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Muonic hydrogen and the proton radius

The proton radius puzzle

Value from p-H: r,= 0.84087(39) fm (Science '13)

] 7.1 0 away!
CODATA value (2012):  r,= 0.8775(51) fm
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(But also other hadronic effects are bigger ....)
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. Model independent prediction of the proton radius

. Effective field theory setup: HBET/NRQED/pNRQED
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Effective field theory framework:

EFT for bound states (up)

Scales in the bound state

- Hard scale: m., —— m,

Well separated
- Soft scale: ol —— ma — Sce?les
- Ultrasoft scale;: £ —— ma’ PNRQED
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Effective field theory framework:

EFT for bound states (up)

Scales in the bound state

- Hard scale: m., —— m,

Well separated
- Soft scale: ol —— ma — Sce?les
- Ultrasoft scale;: £ —— ma’ PNRQED

-And: m,~m,, m, ~m_~m., mQo~m

\ . m, m, 1 m, ma 1
Small expansion parameters: ~ ~ 9’ ~ ~Q=——

m, m, m._om, 137
m_a’
Energy levels: | E(up) =- 2rn2 (1+c,a” +c,a’ +c,a’ + ..)
m.a mao m_
Cii2 =Ci2 pure QED, and Cpsr =Cpin T
m, m, m,
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Effective field theory framework:

PNRQED

PNRQED is a theory of ultrasoft photons

HBET —— NRQED —— pNRQED
My, A m.o

The pNRQED lagrangian:
2 4 4 P2
L NRrQED = / d*xd*X ST(x, X, t) {i@o B SR I .

3 3
my - my o m; 2M

d
~V(x,p.01,02) + ex - E(X, t) } S(x, X, 1) — /d?’XZlFWF“”

The potential:

V=vO4v® yv@ yB 4

- 7
V(Z) X (%) + expansions in the small parameters: ¢
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Contributions to the Lamb shift

“Pure” QED corrections

Theoretical equation for the Lamb Shift:

r 3
AE;, =(206.0243(30) 5.2271(7)f—p2+0.0455(125) +O(mﬂa5m—§,mu&6)me\/
m
Peset, AP

KH QED leading contribution: ELECTRON VACUUM POLARIZATION

g <VVP> o« O(m,a’)

P p
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Contributions to the Lamb shift

“Pure” QED corrections

Theoretical equation for the Lamb Shift:

3
206.0243(30) )~ 5.2271(7 f_2 + 0.0455(125) +O(muoz 3, m,,a’)meV
m

Peset, AP

Other contributions from the static potential up to (’)(mroﬁ)

7 p >

é
X

I~ R | - :
+ 4 A A 1
%L > J \l, ;Ig 3 3¢ S
N N N N N N
(1-2) (2 - 9) (2-1)
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Contributions to the Lamb shift

“Pure” QED corrections

Theoretical equation for the Lamb Shift:

r 3
AE;, =(206.0243(30) 5.2271(7)f—p2+0.0455(125) +O(mﬂa5m—§,mu&6)me\/
m
Peset, AP

Relativistic contributions up to O(mrof))
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Contributions to the Lamb shift

Summary and error estimates

Theoretical equation for the Lamb Shift:

r 3
AE; C06.0243(30D)- 5.2271(7) L5 + 0.0455(125) +O(mya T, myameV
m

Peset, AP

O(mra?) v 205.00745
O(m,a) v 1.50795
O(ma’) v 0.15090
O(m,a’) V) 0.00752
O(mra®) v —0.00089
O(mra® x Z—%) v L y®) 0.05747
O(m,a®) V) fultrasoft | —0.71903
O(m,a” V2 0.01876

—0.00127

—0.00454
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Contributions to the Lamb shift

Hadronic corrections

Theoretical equation for the Lamb _Shift:

7“2 ms
AE; = 206.0243(30) 5.2271(7)f—p2+0.0455(125) O(muoi’m—g,muafi)mev
mn
Peset, AP

(p)
Scheme dependent ¢! El+%r;m§+#a+.. -0 L = —Q%Ngv - EN,
m
p
—_———— -vJ > : >
i i e d.
— -— — 2
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Contributions to the Lamb shift
Hadronic Effects

Theoretical equation for the Lamb Shift:

m3
AFEp = 206.0243(30) % 0.0455(125) +O(mﬂa5m—§,mua6)me\/
Peset, AP

4 2 2
O(m,a™ x myr;

5 2,2
O(mra” X myr,

O(mra®Ina x mrs)

O(m,a” x 2% Vop, dsd 0.0111(2)

2
O(m.a® x 2—5%5) V(2); chad 0.0344(125)

had
had _ D 3 had — had had had
oVt = #%5( )(r) D" = =" — 16mady™ ¢ Scpy

Definition of the proton radius
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Contributions to the Lamb shift

Hadronic Effects

Theoretical equation for the Lamb Shift:

AE; = 206.0243(30) — 5.2271(7)

_Pr

7“2 m
| O(m,a’
fm? m

= wo

W

4 2.2
O(m,a™ x myr;

V(Q); c%)); 7“22,

2

—5.1975 2>

5 2,2
O(mra” X myr,

VoBs Ch i T

2

—0.0283 %

O(mra® x =5)

O(m,a’Ina x miry)

V(2); c%); 7“12,

(2) . Jhad
VVPhad ; da

2

—0.0014 —=5
0.0111(2)

m2
2

m

0

O(mra® x S5 L)

m2 mo

V(2) , C:}glad

0.0344(125)

D} had — _ had e had
oVhet = 26 (r) Dt = —eid {(16moudy ™)+ T2y
Hadronic Vacuum polarization:
Obtained from Dispersion Relations (DR)
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Peset, AP

F. Jegerlehner




Contributions to the Lamb shift

Hadronic Effects

Theoretical equation for the Lamb Shift:

r 3
AE; = 206.0243(30) — 5.2271(7)fm—p2 @ O(muoﬁm—g,muoﬁ)mev
Peset, AP

2
O(mra’ x mir? VD2 | 519755
7,,2
O(m.a® x m2r2 VD)2 —0.0283 -2
7,_2
O(mra®Ina x mrs) V(2P g2 —0.0014 =5
O(m,a® x 2% Vs 0.0111(2)
I] O(m,a” x Ts 2 V() epad 0.0344(125)
Q s
§1/had — Di” 58)(r) Dhad e 1Gradhad 4 zahad
o m]% d 2 2 ~D
Jhad ¥ —DBorn pol
c3™ =3+ Cy
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Contributions to the Lamb shift

Hadronic Effects

Theoretical equation for the Lamb Shift:

r 3
AE; = 206.0243(30) — 5'2271(7)m1_p2 @ O(mwm—g,mu&fi)mev
Peset, AP

2

O(m,a* x mir: V@l g2 —5.1975 %
7"2
O(m.a® x miry V). el re —0.0283 %5
,’,_2
O(mra®Ina x m2r3) V(). c%’); r2 —0.0014 =5
O(mra® x %) Vs 0.0111(2)
5. my my, (2). had
§1/had — Di” 58)(r) Dhad 1Gradhad 4 zahad
=l d Qg 2 €D
ha < = )Ol m m m
Cl_))nd = C?Oln + C‘I3 ~ az—“[l+#—”+ |+ Ol a” —
‘ ‘ ' m, A Apep

Large-Nc limit: we expect a large contribution from A(1232)
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Contributions to the Lamb shift

had : :
C5 : Born/Zemach contribution
Pl _ 4(47roz)QM2m dD_lq 1 G(O)G(2)(— 2) — To2M.m <7“3> Zemach third
3,Born P (2D gt E T )73 PIERAT72) - momentum
Zemach momenta:
(r’) (r') (r’) (r) (r") ()@
_ T 0.4980 0.6877 1.619 5.203 20.92 0.9960
EFT L sea | 04071 | 06228 1.522 1978 2022 | 0.8142
AP | Dipole 0.7706 1.083 1.775 3.325 7.006 2.023
FITS: Kelly 0.9838 1.621 3.209 7.440 19.69 2.526
DI 1 16(4) | 2.59(19)(04) | 8.0(1.2)(1.0) | 20.8(7.6)(12.6 2.85(8
ot al 16(4) | 2.59(19)(04) | 8.0(1.2)(1.0) 8(7.6)(12.6) | ——— | 2.85(8)
large dependence on the fitted function & large difference with EFT
Born energy shift:
AP Peset, AP
peV | DR Pachucki Carlson et al| HBET (7) | (7r&A)
AFpom 232(1.0) 24.7(1.6) 10.1(5.1) 8.3(43)

we would expect less difference with the DR analysis
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Contributions to the Lamb shift

ch™, Polarizability

v v q,uqz/ 2 1 Mpp 1%
T = (—g“ + )51 P4 )t 55 (p” - ¢ |\ —
S q2 ( ) M]? qQ

R AN /
N T
, (3) / . \\
' (6)
Plu
AE, = CX}’; 18.51(7—loop)—1.58( A—tree) +9.25(r A—loop) = 26.2(10.0)ueV

Peset, AP
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Contributions to the Lamb shift

ch%, Polarizability

Different results for the polarizability contribution:

(eV) | DR 4+ Model BxPT (m)| HBET (7) (m&A)
AFE, 12(2) 11.5 7.4(24) 153(5.6)| 8.2(%)%) 18.5(9.3)  26.2(10.0)
PaChTUCki T Carlst)n et al Alarcon etal Nevado, AP Peset, AP

Martynenko Gorchtein et al

m_ 1

JT
m, N,
The polarizability contribution from EFT is larger than the one computed using combinations
of DR and different models

Total TPE energy shift:

AErpy = AEBgom + AEpq = 28.59(7) + 5.86(7&A) = 34.4(12.5) eV
Peset, AP

corrections to HBET are suppressed by ~

(LO) (NLO)

The total contribution of TPE agrees with DR results better than when arbitrarily split
into Born and polarizability pieces
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Summary

redict the Lamb ener

- We can theoreticall shift in a model
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Summary

- We can theoretically predict the Lamb energy shift in a model

from pH: 7,= 0.8412(15) fm

:| 6.8 0 away!
CODATAvalue: r,= 0.8775(51) fm

-The proton radius puzzle survives the EFT analysis. The hadronic contributions
are the main source of uncertainty, although it is not enough to account for the
discrepancy with ep.
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Summary

- We can theoretically predict the Lamb energy shift in a model

from pH: 7,= 0.8412(15) fm

:| 6.8 0 away!
CODATAvalue: r,= 0.8775(51) fm

-The proton radius puzzle survives the EFT analysis. The hadronic contributions
are the main source of uncertainty, although it is not enough to account for the
discrepancy with ep.

- The main radius-independent hadronic contribution is the Two-Photon-Exchange term

- The EFT approach gives Born & polarizability contributions which are quite
different from the ones obtained by DR (+ models)

- Both the agreement and the disagrement should be further understood
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Zemach momenta

Even momenta:

2 — (D", -
Gp(—k*) = z:: (Q(n +)1)!k /0 dr(4m)r*" pe(r) = Z

Odd momenta:

3202 + K] dq 1 g d\"

2k+1y _ T 4-+2k q q 2

— 9 _ 4 (2 _

o = ™ | > () o),

n=0
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Polarizability energy shift

| d*kp 1 1 . .
A= M, / ) R W i Lo + )ik, —K) = 1 Sliko.p, —H1 )}

+0(a?). (4.1)
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Effective field theory framework:

Matching coefficients

AQCD

had had
Hadronic contributions: ds™* Ccj*  chad
EXAMPLE:
1 Cplu \7 -0 7
HBET: 0L(N,AY, = 3G rVY Nplvoly
p
l L vl iy g
L, 0W(r)
NRQED: V() = A
PNRQ (r) L
ply  _ ply | ply - had
C3NR = C3 R T C3 point—like + C3
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Muonic hydrogen and the proton radius

Definition of the proton radius

9
9 AdG, 5(q%)
Tp =0 dg? ¢*=0

IR divergent!

PANIC 14 Antonio Pineda



Muonic hydrogen and the proton radius

Definition of the proton radius

9
9 AdG, 5(q%)
Tp =0 dg? ¢*=0

IR divergent!

NRQED Lagrangian: 0L = —eL NIV -EN,
Mp

Caswell, Lepage '86

[ Cele) = B+ agle) ) = ag (5700 - 1)

2
CD:1—|—2F2—|—8F1’ | g
General expression:
(p) (p) 4,22
Cp (V) o CD,pomt—like(V) = 31Ty
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