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Form Factors
@ Matrix element of EM current between nucleon states

give rise to two form factors (¢ = pr — pi)
_ _ io
(P(pe)] D eq @ alp(pi)) = Tlpr) |uFi(a?) + 52 Fa(a®)a | u(pi)
q

@ Sachs electric and magnetic form factors

2
q
Ge(q®) = Fu(a”) + ;= F(q®)  Gu(q®) = Fa(a®) + Fa(a?)
p
GE(0) =1 Gu(0) = 1p ~ 2.793
@ The slope of G£
dGP
=62
dq -0
determines the charge radius rf = /(r?)2
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Charge radius from atomic physics

p(or)| S eq @ alp(pn)) = alpr) |4 FE(6) + 22 FE (%)a, | u(py)

2m
q
@ For a point particle amplitude for p+ ¢ — p+ ¢
1 Za
- = Ulrn=-——
M x 7 (r) .

e Including g? corrections from proton structure

M x %Cf =1 = U= 47T62a53(r)(r,‘;3)2

@ Proton structure corrections (m, =mimp/(mg+ mp) = mg)

2(Za)*
AEI’EP = (3n3) m?(rg)25g0

e Muonic hydrogen can give the best measurement of rp!
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Charge radius from atomic physics

@ Lamb shift in muonic hydrogen [Pohl et al. Nature 466, 213 (2010)]
rg = 0.84184(67) fm

o CODATA value [Mohr et al. RMP 80, 633 (2008)]
rg = 0.8768(69) fm
extracted mainly from (electronic) hydrogen

e 50 discrepancy!

@ We can also extract it from electron-proton scattering data
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Charge radius from scattering data

@ Problem: rf in literature depends on functional form of G2
rg not stable when we include more parameters

o rf from e — p scattering data (Q? < 0.04 GeVz) tabulated
in Rosenfelder [arXiv:nucl-th/9912031] (r£ in 10~'8m)

kmax =1 2 3 4
polynomial 83675 867133 866152 959185
continued fraction ~ 882710 869132 - -
z expansion (no bound) 91879 86833 87918 10227192
z expansion (|ax| < 10) 918%9  868%55 87973 880139
@ Only constrained z expansion is stable and model independent
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The Axial Mass

@ The problem is not unique to the vector form factor!

For axial form factor mu analogous to r2

@ Another discrepancy:

- Neutrino scattering: mQPele — 1354 0.17 GeV
[MiniBooNE Collaboration, arXiv:1002.2680]

- Pion electro-prodcution: mf\ipde =1.07 £ 0.02 GeV
[Bernard, Elouadrhiri, Meissner J. Phys. G 28, R1 (2002)]

Both use dipole ansatz for axial form factor (£, = Fa(0) 1 — ¢/ (mdiPo1e)2]-2)

@ Using model independent approach
[Bhattacharya, Hill, GP arXiv:1008.0423]
MiniBooNE: ma = 0.857922 +0.09 GeV (mdiPle — 120 +0.05 Gev )
Pion electro-prodcution: ms = 0.927973 4+ 0.08 GeV (mlirle = 1.0040.02 Gev )

Discrepancy is an artifact of the use of the dipole form factor!
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The recent discrepancy

e [Hill, GP PRD 82 113005 (2010)] showed
previous extractions are model dependent
underestimated the error by a factor of 2 or more

@ Based on a model independent approach
using scattering data from proton, neutron and w7
[Hill, GP PRD 82 113005 (2010)]
rg = 0.871(11) fm

o CODATA value (extracted mainly from electronic hydrogen)
[Mohr et al. RMP 80, 633 (2008)]
r? = 0.8768(69) fm

@ Lamb shift in muonic hydrogen
[Pohl et al. Nature 466, 213 (2010)]
rg = 0.84184(67) fm
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Lamb shift in muonic hydrogen

o CREMA measured [Pohl et al. Nature 466, 213 (2010)]
AE = 206.2949 £ 0.0032 meV

@ Comparing to the theoretical expression
[Pachucki PRA 60, 3593 (1999), Borie PRA 71(3), 032508 (2005)]

AE = 209.9779(49) — 5.2262(rP)? + 0.0347(r2)* meV

@ They got
rg = 0.84184(67) fm
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The Theoretical Prediction

@ Is there a problem with the theoretical prediction?

[Pachucki PRA 60, 3593 (1999), Borie PRA 71(3), 032508 (2005)]

AE = 209.9779(49) -— 5.2262(r,’__3)2 + 0.0347(r,’:3)3 meV
T T T
mostly already where does
1 QED discussed this term

come from?
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Two-photon amplitude: “standard” calculation
I I

iy

p p
“standard” calculation: separate to proton and non-proton
non-proton <> DIS
For proton
Insert form factors into vertices

o0
M= / dq® f(Gg, Gu)
0
Using a “dipole form factor”
Gi(¢%) ~ Gi(¢*)/Gi(0) = [1 — ¢*/\*] 2
- M is a function of A = (rf)* term

o Using, A2 =0.71GeV? = AE ~ 0.018 meV
[Pachucki, PRA 53, 2092 (1996)]
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Two-photon amplitude: “standard” calculation
l !

b p

@ Why is the insertion of form factors in vertices valid?

@ Even if it was, result looks funny
two-photon amplitude < the charge radius
only for one parameter model for Gg and Gy

@ In "standard approach” two-photon = AFE = 0.018 meV
Need 0.258(90) meV (scattering) or 0.311(63) meV (spec.)

to explain discrepancy
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NRQED

@ Model Independent approach: use NRQED

[Caswell, Lepage PLB 167, 437 (1986); Kinoshita Nio PRD 53, 4909
(1996); Manohar PRD 56, 230 (1997)]

D> D* o-B [0 - E]
= idiD
Le %{/ r + 2 + Bm3 + cre 2me + cpe gm2
e .7 (DxE—ExD) e e{D2,cr-B}
> 8m? w1 8m3
Do -BD' c-DB-D+D-Bo-D
_CW2e4—I’ng + Cp'p€ 8mg
_ {D,[8 x B]'} ,B? — E? , E?
+ICMe8—m§ + care€ gm3 — Cpne 16m3 + ... pe
@ Need also

vbotp - vlove | vhptlie

Mmemp Mmemp

Econtact = dl
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NRQED

@ From ¢; and d; determine proton structure correction, e.g.
mf’(Z a)3 ZaT proton d
dE(n,0) = dpo 3 >Ch -
m™n 2mp memp
e Matching

Operators with one photon coupling:
¢; given by F,-(")(O)

Operators with only two photon couplings:
ca,; given by forward and backward Compton scattering

d; from two-photon amplitude
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Two-photon amplitude: matching
l [

i

p

1 . 4 iq-x ' n v
2 37 [ ST L (9 O

e k-qgat k-aga’
(e ) (-

q q2
o Matching
47;27' B 2,777:”,:,, N 2,:5 [Fz(o)+4m§F{ (0)]
_ me2mp [;"’ mfz)img (mﬁlog% —milog%)] + %

1 (o) 3
:—&/ dX\/l—Xz/ dQ Q
1 0 (Q

mp 2 + A2)2(Q2 4 4m2x?)
x [(1 + 22 Wa (2imp Qx, Q%) — (1 — x°) m2 Wha(2im, Qx, Q2)}
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d

@ In order to determine d> need to know W;

o Im ~ Im W,

p p

can be extracted from on-shell quantities:

Proton form factors and Inelastic structure functions

@ To find W; from Im W;, need dispersion relations
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Dispersion relation

e Dispersion relations (v = 2k - q, Q> = —¢?)

2 00 ’ 2
Wi(r, @%) = Wi(0, @) + = / g2 I, Q?)

™

o) / 2
Wi (v, Q) = = g2 IWa(, @7)
12 _ 4,2
cht(Q2)2 1% 1%

Wi requires subtraction...

Im Wip from form factors
Im WE from DIS
What about W;(0, Q2)?
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W1(07 Qz)
e Can calculate in two limits: [Hill, GP, arXiv:1103.4617|

- Q< m;
The photon sees the proton “almost” like an elementary particle
Use NRQED to calculate W;(0, Q?) upto O(Q?) (including)

2
Wi (0, Q2) = 2(c,2_— -1)+ 2% (CA1 + C,%— —2crewy + 2CM)
P
- Q2> mlz,
The photon sees the quarks inside the proton
Use OPE to find W4 (0, Q%) ~ 1/Q? for large Q2

@ In between you will have to model!
Current calculation pretends there is no model dependence
How big is the model dependence?
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Bound State Energy

1) Proton: Im WP’ using dipole form factor
AE = —0.016 meV
2) Continuum: Im WS¢ [Carlson, Vanderhaeghen arXiv:1101.5965]

AE =0.0127(5) meV

3) What about W4 (0, Q?)?

“Sticking In Form Factors” (SIFF) model

W0, Q%) = 2R(2F1 + R2)  Fi = Fi(Q?)
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SIFF

e “Sticking In Form Factors” (SIFF) model

WS (0, Q%) = 2R(2F1 + Fo)  Fi = Fi(Q?)

Notice that for large Q2, WFF(0, Q%) oc 1/Q8
In contradiction to OPE

@ There is no local Lagrangian that has a Feynman rule

2 io 2
WF) + 5 Fala)a

@ Numerically using the dipole form factor

AESTFF — 0.034 meV
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Model Dependence

How big is the model dependence?

0.018 meV = —0.016 meV

/]\
Model independent

+ 0.034 meV

/]\
Model dependent

@ The model dependent piece is the dominant one!

Experimental discrepancy ~ 0.3 meV

It is possible that the true Wy (0, Q?)

explains (or reduces) the discrepancy

Gil Paz (The University of Chicago & Wayne State University)

The Charge Radius of the Proton

20



Two photon amplitude: summary

@ To determine two photon amplitude need
- Im W; which can be extracted from data
- W4 (0, Q2) which currently cannot be extracted from data

e Unlike Im W;, W;(0, @?) cannot be written model independently

as a sum of “proton” and “non-proton” terms

@ Model independent properties of Wi (0, Q?):
- Low Q2 via NRQED
- High Q? via OPE

Intermediate region poorly constrained

o Lack of theoretical control over W (0, Q?) introduces theoretical
uncertainties not taken into account in the literature
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Conclusions

@ Recent discrepancy in the extraction the proton charge radius

between muonic and regular hydrogen

@ From model independent extraction of the charge radius

from e — p scattering data: rg = 0.871(11) fm
@ Previous extractions have underestimated the error

o Results are compatible with CODATA value of rg = 0.8768(69) fm
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Conclusions

@ Analyzed Proton structure effects in hydrogenic bound states
Using NRQED

o Isolated model-dependent assumptions in previous analyses:

W1(0, Q%) was calculated by “Sticking In Form Factors” model

e Model independent calculation of W;(0, Q?):
low @2 via NRQED, high Q? via OPE

@ Possibility for a significant new effects in the two-photon amplitude

o NRQED predicts a universal shift for spin-independent

energy splittings in muonic hydrogen.
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Future Directions

@ Analyze spin dependent effects

@ Application to deuterium

@ Resolution of the discrepancy?

Gil Paz (The University of Chicago & Wayne State University)

The Charge Radius of the Proton

24



