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Muonic hydrogen theory

and experiment

CREMA Collaboration, Nature (2010); Science (2013)
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Iraditional probe of the Proton
— electron scattering

Electron-proton scattering

Q* = —(K — k)
r = Q2/(2Myv)

Yields 4 Structure functions:

fl(Vv Q2)7 f2(V7 Q2)7 g1(V, Q2)7 QQ(V, Qz)

(i) Elastic part given by form factors v, Q) = 1G3,(Q%) (1 —2),
B Q) = = [GHQ) + 7G4 (@] 601 —2).
97 (r,Q%) = $F(Q*)Gm(Q%) (1 — ),
g5 (1, Q%) = —37F(QM)Gu(Q%) (1 — ),

where 7= Q?/4M? and Gr(Q?), Gn(Q?) are the Sachs FFs



~Proton Form Factors and

RMS

FF interpretation: Fourier transforms of
charge and magnetization distributions

p(r):/(;:)gG(q?)e—z’qr

Gp(Q?)=1-16R}; Q7

root-mean-square (rms) charge radius:
R =+/(r*)E
d

(rf)e = /dr () = _GdTQQGE(QZ) Q2=0

RE — 0-879(5)51:&1: (4)syst(2)mode1(4)group fm,
RM — 0-777(13)stat(9)Syst(5)model(2)group fm.

J. C. Bernauer et al., Phys. Rev. C90,015206 (2014).
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Ry [tm]
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rrent status of RE and RM of the proton
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Muonic hydrogen more sensitive to proton structure

Electron ' ‘

A
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AEY "™ = <nlm| % |nlm> = 51057704 ry —— +0(a”)
™

wave function
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Dominant contributions in muonic hydrogen (28 and 2P)

AByproi_gsr=1 = (209.9779(49) — 5.2262 (r) fm ™2 + 0.00913 (r%) ) fm =) meV
206.2949(32) meV (

l 1 Friar (1979) radius,

3.70 meV 0.026 O(a5) term
meV
g S ) S 3
e+e- vaccum polarization .’ L/ )
Pachucki (1996, 1999) S 3 H
Borie (1976, 2005) 5 =
205.0074 meV 1.5081 meV 0.1509 meV

AEZP. = 22.8089(51) meV

ABR, = 22.9763(15) — 0.1621(10) (Rz/fm) + AEESY

HFE'S

00 from 2S HFS:
- /O dQ [GE<Q2>GM<Q2>

Zemach radius: = 0 = -1 1.082(37) [fm]




‘ Muonic Hydrogen Lamb shift

AE™ = 206.0668(25) — 5.2275(10) (Rg /fm)?

2.0 ueV
numerical values reviewed in: A. Antognini et al., Annals Phys. 331, 127-145 (2013).
1-loop eVP
proton size subleading effects of
2-loop eVP (Kéllen-Sabry) proton structure
HSE and VP proposed to resolve
discrepancy 310 pLeV the pUZZ|e
1-loop eVP in 2 Coulomb lines k k
recoil
TPE 7 7
(el)
(pol) |
hadronic VP a o
proton SE 2v) (27) (27)
3-loop VP 5‘/( ”) i 5‘/(31astic + 5Vpolariz.
light-by-light scattering

A. De Rujula, Phys. Lett. B693 (2010)
0.001 0.01 0.1 1 10 100 1000 G. A. Miller, Phys. Lett. B718 (2013)
[meV]
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~ Lamb shitt in terms ot VVCS amplitudes

k P P - k
> - »

empirically known ,
q Tq P y unknown ‘subtraction’

p ‘inelastic’ /X

AEY = —taumdh [ 55 w(Qamd) [T9(0.05) -0 (0.02)
where unpolarized, forward Doubly-Virtual ¢z (0) = mia®/(mn?)
Compton scattering (VVCS) amplitude:
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Bt [10°* fm®]

Status of proton polarizabilities

o Disp. Rel.
QQ (Schumacher '05)

PDG '14 —t—

HByPT fit
(McGovern et al. '13)

ByPT fit
(Lensky-McGovern '14)

By PT

(Lensky-Pascalutsa '10)

Ba™ 1207 fm?]
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Polarizability contribution in ChPT

Eur. Phys. J. C (2014) 74:2852 THE EUROPEAN
DOI 10.1140/epjc/s10052-014-2852-0 PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

Chiral perturbation theory of muonic-hydrogen Lamb shift:
polarizability contribution

Jose Manuel Alarcén'?, Vadim Lensky?-, Vladimir Pascalutsa’

I Cluster of Excellence PRISMA Institut fiir Kernphysik, Johannes Gutenberg-Universitit, Mainz 55099, Germany
2 Theoretical Physics Group, School of Physics and Astronomy, University of Manchester, Manchester M13 9PL, UK
3 Institute for Theoretical and Experimental Physics, Bol’shaya Cheremushkinskaya 25, 117218 Moscow, Russia

@ with corrections

%«5 w %% § to elastic
R proton FFs
%ﬁ % Nw W subtracted,
— ) 7 i.e. “polarizability
alone

»
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Proton polarizability effect in mu-H

[Alarcon,
Lensky & VP,

Heavy-Baryon
EPJC (2014)]

(HB) ChPT
(neV) Pachucki [9] Martynenko [10] Nevado and Carlson and Birse and Gorchtein LO-BxPT
Pineda [11] Vanderhaeghen [12] McGovern [13] et al. [14] [this work]
AESS™ 1.8 2.3 _ 5.3(1.9) 4.2 (1.0) —2.3 (4.6) ~3.0
AESY  —13.9 ~13.8 _ —12.7(5) —12.7 (5)° —13.0 (6) ~5.2
e oY o) — {115 15,5 —7.4(2.4) — 3.5 (1,11} 15 559 )

4 Adjusted value; the original value of Ref. [14], +3.3, is based on a different decomposition into the ‘elastic’ and ‘polarizability’ contributions
b Taken from Ref. [12]

9] K. Pachucki, Phys. Rev. A 60, 3593 (1999).

10] A. P. Martynenko, Phys. Atom. Nucl. 69, 1309 (2006).

11] D. Nevado and A. Pineda, Phys. Rev. C 77, 035202 (2008).

12] C. E. Carlson and M. Vanderhaeghen, Phys. Rev. A 84, 020102 (2011).

13] M. C. Birse and J. A. McGovern, Eur. Phys. J. A 48, 120 (2012).

14] M. Gorchtein, F. J. Llanes-Estrada and A. P. Szczepaniak, Phys. Rev. A 87, 052501 (2013).

AE®" (LO-HBxPT)

5
(095 m,,gA

4(47 fr)? mn

f\./

E(1-10G+61log2)=—16.1 neV, G =~ 0.9160 is the Catalan constant.
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~ ChPT of Compton scattering off protons
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s e e
" . ‘ .
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Lensky & V.P.,
Lensky, McGovern & V.P.,

arXiv:1510.02794 (today)

EPJC (2010);
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dcr/dQLAB (nb/sr)

Unpolarized cross sections for RCS \

e e Data points:
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By (1074 fm°)

Proton polarizabilities

8 T T T T IIIIIIIIIIIIIIIII

Z @“”‘9 . —— NNLO ByPT
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BChPT - Lensky & V.P., Ban = (1.9£0.5) x 107 fm™ [PDG

EPJC(2010) HBChPT - By = (4.0+0.7) x 10~* fm® [BChPT@NNLO)]

Griesshammer, McGovern, Phillips,

EPJA (2013) PDG adjusted values

from 2012 edition (purple) to

2013 on-line edition (orange)
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Alarcon, Lensky & VP, PRC (2014)

m}

ag; + Py (107% fm?)

-

]
_______
-m @

-
i"'
L
"
el

-
v o e

B00 005 010 0.5 020 025 030

Lad
T T T T

a; (107 fm?)
[
~

B

1' “;::'hh

) T SR S TERInT

0.0 0.05 0.10 0.15 020 0.25 0.30
0* (GeV?)

Neutron

20F
156

10f

=
-~
-
=

L]
.-1
'''''
h.ﬁ

—.'h
B L1
-

i‘ ™ T T 1T

-
=
L
el
-y

ey

-
hq-ﬁ_ﬁ
- -

—_—
Sy
_____________

L

g_

00 0.05

010 0.15 020

0° (GeV?)

0.25

—

0.30

Curves:

MAID (empir.)

LO-HBChPT

LO-BChPT

NLO-BChPT

Vladimir Pascalutsa — Beyond the proton radius — FKK-15 — Budapest, Oct 13, 2015 19




BChPT for polarised VVCS (deltalT puzzle)

Alarcon, Lensky & VP, PRC (2014)

3 3F Curves:
: 2f - -
T O MAID (empir.)
: of
-1 S
-2}
000 005 010 015 020 025 030 000 0hs 010 015 020 o023 oz O TTT LO-BChPT
J 2R A
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20f
R 15E, B NLO-BChPT
o™ 10} [Krebs et al
* 05 2013)]
00 005 010 015 020 025 030 °B00 005 010 045 020 025 030 Data points:
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HECacalaunlaiic caiaetaiall

Hagelstein & V.P., in progress

|

(k)
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Delta(1232) and proton deformation

P(938) M1, E2, C2 AT(1232)
/ V* \)

M1+, E1+= S1+

Physica 96A (1979) 27-30 © North-Holland Publishing Co.

THE UNMELLISONANT QUARK

SHELDON L. GLASHOW*

Quadrupole N-> Delta transitions signatures of nucleon deformation
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Proton radius puzzle: possible explanations

AE,s = 209.9779 (49) - 5.2262 R +0.00913 R3, meV

different | radii

MH expt. wrong ? eH theory wrong ?

Lamb shift
difference of
1
310 £ 2 peV
uH theory wrong ? eH expt. wrong ? -> R« wrong
- missed QED or EW corrections 3 + ep scattering wrong:

. : - 2y corrections
- soft hadronic corrections X

- low Q2 extrapolation

Beyond Standard Model



Summary I

1-loop eVP
proton size
2-loop eVP (Killen-Sabry)
uSE and pVvP
discrepancy
1-loop eVP in 2 Coulomb lines
recoil
TPE
(el)
(pol) |
hadronic VP

proton SE

3-loop eVP

light-by-light scattering
0.001

0.01 0.1

[meV]

10

100

1000

Polarizability contribution to mu-H Lamb shift

Disp. Rel.

(Pachucki '99)

(Martynenko ’'06)
(Carlson-Vanderhaeghen ’11)

Disp. Rel. + HBxPT
(Birse-McGovern ’12)

Finite-Energy SR
(Gorchtein et al. ’13)

+

HByPT LO
(Nevado-Pineda ’08)

+

HByPT NLO
(Peset-Pineda ’14)

+

BxPT LO
(Alarcon et al. ’14)

Polarizability contribution to mu-H 2S HFS

Disp. Rel.
(Martynenko et al. '02)
(Faustov et al. '06)
(Carlson et al. '08)
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mu-H HFS yields
access to magnetisation distr.

and deformation of the proton
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Backup slides



UV dependence in HB- vs B-ChPT

M (MeV)
I
(@)

-~

-~
— ]
———_______,

N~~-
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—_____————————f
-
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05 10 15 20
A (GeV)

My ~ m?

7T
K ~ My

1

By ~ —
ez

Heavy-Baryon expansion fails for quantities where
the leading chiral-loop effects scales with a negative
power of pion mass

E.g.: the effective range parameters of the NN force

are such quantities -- hope for “perturbative pions” (KSWV)
in BChPT
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From beam asymmetry

week ending

PRL 110, 262001 (2013) PHYSICAL REVIEW LETTERS 28 JUNE 2013

Separation of Proton Polarizabilities with the Beam Asymmetry of Compton Scattering

Nadiia Krupina and Vladimir Pascalutsa

PRISMA Cluster of Excellence Institut fiir Kernphysik, Johannes Gutenberg—Universitdit Mainz, 55128 Mainz, Germany
(Received 3 April 2013; published 25 June 2013)

o dO’H — dO'J_ LEX «(Born) B 45]\41 COSQSiIl2 v
~ doj +doy . Z20em (1 4+ cos?0)

EyleOMeV
SO0 T T T 1 71—

Y3 5 w? + O(w*)

- == =  Born

"= "= Born+ 0((02)
—— NNLO

23x100

_65 ] | ] | ] | ] | ] | |.
0 1 2 3 4 5 6p, 00 m)
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New Mainz data for Compton beam asymmetry

Data taken: 28.05. -17.06.2013, 327 h

Beam asymmetry 2 : Preliminary results

Ey = 120-140 MeV

0.8 Aal(o ¥a
V. Sokhoyan, E. Downie et al. - X, 4 EEéTélia’Memm.a,pm
[AZ CO".] 07:— ) Born contribution
0.6:7/‘
: : 0.5
first data on this -
observable below pion A
production threshold! 3
0.2 A
e 1 A
better precision needed!! 01 v ery Preliminary! N
L Lol
70 90 100 110 120 130 140 150®

E—
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HBChPT@LO

Bernard, Keiser, Meissner

BChPT@NLO

Lensky & V.P.

Int J Mod Phys (1995)

:||‘| \‘\I T [ l__|- BIXPT[O(ps)I ]
2 IS —— ByPTO(p/A) | ]
ap=an=5m ikl ) =122X10"% fm?, 20—\ - S | HBYPT O()) |
om . \4mf, a = 0.8 _|_< \ S~ == HByPTOE) |-
N~~~ o
0(p3)
2 *.
_p Y & | _ —4 ¢ 3 — i
B,= B, 12mw(4wfw) 12X10™% fm3, b = 1,8-|-‘ : .
0(p3) T
paramagnetic dlamagnetu/v 0 == -
15 - =
e2g? iy 63  981mu -
B = - 181 - — (100logp  «2 b ~
p=mg/My 7T 1927 F2 My [4u B I ] S -
‘To -
= SE//
Q. A
e
HBChPT@NLO: ] -
Griesshammer & Hemmert (2004) T 1 1 1 [
Griesshammer, McGovern, Phillips (2012) -50 ' '0_02' '0'04' 10.061 10.081 01
The Delta contribution is m_~ (GeV)
accompanied by “promoted” LECs, ———

hence not predictive Lattice QCD data expected soon
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