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Proton Radlus Puzzle
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Electron 0.8758(77) fmtl | 0.8-0.9 fm!2!

Muon 0.84087(39) fm[3l | ???

[1] P.J. Mohr, B.N. Taylor, D.B. Newell, Rev. Modern Phys. 84 (2012)
[2] K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014) and 2015 update
[3] Antognini, Aldo et al. Science 339 (2013) 417-420
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Muon Spectroscopy Data
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Outline

Experimental Background

Why QED-NRQED?

One photon exchange at power m?/M?
Two photon exchange at leading power

Future endeavors



Muonic Spectroscopy

* Experimental precision requires separation of one and two
photon exchange

* Ein meV

AEL = 206.0336(15) — 5.2275(10)r% + AErpE [

Muor{ QED One Phéton Two iDhoton

* AE . is the contribution from the Two Photon Exchange

[1] Antongnini et al. Science 339, 417 (2013)



Muonic Scattering Experiment (MUSE)

 Experiment at Paul Scherrer Institute in
Switzerland
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MUSE

Quantity Coverage

Beam momenta 0.115, 0.153, 0.210 GeV/c
Scattering angle range 20° - 100°
Azimuthal coverage 30% of 27 typical

Q? range for electrons [0.0016 GeV? - 0.0820 GeV?
Q? range for muons |0.0016 GeV? - 0.0799 GeV?

* doy, s =2 QED-NRQED =»Spectroscopy

MUSE Collaboration Technical Design Report January 8, 2016
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Why QED-NRQED?



QED-NRQED

Effective Field Theories describe physics within a
certain energy scale

QED-NRQED combines

— Quantum Electrodynamics (QED)
— Non-Relativistic Quantum Electrodynamics (NRQED)

Relativistic particles use QED

Non-Relativistic particles use NRQED



m=muon mass ~ 100 MeV/c?

M=proton mass ~ 1000 MeV/c?

Muonic Hydrogen: p “mca ~ 1 MeV/c

— Muon is non-relativistic

MUSE: p ~ mc ~ 100 MeV/c
— Muon is relativistic: Use QED

— Proton is non-relativistic: Use NRQED



Overview of NRQED

* To Order 1/M?2 (1]
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* Schrodinger’s Equation

* Spin Orbit Coupling

[1] W.E. Caswell and G.P. Lepage Phys.Lett. B167 (1986) 437
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Overview of NRQED

 To Order 1/M?2 (1]

g D*? c-B V-E] . o (DXE—-EXxXD
L= {zD, + Co—— @ + cpe- YE = + 1Cg€ ( e ) } v+ -

* . is the magnetic moment ~2.790]

is equivalent to the proton radius

[1] W.E. Caswell and G.P. Lepage Phys.Lett. B167 (1986) 437
[2] K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014) and 2015 update
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NRQED Feynman Rules!1]

Coulomb Photon Propagator ~ ----—----

Space-like Photon Propagator i \Q00QQQQQ J i(8Y — §55)
(0°)° — @® — M2 + ie

(
NR Fermion Propagator .q E — % + 1€
1
Coulomb Vertex | .
p p

[1] T. Kinoshita and M. Nio, Phys. Rev. D 53, 4909 (1996) [hep-ph/9512327]
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NRQED Feynman Rules!1]

* Dipole Vertex

* Fermi Vertex

e Darwin Vertex

p p'
|

—

p p'

[1] T. Kinoshita and M. Nio, Phys. Rev. D 53, 4909 (1996) [hep-ph/9512327]

Steven Dye

Wayne State University

1ec
Z—MQ(P' + p)
eCr
ﬁ(l" —p)Xo
1eCp

14



Form Factors

* Arise from matrix element of electromagnetic current

(NI ING) = a0)) [nFi(a) + 2

Fz(qz)qu] u(p;)

 Where ¢q=p;—p;

/

p p
* FF's describe interactions between particles

without going into detail about the interaction
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From Wilson Coefficients to the
Charge Radius

* Wilson Coefficients related to Form Factors!11i2]
cp = Fy(0) + 2F,(0) + 8M2F!(0) cr = F(0) + F(0)

q2

Fi = dR(@)/de  Gr(¢’) = Fi(@) + (@) Culd®) = (@) + Fa(e)

* Relation between form factors and charge

radius!3! : :
b Gb(o) dq2 g2=0

[1] A. V. Manohar, Phys. Rev. D 56, 230 (1997)
[2] R. J. Hill and G. Paz, Phys Rev. Lett. 107, 160402 (2011) [arXiv:1103.4617]

[3] J. C. Bernauer et al. [A1 Collaboration], Phys. Rev. Lett 105, 241001 (2010)
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Why Not QED-QED?

e QED makes the assumption that all particles
are fundamental particles (point like)

* Can’t make this assumption for the proton!



Why Not NRQED-NRQED?

* NRQED is power expanded in p/m (or v)

e At relativistic momentum (p ~ m), series does
not converge



QED-NRQED Scattering of One
Photon Exchange to power

mZ/MZ

Dye, Gonderinger, and Paz Arxiv:1602.07770



Lepton-Proton elastic scattering k) + p(p) - ¢¥) + p)

k k' k k' k k'
| é |
| |
| |
| |
e ——— #
p 4 p 4 p P

* At power m?/M?
~92
Max = =2Qu (1= eogizs ) Fa€h&alk 1 °ull) + i e 0'e) o (k) u(h)|

e Z=1for aproton

* Qis the lepton charge (+1)

Wayne State University
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Compare to Rosenbluth Scattering

* To power m?/M?

., 72

5 2E G2+ c%(q%+4E?* —4m?) +¢cp (§% — 4E?)
MQ_\’ q2

2 _ g2 — q*
[ (4E"—a%) =37 + M

Replacing WC’s with FF’'s reproduces Rosenbluth
scattering to power m?/M?2 1]

do o p/p [ 2 (4EE' + ¢°)
d¥  ¢*1+(E— (pE'/p)cosb)/M " 51— q2/AM?
. 1 q-i q2m2
v2 / 2 _
+ G ((EE +4) (1~ 1= Z/E) T T e )]

[1] E. Borie arXiv:1207.6651
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QED-NRQED Scattering of Two
Photon Exchange at Leading
Power

Dye, Gonderinger, and Paz Arxiv:1602.07770



QED-NRQED Amplitude
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To leading power m/M

4 0 _ 10) 275(10 — /0 A0 0
iM 2r) S K+ — k — p) = d*l 2wé(l° — k%) 2wo(1° — K'Y) u(k')A° (J + m) v u(k)

(2m)4 (1 — k)2 — A2 (I — k)2 — N2 12 — m2
x (=)iZ?Q%"*(2r)*8* (k' + 9" — k)
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Static Potential Amplitude
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Using a screened coulomb potential:

o Zee M _ 7 d*q 27(q°)
- dmr (27)% g2 — A2

gr

A=0 A

d*l 2mo(1° — k%) 2m8(I° — k')  a(K)A° (F +m)~ u(k)
2n) (I—k)2—A2 (I—K)2— A2 2 _m2

iM (2m)8(K'° — k%) = —iZ*Q3e"

R. H. Dalitz, Proc. Roy. Soc. Lond. 206, 509 (1951)
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Comparing Results

 Both methods give the same result

QED-NRQED:

d'l 2m8(1° — k°) 276(1° — K'9) a(K)° (J + m) y°u(k)
@r)(—k2=X (1—Kk)2—X 12 — m?

iM(2m) ' (K +p' —k—p) =

x (=)iZ?Q%*(2n)%6* (k' + p' — k)
Static Potential:

dil 2m6(l° — k°) 2m(1° — K'°)  a(k)y° (F + m) 7 u(k)

. 10 Oy _ 7212 4 . .
2M(2’A’)5(k —k)— iz Q[e (2%)‘1(1—/6)2—/\2 (l—k’)z—/\2 12_m2

 Same Amplitude
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Cross Section

* Both amplitudes result in the same cross
section

do |4Z2a°Q%E? (1 — v%sin® 2 wvsin 2(1 —sin 2
= Rz E 2) 1 —aZQ: 2(- . 26 2)
dQ2 gt 1 — v%sin” 3

* Mott Scattering with a correction

* v=p/E

R. H. Dalitz, Proc. Roy. Soc. Lond. 206, 509 (1951)

Steven Dye Wayne State University
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Future Work



e Establish a direct relation between p-p
scattering and muonic Hydrogen

— TPE contributes to b, constant in nucleon-
relativistic lepton effective lagrangian!!!

Loy = —5 TPyl + ... by ~ O(a?)

* Look at Two Photon Exchange up to power
mZ/MZ [2]

— Include 1/M and 1/M? power vertices

[1] R.J. Hill, G. Lee, G. Paz and M. P. Solon, Phys. Rev. D 87, no. 5, 053017 (2013) [arXiv:1212.4508 [hep-ph]]
[2] Dye, Gonderinger, Paz In Progress



Summary

Looked at One Photon Exchanges
— To leading power

— To power m/M

— To power m?/M?

Looked at Two Photon Exchanges
— To leading power

— To power m/M

— To power m?/M?

Reproduced known results with QED-NRQED Effective Field
Theory

Establish a direct comparison between spectroscopy and
scattering data



END



Extra Slides



Proton Charge Radius Data

VALUE (fm) DOCUMENT ID TECN COMMENT

0.84087 +0.00026 +0.00029 ANTOGNINI 13 LASR pup-atom Lamb shift
0.8775 +0.0051 MOHR 12 RVUE 2010 CODATA, ep data
e o o We do not use the following data for averages, fits, limits, etc. e o @

0.879 +£0.005 =+0.006 BERNAUER 14 SPEC ep — ep form factor
0.879 +0.005 +0.006 BERNAUER 10 SPEC See BERNAUER 14
0.912 +0.009 +0.007 BORISYUK 10 reanalyzes old ep data
0.871 +£0.009 =+0.003 HILL 10 z-expansion reanalysis
0.84184+0.00036 +0.00056 POHL 10 LASR See ANTOGNINI 13
0.8768 +0.0069 MOHR 08 RVUE 2006 CODATA value
0.844 i_888181 BELUSHKIN 07 Dispersion analysis
0.897 +0.018 BLUNDEN 05 SICK 03 + 27 correction
0.8750 +0.0068 MOHR 05 RVUE 2002 CODATA value
0.895 +0.010 =+0.013 SICK 03 ep — ep reanalysis

Steven Dye Wayne State University
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Spectroscopy

e Measure Lamb shift

* Difference between 2S,,, and 2P/, energy
states

4

Steven Dye Wayne State University
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Textbook Example

* Assume the charge density p is spherically

symmetric

F@= [ dro(ir)esr o

 Forsmall g

1 —iq-T 3
plir) = Gorya [ Fla)e™"d's

F(q) = 1- q2g~2> TR
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e From Gauss’s Law
V(r) = [& / dgqe_.,-q.,.F(q)

~ (2m)3 q2

* Potential can be expanded to be

el

V) = 10— Do) 4.

4mrr
* From perturbation theory

20

@mf (r 2>560a

AB s = (612 lels*(x) ) =

Steven Dye Wayne State University

35



Muon is ~200 times more massive then the
electron

Effect is ~2003 times larger
Smaller error for the radius
Muonic Hydrogen: r = 0.84087(39) fm

Atomic Hydrogen: r = 0.8758(77) fm



Overview of QED
QED Lagrangian: £ —7~#i(8, +ieQ,A,) £ — mit

Photon Propagator:

Bl ~AAAANAANAAs UV

—Zg y
1 q2 _“/\2
Fermion Propagator: > i(p+m,)
p* —m2 + ie

—ie’}'“
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Wilson Coefficients

cp = Fy(0) + 2F5(0) + 8M?F[(0) cr = Fi(0) + F3(0)

2
’ ¥ q
F| = dF\(¢*)/d¢* Gk(q®) = Fi(¢*) + mﬁ(q?) Gu(q?) = Fi(q®) + Fa(¢?)

(T.Z); _ 6h° dGr(q°)
B Gg(0) dq?

g*=0

Where r¢ is the charge radius

R. J. Hill, G. Lee, G. Paz and M. P. Solon, Phys. Rev. D 87, no. 5, 053017 (2013) [arXiv:1212.4508 [hep-ph]]
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Pomt Partlcle QED Amplltude

L X

e Taken to the limit of M=» o0

a1 u(k)y° (J+m) Y u(k)ELE, ( 1 1
(2m)t (1 — K- K)2(2 — m?)

iM = Z2Q%"

e Same result as QED-NRQED

Steven Dye Wayne State University
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Differences in Scatterings

* Coulomb Scattering: NR and massless lepton
* Mott Scattering: R and massless lepton

e Rosenbluth Scattering: R and massive lepton!]

do  m*M p'/p 9 ]2
dY = 4An2 M+ E — (pE'/p)cosf'™ 1!

* All hit an infinitively massive, point like proton

[1] J.D. Bjorken, S.D. Drell, Relativistic Quantum Mechanics, McGraw-Hill, New York,1964



