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Proton structure in hydrogen spectrum
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3rd Zemach moment (or Friar moment)
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Polarizability contribution in ChPT
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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]
AES™ 1.8 2.3 - 53 (1.9) 4.2 (1.0) 23 (462 3.0
AENY  —13.9 ~13.8 - —12.7 (5) —12.7(5)° —13.0 (6) —5.2
B e e ) O ~11.5 ~18.5 _7.42.4) BT —15.3(5.6) )

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]
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Chiral Perturbation Theory

(low-energy EFT of QCD)
[Weinberg (1979), Gasser & Leutwyler (1984, 85)]

Schematically,
ZQeD — /H (dG dq) ot [ d*a[=G-G+q(P-m)q+..]

E<1GeV /H (dU dN...) oi [ d*a[oUTOU —m(U+UY) Bo+N (- Mo)N+..|

where U(x) = e%”(x)/f“, m?2 = Bo(my +mgq) +O(m?), By~ —<qq>/f?~3GeV
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Chiral Perturbation Theory

(low-energy EFT of QCD)
[Weinberg (1979), Gasser & Leutwyler (1984, 85)]

Schematically,

ZQeD — /H (dG dq) ot [ d*a[=G-G+q(P-m)q+..]
reet / [T (drdn ...} el @ eoutor—mE o B Np-MoN+..

where U(x) = e%”(x)/f“, m?2 = Bo(my +mgq) +O(m?), By~ —<qq>/f?~3GeV

Consequence of chiral symmetry: pion fields enters with a derivative or mass,
i.e. interactions have positive powers of pion 4-momentum

P or [ M

4 fr A fre’ 47 fr
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(low-energy EFT of QCD)
[Weinberg (1979), Gasser & Leutwyler (1984, 85)]
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Consequence of chiral symmetry: pion fields enters with a derivative or mass,
i.e. interactions have positive powers of pion 4-momentum

- or [ M
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Power-counting: how many powers of p will a given Feynman graph contribute
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Baryon ChPT

pion cloud + Delta(1232) excitation

Jenkins & Manohar, PLB (1991)

Hemmert, Holstein, Kambor, JPhysG (1998) e T
E (Gev) 4 V.P. & Phillips, PRC (2003) b g AUIMIE
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Baryon ChPT

pion cloud + Delta(1232) excitation

Jenkins & Manohar, PLB (1991)
Hemmert, Holstein, Kambor, JPhysG (1998) it T
E (Gev) 4 VP & Phillips, PRC (2003) - f A2 MRS

300

Total cross section( b )

The 1st nucleon excitation — Delta(1232) is within reach

= of chiral perturbation theory (293 MeV excitation energy is
a light scale)
Include into the chiral effective Lagrangian as explicit dof
0.3 —

Power-counting for Delta contributions (SSE, " delta-
01 — counting”) depends on what chiral order is assigned to the
excitation scale.

S
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~ Lamb shitt in terms of VVCS amplitudes

k , . . k

Can

empirically known ,
ql Tq P y unknown ‘subtraction’

p ‘inelastic’ /X

AEY = —taund’, |G wl(@fam?) [1070,0) - T (0.07)

where unpolarized, forward Doubly-Virtual
Compton scattering (VVCS) amplitude:

0.0) = gogp [ dee T GITS @ O

= (—g’“’ + q;qy> T1 (v, Q%)

1 . .
Vel ( " %W) (p,, — pq_Qqu> Ty (v, Q%)
NB stands for non-Born, i.e. w/o elastic FFs

70,02 ~ Q*Ban
Tz(NB)(OaQ2) ~ Q*(ap1 + Bann), for low Q

_|_
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} Effectiveness of BChPT vs. HBChPT

Heavy-Baryon is an expansion of Baryon ChPT in powers of m,/Mn
and keeping only the LO term — approximation.
HB result has high-momentum contribution greater than expected uncertainty..
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Heavy-Baryon is an expansion of Baryon ChPT in powers of m,/Mn
and keeping only the LO term — approximation.
HB result has high-momentum contribution greater than expected uncertainty..
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Heavy-Baryon is an expansion of Baryon ChPT in powers of m,/Mn
and keeping only the LO term — approximation.
HB result has high-momentum contribution greater than expected uncertainty..
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BChPT for polarised VVCS (deltalT puzzle)

Alarcon, Lensky & VP,
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~ ChPT of Compton scattering off protons
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Proton polarizabilities
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Proton polarizabilities
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Proton structure in muonic hydrogen Lamb shift

Antognini et al, Ann Phys (2013):

1-loop eVP

proton size

2-loop eVP

uSE and uVP
discrepancy

[-loop eVP in 2 Coul.
recoil

2-photon exchange
hadronic VP
proton SE

3-loop eVP
light-by-light

| \\\\\H‘ | \\\\\H‘ | \\\\\H‘ | \\\\\H‘ | \\\\\H‘ |
0>  107% 10" 1 10 10 eV
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Proton structure in muonic hydrogen Lamb shitt

Antognini et al, Ann Phys (2013): k R . _ k
1-loop eVP }
proton size 74 7
2-loop eVP P P
SE and uwVP
Md. oo proposed to resolve the puzzle
1$mmmmy De Rujula, PLB (2010)
[-loop eVP in 2 Coul. Miller, PLB (2013)
recoil

2-photon exchange

hadronic VP calculable in ChPT @ LO
proton SE HB ChPT:
3-loop eVP

Nevado & Pineda, PRC (2008)

hght‘bY'hght Lol Lol Lol Lol Lol \
3 -2 -1 2
10 10 10 1 10 10 meV

BChPT:

Alarcon, Lensky & VP, EPJC
(2014)
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Proton structure in muonic hydrogen Lamb shitt

Antognini et al, Ann Phys (2013): k . . . k
1-loop eVP }
proton size 74 7
2-loop eVP P P
SE and uVP
Md. oo proposed to resolve the puzzle
1$mmmmy De Rujula, PLB (2010)
[-loop eVP in 2 Coul. Miller, PLB (2013)
recoil
2-photon exchange 0.025(2) 4 0.008(3) = 0.033(4)
hadronic VP calculable in ChPT @ LO
proton SE HB ChPT:
3-loop eVP Nevado & Pineda, PRC (2008)
hght‘bY'hght Lol Lol Lol Lol Lol \

-3 -2 -1 2
10 10 10 1 10 10 meV
BChPT:

Alarcon, Lensky & VP, EPJC
(2014)
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Proton structure in muonic hydrogen Lamb shitt

Antognini et al, Ann Phys (2013): k R . . k
1-loop eVP }
proton size L l 7
2-loop eVP P P
SE and uVP
Md. oo proposed to resolve the puzzle
1§Cfepancy De Rujula, PLB (2010)
[-loop eVP in 2 Coul. Miller, PLB (2013)
recoil
2-photon exchange 0025(2> + 0008(3) — 0033(4>
hadronic VP calculable in ChPT @ LO
proton SE HB ChPT:
3-loop eVP Nevado & Pineda, PRC (2008)
hght_by_hght Lol Lol ol %00l Lol \

-3 -2 -1

10 10 10 1 10 10 neV

BChPT:

Alarcon, Lensky & VP, EPJC
(2014)

elastic (3rd Zemach moment):

Carlson & Vanderhaeghen, PRA (2011)
Birse & McGovern, EPJA (2012)

newer analysis:
Karshenboim,1405.6039
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UV dependence in HB- vs B-ChPT
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UV dependence in HB- vs B-ChPT

— ByPT | 3
< - HByPT | j‘d(pq' ~ M.
§ z
P
= K~ TN
S~ o . 7T
10 15 20 il
““““““““““ /BM N, —
~05/ T
25-100 %
x L \
b \
-150 N,
2o "
00 05 10 15 20
15 —
100 ===
S ol
E O.Sf/
(/
T 00!
(- [
> -05
= -10
15 ,
00 05 10 15 20

A (GeV)

Vladimir Pascalutsa — A few moments in ChPT — Workshop on Tagged Structure Functions — JLab, Jan 16-18, 2014 17




UV dependence in HB- vs B-ChPT
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UV dependence in HB- vs B-ChPT
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UV dependence in HB- vs B-ChPT
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UV dependence in HB- vs B-ChPT
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UV dependence in HB- vs B-ChPT
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From beam asymmetry

I |

week endin

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)
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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
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Predictions of HBChPT vs BChPT

HBChPT@LO

Bernard, Keiser, Meissner
Int J Mod Phys (1995)

Smal g4 \?
a,=a, 6mw(4ﬂfj 122X107" fm?,
ma (g )’ 12X107% fm®
Po=bBn=Tom \amr.| =1 e
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Predictions of HBChPT vs BChPT

HBChPT@LO BChPT@NLO

Bernard, Keiser, Meissner

Int J Mod Phys (1995) Lensky & V.P., EPJC (2010)
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6% Opt/A)
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HBChPT@LO BChPT@NLO

Bernard, Keiser, Meissner

Int J Mod Phys (1995) Lensky & V.P., EPJC (2010)
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HBChPT@LO BChPT@NLO

Bernard, Keiser, Meissner

Int J Mod Phys (1995) Lensky & V.P., EPJC (2010)
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HBChPT@LO BChPT@NLO

Bernard, Keiser, Meissner

Int J Mod Phys (1995) Lensky & V.P., EPJC (2010)
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HBChPT@LO BChPT@NLO

Bernard, Keiser, Meissner

Int J Mod Phys (1995) Lensky & V.P., EPJC (2010)
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Bernard, Keiser, Meissner
PRL (1991)
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HBChPT@LO BChPT@NLO
Bernard, Keiser, Meissner
Int J Mod Phys (1995) Lensky & V.P., EPJC (2010)
SM( &4 )2 122X107% fm3
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Bernard, Keiser, Meissner
PRL (1991)
HBChPT@NLO:

Griesshammer & Hemmert (2004)
Griesshammer, McGovern, Phillips (2012)

The Delta contribution is
accompanied by “promoted” LECs,
hence not predictive
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Predictions of HBChPT vs BChPT

HBChPT@LO BChPT@NLO

Bernard, Keiser, Meissner

Int J Mod Phys (1995) Lensky & V.P.
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The Delta contribution is m,_" (GeV’)
accompanied by “promoted” LECs, —_—
hence not predictive Lattice QCD data expected soon
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