)
i vpo
3 P70, ((Mpp)ss — (4 - S)Po ) Ac(p, %)
P
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INTRODUCTION/EXPERIMENT D HADRONIC CONTRIBUTIONS

P ® p' p 4 P

p (Seagull) P

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

o _a_2M; (Qa 2 dP ke 1
e =emin (7)) | errarer

X / d_WWD_5—1
0 m

w2 —|—4 1+k2)2
x {(2 (1 4+ KD)A (W2, K?) + (L + kz)zkzszE(wz,kz)}

where (for D = 4)

A :——
E 47

1
——+\/1+W2+/ dx 1-x ,
V1 +x2w2

+ x(1 — x)w2k2

1—-2x
Be = — dx
8m |Jo  /1+x2w?2 +x(1 — x)w2k?

1t (1 —x)(1 —2x)?
2/0 dx(1+x2w2+x(1—x)w2k2)§] '
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HADRONIC CONTRIBUTIONS

Definition of the proton radius

a"’q.

(p',s[3%|p,s) = a(p’) |Fr(a®)y" +iF2(a) 2 u(p),
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HADRONIC CONTRIBUTIONS

Definition of the proton radius

a"’q.

(p',s[3%|p,s) = a(p’) |Fr(a®)y" +iF2(a) 2 u(p),
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS CONCLUSIONS

Definition of the proton radius

(P, 519%1p,5) = (D) [Fa(@®)r* +iF2(a®) T2 | u(p),
Fi(a®) = Fi + :1_;':1/ +
Ge(”) = F(q) + 4?nze(q ) Gu(@®) = Faa’) + Fa(q?)
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HADRONIC CONTRIBUTIONS

Definition of the proton radius

(P, 519%1p,5) = (D) [Fa(@®)r* +iF2(a®) T2 | u(p),
Fi(q®) = Fi + i—;F( + ...
Ge(”) = F(q) + 4‘,‘nz Fa(@”).  Gu(a®) = Fa(?) + Fa(a).

d
qu Ge p( 2)|q2:o
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS CONCLUSIONS

Definition of the proton radius

(P, 519%1p,5) = (D) [Fa(@®)r* +iF2(a®) T2 | u(p),
Fi(a®) = Fi + :1_;':1/ +
Gdﬁzﬁm);kHM) Gu(°) = Fa(a”) + Fa(a”).

d
15 (v) = 6 52O (A g0
Infrared divergent! — Wilson coefficient
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS CONCLUSIONS

Definition of the proton radius

519" Ip.5) = 8(0) [Fa(ay” + Fala”) G | u(e).

Fi(9*) =Fi + i—;F./ +
Ge(”) = F(q) + 4‘:“2 Fa(@”).  Gu(a®) = Fa(?) + Fa(a).

d 31
r2(v) = 6=—Ge p(4)]g2—o = > — (cP(v) — 1
P 2Tl a2 ( b )

dq
2 dGp, e(9%)

=1+ 2F Fi=1
Cp + 2+81 +8m dq2

)

92=0
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Definition of the proton radius

519" Ip.5) = 8(0) [Fa(ay” + Fala”) G | u(e).

2 q /
F.(q ):Fi + m_sF| +
Ge(@?) = Fa(a”) + 4‘:“2 F2(q?),  Gu(a®) = Fa(?) + Fa(@?).
2 d 2 3 1 (p)
5 (v) = 630z Cea(@)eo = 3 s ()~ 1)
¢o =1+ 2F; + 8F] = 1+ smg $Cee@)|
dg? |
q4=0

Standard definition (corresponds to the experimental number):

31

r,f 4m,§ (co(v) — Cp,point—iike (V)
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Definition of the proton radius

519" Ip.5) = 8(0) [Fa(ay” + Fala”) G | u(e).

2 q /
F.(q ):Fi + m_sF| +
Ge(@?) = Fa(a”) + 4‘:“2 F2(q?),  Gu(a®) = Fa(?) + Fa(@?).
2 d 2 3 1 (p)
5 (v) = 630z Cea(@)eo = 3 s ()~ 1)
¢o =1+ 2F; + 8F] = 1+ smg $Cee@)|
dg? |
q4=0

Standard definition (corresponds to the experimental number):

31

r,f 4m,§ (co(v) — Cp,point—iike (V)

4 m
Cp,point—like = 1+ — <3 n I/2p>
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Definition of the proton radius

519" Ip.5) = 8(0) [Fa(ay” + Fala”) G | u(e).

2 q /
F.(q ):Fi + m_sF| +
Ge(@?) = Fa(a”) + 4‘:“2 F2(q?),  Gu(a®) = Fa(?) + Fa(@?).
2 d 2 3 1 (p)
5 (v) = 630z Cea(@)eo = 3 s ()~ 1)
¢o =1+ 2F; + 8F] = 1+ smg $Cee@)|
dg? |
q4=0

Standard definition (corresponds to the experimental number):

31

r,f 4m,§ (co(v) — Cp,point—iike (V)

4 m
Cp,point—like = 1+ — <3 n I/2p>

2
AE = —5.19745 % 0.8768° ~ —4 meV
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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
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
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
an scheme/scale dependent object.

Precise determination of hadronic parameters from alternative sources

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

Theory appears to be solid, not to say extremely reliable. Only few a places

where one should look "again" (out of desperation). Two/three-loop vacuum
polarization potential? "Scheme" dependence? Lattice? ...
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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
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.

Theory appears to be solid, not to say extremely reliable. Only few a places
where one should look "again" (out of desperation). Two/three-loop vacuum

polarization potential? "Scheme" dependence? Lattice? ...

Where to look at?
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CONCLUSIONS

Definition of the neutron radius

a"’q.

(p',s[3%|p,s) = a(p’) |Fr(a®)y" +iF2(a) 2 u(p),
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INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS CONCLUSIONS

Definition of the neutron radius

v
(P, 519" p.5) = 0(P) |Fala®)y" + Fa(a) T | u()
2 q2 /
2
Ge(”) = Fi(0") + 35F2(a”).  Gu(a®) = Fa(@?) + Fa(a).
p
d 31
rr% = Gd—qZGn,E(qz)‘qZ:O = Zm_gcl(Dn)
2
co = 0+ 2F, + 8F{ = 0 + 8m} 7dG”’E(2q )
dq 2=0
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Definition of the neutron radius

o’ qy

(p',s3%[p,s) = T(p’) |Fo(a®)7" +iF2(q?) o, u(p)

Fi(@®) =0+ =

2
Ge(”) = Fi(0") + 35F2(a”).  Gu(a®) = Fa(@?) + Fa(a).
p
d 31
rr% = Gd—qZGn,E(qz)‘qZ:O = Zm_gcl(Dn)

2
Co = 04 2F + 8F{ = 0 + 8m2 dediz(zq)

Standard definition (corresponds to the experimental number):
2-31
" 4Am?

Neutron-lepton scattering length = REAL low energy constant

1 2 (n)had
by = — (acp — =c3 ~D
nl am, (a b~ = 3,NR) d

It is not proportional to the radius
THE MUONIC HYDROGEN LAMB SHIFT AND THE DEFINITION OF THE PROTON RADIUS Antonio Pineda
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INTRODUCTION/EXPERIMENT fo)=) HADRONIC CONTRIBUTIONS CONCLUSIONS

Hadronic corrections: Spin-dependent

2

P
2m;,

LpnroED = /d3xd3xmsf(x,x,t){iao -

—V(X,p,o1,02) +ex - E(X, t)}S(x X, t) /d3x F FH
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INTRODUCTION/EXPERIMENT fo)=) HADRONIC CONTRIBUTIONS CONCLUSIONS

Hadronic corrections: Spin-dependent

2

LonrED = /d3><o|3x@|ts*(x,x,t){ia0 _Pp
2m;,

—V(x,p,01,02) +ex- E(X,t)}s(xyx,t) - /d3x%FWFW :

V()  v(r)
_yv©
V(x,p,o1,02) =V (r)+m—,u+ mﬁ

+ ...
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Hadronic corrections: Spin-dependent

2

LonrED = /d3><o|3x@|ts*(x,x,t){ia0 _Pp
2m;,

—V(x,p,o1,02) +ex - E(X, t)}S(x X,t) /d X=F ., F*

v(r) N vV @(r)
my, m?2

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

mZ(r) = Dhad (S1+S)) 63(r)
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INTRODUCTION/EXPERIMENT fo)=) HADRONIC CONTRIBUTIONS CONCLUSIONS

Hadronic corrections: Spin-dependent

2

LonrED = /d3><o|3x@|ts*(x,x,t){ia0 _Pp
2m;,

—V(x,p,o1,02) +ex - E(X, t)}S(x X,t) /d X=F ., F*

v(r) N vV @(r)
my, m?2

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

mZ(r) = Dhad (S1+S)) 63(r)

Dgad. _ 2C4

THE MUONIC HYDROGEN LAMB SHIFT AND THE DEFINITION OF THE PROTON RADIUS Antonio Pineda



INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS CONCLUSIONS

Hadronic corrections: Spin-dependent

2

LonrED = /d3><o|3x@|tsﬁ(x,x,t){ia0 _Pp
2m;,

—V(x,p,o1,02) +ex - E(X, t)}S(x X,t) /d X=F ., F*

v®(r) N vA(r)
my, m?2

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

mz(r) = L b (s, 4 5,)%5%(n)

Dgad. = 2¢,
¢4, matching coefficient of NRQED.
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Hadronic corrections: Spin-dependent

2

LonrED = /d3><o|3x@|tsﬁ(x,x,t){ia0 _Pp
2m;,

—V(x,p,o1,02) +ex - E(X, t)}S(x X,t) /d X=F ., F*

v®(r) N vA(r)

+ ...
my, m?2

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

mz(r) = L b (s, 4 5,)%5%(n)

Dgad. = 2¢,
¢4, matching coefficient of NRQED.
HBET (m,/m,) — NRQED(m,«a) — pNRQED
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Hadronic corrections: Spin-dependent

2

LonrED = /d3><o|3x@|tsﬁ(x,x,t){ia0 _Pp
2m;,

—V(x,p,o1,02) +ex - E(X, t)}S(x X,t) /d X=F ., F*

v®(r) N vA(r)

+ ...
my, m?2

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

mz(r) = L b (s, 4 5,)%5%(n)

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

_ Ca i 1
0L="---— m—SNpaNp,u ou

THE MUONIC HYDROGEN LAMB SHIFT AND THE DEFINITION OF THE PROTON RADIUS Antonio Pineda



INTRODUCTION/EXPERIMENT QED HADRONIC CONTRIBUTIONS CONCLUSIONS

Leading chiral logs to the hyperfine splitting

Y

£

l
| 2 my
frr2

S

T T
| |
| |
| y mT[ | 1
| |
| v S —2In My
| |
Tt | fT[
| |
~ 5C4NR o2 (3)
oV =2 mé S°6(r).
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CONCLUSIONS

c4, Spin-dependent effects (Zemach): O(m,,a® x /\2 x Inmy)

e

e

<
=]
<

\

5/

;
)
=4
©

A

/
J

0

2
G M

Figure: Symbolic representation (plus permutations) of the Zemach correction
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INTRODUCTION/EXPERIMENT

HADRONIC CONTRIBUTIONS

c4, Spin-dependent effects (Zemach): O(m,,a® x /\2 x Inmy)

CONCLUSIONS

e

e

<
=]
<

\

v

HY/

A

/
J

0

;
)
=4
©

2
G M

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

| 2 d°%k 1 o
6C§Zemach = (4ﬂa)2mp§/Wk4G )G

THE MUONIC HYDROGEN LAMB SHIFT AND THE DEFINITION OF THE PROTON RADIUS

Antonio Pineda



INTRODUCTION/EXPERIMENT o) HADRONIC CONTRIBUTIONS CONCLUSIONS

c4, Spin-dependent effects (polarizability): O(m,a® x £ x Inm;)

/\

Y Y

p~” ST p

Figure: Symbolic representation (plus permutations) of the spin-dependent
polarizability correction.
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c4, Spin-dependent effects (polarizability): O(m,,a® x /\2 x Inmy)

Y Y

p~” ST p

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

4
ig d®k 1
T =3 | Grpicia

1
— 4m2k?

{Al(km k?)(kE 4 2k?) + 3k2$A2(ko, k2)}
p
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_ i/d4x €9 (p, s[TI*(x)3"(0)|p, s) ,

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

1
™ = (g +qqq)81(p7q)

1 mpp v Mpp o 2
+m—g<p“ qu )(p —q—”zq>82(p7q)

i vpo
— UpSoA1(p,a°)

——5 €770, ((Mpp)Ss — (@ - S)Po) Aa(p,0°)
p
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ADRONIC CONTRIBUTIONS CONCLUSIONS

3+ ZCF — Cé 2 ﬁ
6C4 ,point —like — fa In 2
mp 22 72 m%
5C4 Zemach—u,d (471‘Fo) 3 gA |ﬂ TR
scPh mS 28 22 n?

4,Zemach—A — (4ﬂ_F0)2a Eﬂ- ngAln 7

b 2
5C§|'p0| AT —=a’In A_ )
pol—a = g Nz
2 2 2
_ mp 2 L
504 pol.—zN — _(47TF0)2 gA?§C |n F ,
2

my ., o?64 ., A®
2, L2%cin2
6C4 ,pol. A (47TF0)2 gﬂ'NA o 27C 7/2
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CONCLUSIONS

HADRONIC CO

INTRODUCTION/EXPERIMENT

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

2 2
m
6CEENR ~ (1 — %) Olz In I/_é

+b_ 2|nA_2+ mp 22 E+L 71-2 2|nm_g"

18 2 ' (4nFo)? 272 )TN
m; 28 (5 7 2.2 n?

— = == = In —

T @rroE” 27 (3 7r2> T 9mNa N 7

C4 nR 1 3 sM;

Eve = 4—5-= (Mlpa) ~mpa’— x (Inmg,In A, Inmy ).

m3 m m
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HADRONIC CONTRIBUTIONS CONCLUSIONS

INTRODUCTION/EXPERIMENT

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

EHF’|ogarithms(mp) - _0031 MHZ,

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

EHF(QED) — EHF(EXD) = —0.046 MHz.

What is left gives the expected size of the counterterm. Experimentally what
we have is ¢}, = —47.7a% and ¢} (M) ~ cf o(M,) ~ —160a.
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Hydrogen. By fixing the scale v = m, we obtain the following number for the
total sum in the SU(2) case:

EHF’|ogarithms(mp) - _0031 MHZ,

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

EHF(QED) — EHF(EXD) = —0.046 MHz.

What is left gives the expected size of the counterterm. Experimentally what
we have is ¢}, = —47.7a% and ¢} (M) ~ cf o(M,) ~ —160a.

Muonic hydrogen.

AEwr ~ —0.153meV (Pachucki : —0.145)

AE = =(—0.15)meV = —0.0375meV

NS
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