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 Model independent prediction of the proton radius
» Effecive field theory framework: pNRQED

e Contributions to the Lamb shift

- QED- like contributions

- hadronic contributions (TPE)

e Summary
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Muonic hydrogen and the proton radius
Definition of the proton radius
A

6 de,E (q2)
dq? ¢*=0
IR divergent!

P+

Rutherford 1917-20

34
T,> 107 years

NRQCD Lagrangian:

Caswell, Lepage '86

OBTRB R - ()

cp=1+2F, +8F]
General expression:

C%)(V) R C%),)pomt—like<y> = %m]%’r;
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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) 710
CODATA value away!
(2012): r,=0.8775(51) fm

L from Hydrogen spectroscopy and electron-proton scattering
3

3
lam,r,

Probability of the lepton being

4
within the volume of the proton |,

B
8.4 mey_) mu ~ 200 me

r 8 million times

larger for yH

But also larger UNKNOWN hadronic effects — Two Photon Exchange

PSI

LAMB SHIFT: 2S,,,—2P,,

fin, size; displacement of nS energy levels

3.8 meV
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Effecive field theory framework: pNRQED

EFT for bound states (up)

Scales in bound states Muonic hydrogen
(Coulomb interaction)

- Hard scale: m, —» m,
Well separated
- Soft scale: | — m« . scales!
2
- Ultrasoft scale: £ —®» m.QX PNRQED
Scales in uH: m,~m,, my~m~m,, m.Q_x~m,
k» _ m, m, 1 m, mQ 1
. —N_N— ~~ NuN_
Small expansion parameters: m, m, 9, m  m, 137
2
Energy levels: E(pp)=——(1 4o ol
nergy levels: E(pp)= - (I+c,x+c, o+ ..)
J
o |m pylme o M my
c,~¢C “e pure QED, and c,rzj:oc,f m—p ¢, ~¢C, m, m,
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Effecive field theory framework: pNRQED

PNRQED

PNRQED is a theory of ultrasoft photons

HBET —» NRQED —» pNRQED
m_, A

The pNRQED lagrangian:
2 4 4 PQ
LyNRQED = /dSXdSXST(X, X, 1) {i@o B S S S

3 3
my o my o my 2M

—V(x,p,01,02) + ex - E(X, 1) } S(x,X,t) — ]dBX%FWFW

The potential:
V=vO v y® y@

V() (%)Z + expansions in the small parameters
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Effecive field theory framework: pNRQED

Matching coefficients

Hadronic contributions: d5®® ¢ chad
EXAMPLE:
1o o
HBET 0L, = —5C3 2N Nplvol,,
p
- Lri, = — & NIN,II
NRQED: NZM_W s NIV Vpl Ly
pPNRQED: VO(r) = &M, (r)
mym,
ply —  ply 4 ply _I_I_hgdl
C3NR = ©3.R T C3 point—like ICB |
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Contributions to the Lamb shift

Theoretical equation for the Lamb Shift:
2 3
ABy = 206.0243(30) — 5.2271(7) =% + 0.0455(125) +O(m,,a”5, m,ajmeV
fm? .
CP, A. Pineda

Quark Confinement and the Hadron Spectrum X Clara Peset



Contributions to the Lamb shift

“Pure” QED corrections

Theoretical equation for the Lamb Shift:

7“2 m3
AE; =(206.0243(30) 5.2271(7)f—2 +0.0455(125) +O(m,a°= it m,,a)meV
m CP, A. Pineda

MH QED leading contribution: ELECTRON VACUUM POLARIZATION

Quark Confinement and the Hadron Spectrum X Clara Peset



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(mu@5m—%v m,,a8)meV
m

CP, A. Pineda

Other contributions up to 5)

%
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Contributions to the Lamb shift

“Pure” QED corrections

Theoretical equation for the Lamb Shift:
AE; =(206.0243(30) 5.2271(7)f—p2 +0.0455(125) +O(mﬂa5m—§, m,,a®)meV
m CP, A. Pineda

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

Summary and error estimates

Theoretical equation for the Lamb Shift:
2 3

r m
AE; =(206.0243(30))- 5.2271(7)—L + 0.0455(125) +O(m,a’—5, m,a’)meV
fm?2 "
CP, A. Pineda
0
O(mra) Vvipi 205.00745
0
O(mat) Vop 1.50795
O(my,a) v 0.15090
O(m,a®) v 0.00752
O(mra®) v —0.00089
O(mrat x —4) VA VA 0.05747
D
O(m,a®) V2 Jultrasoft | —0.71903
O(m,a” V) 0.01876
—0.00127
—0.00454
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Contributions to the Lamb shift

Hadronic Effects

Theoretical equation for the Lamb Shift:

mo

AE; = 206.0243(30) ) 0.0455(125) +O(m,a” 3,mua6)me\/
CP, A. Pineda

O(m,rofl X m2?°2 V@, C%))a Tp —5.1975%
?"2

O(mra® x m2r? V32 )2 —0.0283 55

O(m,ra®Ina x mir: V(2. cg), T —0.0014%

m= 2 a
O(m,a” x %) Vip, s dbed 0.0111(2)
2
O(mra’® x o =) V() chad 0.0344(125)

5vhad Dhad5 ( ) Dhad — _Cgad . 167T()édhad @ @

Definition of the proton radius
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Contributions to the Lamb shift
Hadronic Effects

Theoretical equation for the Lamb Shift:

2
AE; = 206.0243(30) — 5.2271(7)f;—p2 @ O(mua52—%,mua6)mev

CP, A. Pineda

O(m,a* x mir: v (2. cg);’r% —5.1975%

O(m,a” x mir; V\S?P); cg’) S —0.0283 ffg

O(m,ra®Ina x mir: V2, cg);rﬁ —0.0014%

O(m,a” x 2%) V\E'QP)hadB d3™ 0.0111(2) F. Jegerlehner

O(mra® x m—%%) V(@) chad 0.0344(125)

gviet = Bsey Dt =~ ((omadi)+

Hadronic Vacuum polarization:
Obtained from DR
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Contributions to the Lamb shift

Hadronic Effects

Theoretical equation for the Lamb Shift:

r? m3
AE; = 206.0243(30) — 5.2271(7)fm—p2 @ O(mya T, mya)meV
CP, A. Pineda

2

O(m,a* x mir: V@, cg);rg —5.1975;?3’
O(m,a” x mir; V\S2p); cg) S —0.0283 ffg
O(m,ra®Ina x mir: V2, cg);rg —0.0014%
O(mra® x 2 Vi s 0.0111(2)
I] O(mra® x Z—é%) Vv (2); chad 0.0344(125)
oV had — %;6 B)(r) D'ad {cgagl&roadgad + %C%“d
- —
et = o o a2 (14 gme + ) + O (a2 )

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

Cgad: Born/Zemach contribution

dD—l

q 1 02 2 7 2 3 Zemach third
(2m)P=1 ¢ Gy G (—a7) = 3¢ My (r >(2) momentum

oo = 4(4ma)* M2my, /

,Born

Zemach momenta:

<73> ('T‘4> ('7‘5> ('T‘6> (T‘7> <7‘3> )

——_— 0.4930 0.6877 1.619 5.203 20.92 | 0.9960
cp | m&A | 04071 0.6228 1.522 1.978 2022 | 0.8142
Pineda| Dipole | 0.7706 1.083 1775 3.325 7.006 | 2.023
FITS: gies"ﬂver 0.9838 1.621 3.209 7.440 19.69 2.526
ot 1.16(4) | 2.59(19)(04) | 8.0(1.2)(1.0) | 29.8(7.6)(12.6) | ——— | 2.85(8)

large dependence on the fitted function & large difference with EFT

Born energy shift:

CP, Pineda
peV | DR Pachucki Carlson et al| HBET () (n&A)
AFsom 332(1.0) 24.7(1.0) 10.1(5.1) 18:3(4.3),

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

M
(=) (v -

CP, Pineda
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Contributions to the Lamb shift

had . Polarizability

Different results for the polarizability contribution:

(peV) | DR 4+ Model B\PT  (7)| HBET (7) (m&A)
AE, 12(2) 11.5 7.4(2.4) 153(5.6) | 8.2(77) 18.5(9.3)  26.2(10.0)
Pac+ckl T Carls+on et al T Alarcon et al CP, Pineda
Martynenko Gorchtein et al m

corrections to HBET are suppressed by —-

p

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

Total TPE energy shift:

AErpy = AEgom + AE,q = 28.59(7) + 5.86(m&A) = 34.4(12.5)ueV
CP, Pineda

(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

We can theoretically predict the Lamb shift in a model
independent way in an EFT framework

fromuH:  r,=0.8412(15)fm —
CP, A. Pineda

CODATA value 6.80 away!
(from H):  r,=0.8775(51)fm —

- 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

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

- Both the agreements and the disagrements should be further understood.

- In conclusion, the proton radius puzzle survives the EFT analysis
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Hadronic corrections

Theoretical equation for the Lamb Shift:

AFE; = 206.0243(30) 5.2271(7)f—2+0 0455(125) HO(m,a” s T O)meV
= CP, Pineda

)
Scheme dependent c%’”ﬂ%rimiﬁw’f/— oL = —e- "Dy NTV EN,

———o—— —>—q—>—< —
dhdd

2
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Zemach momenta

Even momenta:

GE(—kz) _ Z (Q(n_i):)'an /OOO d?“(47'l')7"2n,06(7“) _ Z <_1)n .k2n<,r,2n>

n=0

Odd momenta:

<7,2k:+1> _ 7TS/2F[2 + k] 24+2k/ d*q 1
[[—1/2 — kK] (27)3 q2(2+k)
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Polarizability energy shift

| d'kp 1 1
= —e*Mmy, / -
s ©O | Rm) kL KL + AmZ k2 , i

+0(a?). (4.1)

3/<;§,E +k*)S, (iko g, —k3) — k2 Ss(iko g, —k?E)}
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