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Outline

* Finite-Size effects by dispersive technique

- Breakdown of the expansion in charge radii (de Rujula scenario)
* Compton scattering sum rules

* Proton polarizability effects in the hyperfine splitting of muonic
hydrogen

 pion-nucleon loops (LO ChPT)
« A-exchange (NLO ChPT)

» neutral-pion exchange (NLO ChPT)

&) (Zoc)6 In(Za) polarizability contribution in light muonic atoms
from off-forward two-photon exchange
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FProton Radius Puzzle

Electron-proton scattering{ | o :
[1] .
Lamb shift
- + Hydrogen spectroscopy [2] discrepancy:
310 peV
——e—— CODATA (2010) [2]
H -
Muonic hydrogen spectroscopy [3,4]
" [1] J. C. Bernauer et al., Phys. Rev. Lett. 105, 242001 (2010).
; ; ; : : . - . - . ; - ; r : . T T | [2] P.J. Mohr, et al., Rev. Mod. Phys. 84, 1527 (2012).
083 084 085 08 087 088 089 090 091 0.92 [5] R Pohl A Antogninietal, Nature 466, 213 (2010).
Root-mean-square proton charge radius (femtometers) [4] A. Antognini et al., Science 339, 417 (2013).

seven standard-deviation discrepancy (7o) !!!

[RAT — 0.84087(39) fm] ey [RSODATA 2010 _ () 8775(51) fm]
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Proton Radius Puzzle: Why do we observe
Fossible Bxplaraions-. . 7 2

' ?
uH experiment wrong ? /V eH theory wrong ?

o

7

uH theory wrong ?

- 2y corrections

- missing QED or EW corrections
- soft hadronic corrections

Lamb shift

difference of ey -
310 = 2 peV
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Theory of

uH Lamb Shift

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

numerical values reviewed in: A. Antognini et al., Annals Phys. 331 (2013) 127-145

1-loop eVP

proton size

2-loop eVP (Kallen-Sabry)

uSE and uvP

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

310 peV

1 10 100
[meV]

1000

subleading effects of
proton structure
proposed to resolve

the puzzle

L2

2

Sy gyt sydy

elastic polariz.
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Why muonic atoms ?

Finite-Size Effects
Muon|
Fermi - Energy: @
8Zal+k 1
Sl e a? m]\; n’ roton Proton
*x HFS: with Bohr radius @ = 1/(Zam,.)
| Muonic

AFE,s(LO + NLO) = Erp(nS) |1 — 2 Zam, Rz]

!

NLO becomes appreciable in yH

wave function

* Lamb Shlft at the origin l
2nZo 1 Zam
AE,;(LO+NLO) = 6 R% — "R
O ) = %0 Fimlan)s [ = 2 E(Z)]

e .
"""""""""""""""""""""""""" ' i o Q%IEO dQ2 - :
Founertransformahon : o dQ ; 1 §
<r>—/ 8 o B / Qf {G 2l g }
o2 (27’(’)3 o i EJ. L. Friar, Annals Phys. 122 (1979) 151 ;
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RAPID COMMUNICATIONS

Lamb Shift: Expand or not ?

Phys. Rev. A 91 (2015) 040502
Phys. Rev. A 93 (2016) 026502

PHYSICAL REVIEW A 91, 040502(R) (2015)

Breakdown of the expansion of finite-size corrections to the hydrogen Lamb shift 1
in moments of charge distribution -

Franziska Hagelstein and Vladimir Pascalutsa

Institut fiir Kernphysik, Cluster of Excellence PRISMA, Johannes Gutenberg-Universitdit Mainz, D-55128 Mainz, Germany /N _ 2

(Received 13 February 2015; published 20 April 2015) T
PHYSICAL REVIEW A 93, 026501 (2016) ~ 3

. . . . . ln

Comment on “Breakdown of the expansion of finite-size corrections to the hydrogen Lamb shift o

in moments of charge distribution” -_— 4
J. Arrington

Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA 5

(Received 15 December 2015; published 23 February 2016)
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Reply to “Comment on ‘Breakdown of the expansion of finite-size corrections to the hydrogen Lamb
shift in moments of charge distribution’ ”

Franziska Hagelstein and Vladimir Pascalutsa
Institut fiir Kernphysik, Cluster of Excellence PRISMA, Johannes Gutenberg-Universitit Mainz, D-55128 Mainz, Germany
(Received 22 January 2016; published 23 February 2016)

FF(1
AE,pCss

— Ge

--- new Gg

02 05 10 20

Q (MeV)

(Za) m3 [ Im Gg(t)

dt

s te  (Vt+ Zam,)*

4; 1/aey ;ep data ] 270 0O

ol ] e e

: i :

Obee ! Za)4m?3

| — ol 1)2 [(r*YE — Zam,(r*)g] + O(a®)
—2F % : ]

S ; _ convolution of
L C —10°G(0Y) | Zam,)?* — Q?
‘ - 104w(Q(), )eH momentum-space wg(Q) = 2(Zam,)* Q* o )2 Q2 4
I 10 w(O), uH wave functions: o) 1O
107 01 10

cf. Wichmann - Kroll contribution
S.

G. Karshenboim, et al., JETP Lett. 92 (2010) 8
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Lamb Shift: Expand or not ?

* EFF(12)S 2 / dQ wg(Q) GE<Q2) with wg(Q) = _%(ZO‘)Smf: Q2

Caan e A
[(Zam,)? + Q4

* the finite-size effects are not always expandable in the moments of
charge distribution

- convergence radius of the Taylor expansion of Ge (Q?) has to be much
larger than the inverse Bohr radius (Zam;) of the given hydrogen-like
system

* a tiny non-smoothness of the electric form factor at a MeV scale would
be able to explain the puzzle

* one needs to know all the “soft” (below several MeV) contributions to
the proton electric FF to high accuracy

- missing standard model effects, e.g., muon-decay correction? g

- light particles beyond the standard model %L'
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Structure Effects through 2y

* proton structure effects at subleading orders arise through multi-photon
processes

forward
two-photon exchange (2y)

4 4 4 4
¢§ §¢ ¢i i¢
p P o o

elastic contribution:

polarizability contribution finite-size recoil,
3rd Zemach moment (Lamb shift),

Zemach radius (Hyperfine splitting)

*  “blob” corresponds to doubly-virtual Compton scattering (VVCS):

7 e g 1 p-q g
" (q,p) = (—g“ + )Tl(VaQQ)‘I'W (p“—q—gq“) ( = )Tz(v,QQ)
1 1

— 70|51 (1, Q)| - (7 + "7 — €770 )S2(v, @7)
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1

photoabsorption
cross section:

N

Compton scattering (CS):

7 7

o p

photon energy and virtuality: v, )*
Bjorken variable: z = Q*/2Mv
T = Q*/4M?

proton polarizabilities:

ap1(Q?) + B (Q%) = 82;14 05’30

dZUCUfl(JJ,Q2)

Inelastic

1

,y*

Proton Structure in e p Scattering

elastic

N | elastic + inelastic !

proton structure functions:

fl(xan)a f2(x7Q2)‘7 gl(x7Q2)7 gQ(vaQ)

Lamb shift Hyperfine splitting
(HFS)
elastic structure functions:
Sachs form factors: Gg, Gm
Dirac & Pauli form factors: F1, F»
7212, Q2) = 5 Gh (@) 6(1 - 2)
192, Q%) = —— [63(Q?) + 7G3,(@)] 6(1 — )

1+7

o', Q) = 3 Fi(@) Gu(@?)5(1 ~ )

95w, Q%) = =3 F2(Q) Gu(Q%) (1 — o)
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CS Amplitudes & Structure Functions

optical theorem: dispersion relations:
unitarity analyticity, crossing symmetries
ATl 7%«
ImTl(V7 QZ) o M fl('x?Q2) T( Q2) 2 /OOd / V,ImTi<V/7Q2)
i\V, R v g
. 4n?7% 2 i Tk ptesapa =)
ImT5(v, Q%) = fa(x, Q%) 00 / I N2
% 5 Q2)—g 0 Im S1 (v, Q°)
e A Z e 5 i oy V2 —p?2 — 0t
Imsl(yaQ )_ - gl(ajaQ ) e = : 5
2ol peelm 5ot (%)
2r72 S 2 ! d / )
Lo At ZQCVM 0s(2. 0°) vSs (v, Q%) W/uel I
174
o i T 0)2) i 8nZ2a ! dx fi(z, Q%)
Lilne ) T /,/el ar P22 i N 0 T 1—2x%2(v/vg)? —i0t
ST g/w V' Im T (v, Q%) 167Z%aM /1 falz, Q%)
e iy i V2 — 2 — 0t Q? 0 1 1 — x2(v/ve)? — 0T
. g2 /°° , V' Im S (v, Q%) 16mZ2aM /1 91(z, Q%)
2o T = e s e Q)? 0 da 1 —22(v/ve)? —i0t
- e e B O e s go(z, Q?)
with T ! il = ’
vel = Q°/2M = W/ul R Q? /o(1361—332(1//1/e1)2—i()+
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Compton Scattering Sum Rules

* Compton scattering (CS) amplitudes in terms of integrals of total
photoabsorption cross sections

» dispersion relations:

47T04 2V aabs(y’ )
o U Q)= du e

M /AO'abS )
1(v,0) /dl/ 7

* low-energy expansion of CS amplitudes:

1 Z o

47TT1(V7 0) = 7 + (ap1 + Ban )V + [OéEh/ + Bmiw + Y12 (ags + 5M2)} v+ O0(°)

04%2

1
— __—
47'('31(”70) oM —|—IM’)/0V —|—IM’)/0V —|—O( )
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O. Gryniuk et al., Phys. Rev. D 92 (2015) 074031; ibid. 94 (2016) 034043

Spin-independent CS amplitude

HC2NP, Tenerife, Spain, 30.09.2016

600 I . T
T Baldin sum rule:
500 L v Caldwell etal. i -
H1 Collaboration
= = 0 E ZEUS Collaboration | 1 = Oaps(V)
L olfaboration || 04E1‘|'5M1:ﬁ dVT
n \ S 200 :
400 3
1 B 1 — -4
A 00 viGev] ae1 + Bm1 = 14.0(2) x 10 fm
= L A T T 4
% 3001 * 10 10 10 10 10 1
& )
200 | O :
W
MAID ®  Armstrong efal.
100 L SAID ® MacCormick etal. ||
— fitl A  LEGS Collaboration
—— fitll 0  Bartalini ef al.
0 I I I I I I ! I 5 i Alvensleben et al.
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 Damashek - Gilman
[GCV] """" Armstrong et al. =
-— A2 Collaboration S
o — fitl ol 2
= Iy
PDG 2014: .
N
aet1 + Bm1 = 13.7(6) x 104 fm?3 g
BChPT: %4 e = mmmmm— e
123t e
ae1 + Pm1 = 14.0(7) x 104 fm?3
“15F
V. Lensky, et al., Phys. Rev. C 90 (2014) 055202 o - - g - . "
v [GeV]
5 66




O. Gryniuk et al., Phys. Rev. D 92 (2015) 074031; ibid. 94 (2016) 034043

600

ae1 + Pm1 = 14.0(7) x 104 fm?3

V. Lensky, et al., Phys. Rev. C 90 (2014) 055202

600 i i
500 | v  Caldwell etal.
500 | _ a00] % HI Collaboration ||
£l ¥ ZEUS Collaboration
q z 300 | i
]
400
\\
AR L
L5
éﬁ 300 &
& 1)
200 - =
m
MAID ¥ Armstrong et al.
100 | SAID ¢  MacCormick etal. | |
— fitl A LEGS Collaboration
—— fitll O  Bartalini etal.
g 0j2 0j3 Oj4 0j5 016 Of7 0j8 0j9
v [GeV]
PDG 2014:
|
aet1 + Bm1 = 13.7(6) x 104 fm?3
BChPT:
| |

Re f [ub-GeV]

-10

-12.3

-15

00

Spin-independent CS amplitude

Baldin sum rule:

1 Oody O'abs(V)

2 2
i o 1%

ae1 + Bmi1 = 14.0(2) x 104 fm3

ap1 + By =

¢ Alvensleben eral.

——— Armstrong et al.
A2 Collaboration

Damashek - Gilman

— fitl
fit I

..
N

Il.OI = I1.5I T I2.0I = I2.5I T I3.0I

v [GeV]
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O. Gryniuk et al., Phys. Rev. D 92 (2015) 074031; ibid. 94 (2016) 034043

Spin-dependent CS amplitude

100 ] 3
00 it Yo = -92.9(10.5) x 106 fm*
Iy 400 MAID e
0o E| SAID Yo=48.4(8.2) x 10-°fm®
)
3 100} -
= ; o BChPT:
= 200} 107 10’ ) [1(?2\,] 10° 10t Yo= 110(50) x 10°° fm?*
§ © V. Lensky, et al., Eur. Phys. J. C 75 (2015) 604
100 -
0 = PR i —e T TR, T — — 4F
/,/'/-’ 2L
e |
\ 4 ~—-— Bornntn+n 0k po e
-100 L ‘ Yo
100 ‘ /‘/ ¢ MAMI+ELSA —2r V[ ! i}{ t .
~ * FI Reg
] ] ] ] ] ] ] —4 ‘_ '] —— Img
0.2 0.4 0.6 0.8 1.0 17 1.4 y/ § MAMI+ELSA
v [GeV] s & 1 iy
S 00 0.5 1.0 1.5 2.0
S
Forward spin polarizability sum rules: o
0
e 1 Ood Ao-abs (V) -2
J0 = 2 v 3
T Jug L “*|---- APTReg
_g || PTI N
% 1 S AO’abS(V) ° 1 X lmg 1 1 1 1 1
’yO == ——2 dy 5 0.00 0.05 0.10 0.15 020 025 030 035 0.40
4 Vo 1% v [GeV]
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O. Gryniuk et al., Phys. Rev. D 92 (2015) 074031; ibid. 94 (2016) 034043

500 - I

400 b

AGyps [Hb]

— fit
MAID
SAID

AG s [Ub]

300 -

200 |-

100

0
-100

Spin-dependent CS amplitude

500 f
400 b
300 |
200 |
100 |

Yo =-92.9(10.5) x 106 fm*
Yo = 48.4(8.2) x 106 fm®

./'/ ~—— Bornnttn+np 0 k. -
-100 | v/./ ¢ MAMI+ELSA || gﬁi_} _i,_i.—-—}-"'{' =
02 04 06 08 10 12 T4 —2 / | —— Re g |
v [GeV] ,
—4 f ,i ——- Img .
\
6l e/ ¢ MAMI+ ELSA ||
> | | | |
S 00 0.5 1.0 15 2.0
'3' I I I I I I I
S0 2
N e
Forward spin polarizability sum rules: ,
]. Aaabs(y) —4 L PTR s ‘.‘
Wi L e APTReg =\
47T LiE s st nalpsor et | | e PT I A \% &
20 —6} X mg N .
O ] ] ] ] ] ] ]
e i dV AO-abS(V) 0.00 0.05 0.10 015 020 025 030 035 040
0 472 Vo v [GeV]
Vo
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[1] K. Pachucki, Phys. Rev. A 60 (1999) 3593—3598

D I : A h [2] A. Martynenko, Phys. Atom. Nucl. 69 (2006) 1309-1316

| S p e rS Ive p p rO aC [3] C. E. Carlson, M. Vanderhaeghen, hep-ph/1101.5965 (2011)
[4] M. C. Birse, J. A. McGovern, Eur. Phys. J. A 48 (2012) 120
[5] M. Gorchtein, et al., Phys. Rev. A 87 (2013) 052501

wave function
at the origin

L 00 2 2 2 2 2 2
1 dv [ d Q* —2v°) Th(v, Q%) — (Q° + v*) Ta(v, Q%)
AFE(nS) = 8ram ¢72,L - /_OO S /(2:)3 ( ) 1@4(@4 — 4m21?) 2

2 2 rl 2
T, Q) 0. P+ P [ an g ) Caution:
Q* 0 1 —z2(v/va)? — 90" | in the dispersive approach
167 Z%aM (* z, () the subtraction function
To(v, Q%) = dx ) : i !
02 ; 1 — 22(v/ve)2 — i0F IS modelled!
A I . Pachucki  Martynenko Carlson & Birse & Gorchtein
IOW energy eXDanSIOn . Vanderhaeghen = McGovern et al.®
A T 2 e B | 1.56(57) Lol e 34(1.2) SrLla) i ST
gm() 11 (07 Q )/Q = 47751\41 AR 1.9 2.3 5.3(1.9) 42(1.0)  —2.3(4.6)
o Ams - aciy - bl sl DAGIE L 130(E)
RIS oINS e SR 0) —7.4(2.0) ~85(1.1) —15.3(4.6)
E0Tg
modelled Q2 behavior: [1.0] AES) | —23.2(1.0) {29.5(1.3) —24.7(1.6)° —24.5(1.2)
e —30.8
e 4
T+ (0, QQ) = 47 B QQ/(l G Q2/A2) BN ) —36.0(2.4) —33(2) _ —39.8(48) |
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2V in UH Lamb Shift: V. Ler?srl](z-raaﬂk:.%/ineda
ChPT vs. Dispersive Approach - inthenextsession

Nevado & Pineda  Alarcén et al. Alarcén et al. Peset & Pineda
HBxPT BxPT HBxPT HBxPT* D. Nevado, A. Pineda, Phys. Rev. C 77 (2008) 035202
AEéf’gUbt) —3.0 1.3 A. Pineda, Phys. Rev. C 71 (2005) 065205
i _A_E_éiéiel) B i sl e AN A o R Rl e e e C. Peset, A. Pineda (2014)
AEED —18.5(9.3) —8.2(112) —17.85 —26.2(10.0)
AEéeSl) —10.1(5.1) —8.3(4.3) J. M. Alarcon, V. Lensky, V. Pascalutsa, Eur. Phys. J. C 74 (2014) 2852
AEss —28.6 —34.4(12.5)

?prediction at LO and NLO (including pions and deltas)

Disp. Rel.
(Pachucki '99) Fmte
(Martynenko '06) ' ' '

(Carlson-Vanderhaeghen '11) ——————
Disp. Rel. + HBYPT

BChPT reSUIt IS In (Birse-McGovern '12) S
good agreement with

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

calculations based on HBYPT LO

(Nevado-Pineda '08)

dispersive sum rules! HBYPT NLO

(Peset-Pineda '14)

BYPT LO
(Alarcon et al. '14)

-35 -30 -25 -20 -15 -10 -5 0

AE, P [ev]
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HFS In Muonic Hydrogen

AEnrs(nS) = [1 + Agep + Aweak + Arsg| Er(nS)

C 2P fine splitting
Fermi - Energy:
8Zal+k 1
Er(nsS) ==
£ 3 a3 mM n3

with AFSE o o Are(:oil _|_

Lamb
l shift
Zemach radius:

~ 8Zam, [ dQ [Ge(Q*)GM(Q?)
AZ 5 T A Q2 [ 1 + K

experimental value: R, = 1.082(37) fm
A. Antognini, et al., Science 339 (2013) 417—420

— 1] = —2Zam, Ry

28 172

FESTE

A. Antognini, et al., Annals Phys. 331 (2013) 127-145
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2y In yH HFES

Furs(nS)  4m 1 (2Q% — v?) oo PRSI 5
R Z(l—l—/«:)g/_ / 4m2u2 { Q2 Si(v, @ )+MSQ(V’Q )}

* polarizability contribution is given by the non-Born part of
the spin-dependent amplitudes

S 5 21720 2 167TZ2aM g1(x, Q?) e
Sl(l/vQ)_Sl (V7Q)+ M F2Q / ].—$2 V/V1 —’LO+ A]_

2 B oy |64nZ%aM 0?70 2°g2(z, Q) A APO]
V52 (v, Q%) = S5 (v, Q7) + Qb /0 dx 1 — 22(v/ve)? — i0F 2

using dispersion relation & optical theorem
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2V Iin yH HFS

2 o
L(Q?) = 22; / &2 91(a, 0P)
1

Lo )1 o)) F )

with v=+/14+1/7

o
/ dx 517291(33,@2)
0
1 1

+vl+1]})

14+ 1+ 2771

Apol = 5 (123‘_”;) — [0+ 8] = A1 + A
mn [ (B o) -
- { (v +V1+ x27-1)(1 i V14 227 1)(1 + vp) [4 |
5o = 96 M* /OOO 2—8 Owo dx go(z, Q%) {UZ . \/11”27_1 = 1+ 1}

* 2y effect on the HFS is completely
constrained by empirical information

* a ChPT calculation of the HFS in pyH will
put the reliability of both ChPT and
dispersive calculations to the test

 leading chiral logarithms motivate the relative

Disp. Rel.
(Martynenko et al. '02)
(Faustov et al. '06)
(Carlson et al. '08)

T e e e O T ] e e ey

% 4 6 e o e
AEPY [hev]

[1] C. E. Carlson, et al., Phys. Rev. A 83 (2011) 042509

[2] C.E. Carlson, et al., Phys. Rev. A 78 (2008) 022517

next order of the Zemach and polarizability corrections [3] R. Faustov, et al., Proc. SPIE Int. Soc. Opt. Eng. 6165 (2006) oM
talk A. Pineda, Phys. Rev. C 67 (2003) 025201 [4] A. Martynenko et al., Nucl. Phys. A 703 (2002) 365-377

| [5] A. Martynenko, Phys. Rev. A 71 (2005) 022506
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Chiral Dynamics (LO) 7 N7

%"f %ﬁ W

(h) (j)

J. M. Alarcon, V. Lensky, V. Pascalutsa,

pion-production cross section: Bur Phys1.C74 (o 2sse
LLLLS - HLL),H;: LLLLL‘ e
& c’/ & C'//
Y'+p—oml+p Y'+p—mt+n

* Improved cutoff behavior after adding the pion
form factor Frny (Q?)

QZ

with A2 = 0.462 GeV2

—> By~ (25) = —0.237533neV

Al = —18 pp1n
Ay = 8 ppm
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2y with A-Excitation (NLO)

* the A-contribution to the Lamb shift is small
compared to the leading order iN-loops

* expected since Bu1 is suppressed

J. M. Alarcon, V. Lensky, V. Pascalutsa, A

Eur. Phys. J. C 74 (2014) 2852

* multipole ratios are small, the result is dominated by (G*wv)?

A1 = 34 ppm
Ay = —T71 ppm

ia)
HFS

(25) = —0.86 + 0.65 peV
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Prog. Part. Nucl. Phys. 88 (2016) 29-97

Neutral-Pion Exchange (NLO)

* O(a®) contribution from off-forward scattering
* result for muonic hydrogen:

B = —(0.09 £ 0.06) peV

N. T. Huong, E. Kou, B. Moussallam, Phys. Rev. D 93 (2016) 114005
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EI({WF]\ST loops) (25) Sy 23_|_(1) 82 ue\/'
ELL(28) = —0.86 + 0.65 pueV
ET)(25) = 0.02 £ 0.04 peV

Eifps (25) = ~1.07*530ueV

* the low-Q region is very important

Prog. Part. Nucl. Phys. 88 (2016) 29-97

Summary: 2y in HFS

Disp. Rel.
(Martynenko et al. '02) VT e,
(Faustov et al. '06) i '
(Carlson et al. '08)

ByPT NLO
(Hagelstein et al. '16) ——

A B B Ba s e SYRSTR g S P P e

EP2s(25) [neV]

predictions of the polarizability contribution to the HFS based
on BChPT disagree with the dispersive results

— changes the Zemach radius into Rz= 1.025 fm (smaller)
compared to Rz= 1.082 fm (uH) and Rz= 1.022 fm [1] or Rz= 1.065 — 1.108 fm [2] (FF)

[1] R. Faustov, E. Cherednikova, A. Martynenko, Nuclear Phys. A 703 (2002) 365—377.
[2] C. E. Carlson, et al., Phys. Rev. A 78 (2008) 022517

* empirical information on spin structure functions is limited ( espeC|aIIy for 92)

* problem in BChPT? next step: include nA-loops & L_H M“%
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Nuclear Polarizability Effect at (Za)° In(Za)

4 t-channel cut 4

* off-forward 2y

2mom

Im A (p?) ~ — = VT arccos\/T ap1 + O(7)

@

* (Za)® In(Za) effect in the Lamb shift is expressed entirely in terms
of the static electric dipole polarizability

A( 4 = 4 7 -
> P (Zam,)*a ag . am
n3 2Inm

* no contribution from the magnetic dipole polarizability or the
lowest order spin polarizabilities, i.e., not present in the HFS
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(Za)® In(Za) Polarizability Effect in yH

s 5 * off-forward 2y:
(2
6 | S i
1
. pe B . 070 L0030V
E a4t 4
@Z : talk by
== . * forward 2y: V. Lensky
5
il _ Erl gonll) Y
J. M. Alarcon, V. Lensky, V. Pascalutsa, Eur. Phys. J. C 74 (2014) 2852
“6 5 10 2 14 16

ag¢ P [10 fm3) :
fe ¥ total Lamb shift:

B (uH) = 206.0668(25) — 5.2275(10) (R, /fm)?
P DG 201 4: A. Antognini et al., Annals Phys. 331 (2013) 127-145
ap; =11.2+0.4 x 10~* fm°
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@ (Za)® In(Za) Polarizability Effect
in muonic atoms: p3H, y*Het and p*He*

TABLE II: Summary of our numerical results for the polarizability contribution to the Lamb shift of light muonic atoms.

wH w He™ u*He™
M [GeV] 2.808 921 112(17) [1] 2.808 391 586(17) [1] |3.727379378(23) [1]
ap [fm?] 0.139(2) [2] 0.149(5) [2] 0.0683(8)(14) [2]

presenfly accllniedionioe - puzs(n)(a)[3llos — A 166 a3l - 247054
nucl. pol. effect [meV]

this work:

0.128(2) —1.950(65) —0.925(22)
B 1mev]

* total Lamb shift in y*He* [in meV]:
Frs(p*Hev) = 1572.186(205) — 106.358(7) (R, /fm)?

[1] P.J. Mohr, et al., Rev. Mod. Phys. 84 (2012) 1527; P. J. Mohr, et al., arXiv:1507.07956 (2015).
[2] I. Stetcu, et al., Phys. Rev. C 79 (2009) 064001.

[3] N. Nevo Dinur, et al., Phys. Lett. B 755 (2016) 380.

[4] C. Ji, et al., Phys. Rev. Lett. 111 (2013) 143402.

[5] M. Diepold, et al., arXiv:1606.05231 [physics.atom-ph].
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Summary & Conclusions

* the finite-size effects are up to “soft” effects, Q ~ amy,
expandable in the moments of charge distribution

* (forward 2y) polarizability contribution to the HFS:
ol
EéIpFS)(ZS) = —1.077 5o eV

-+ predictions of the polarizability contribution to the HFS based on BChPT
disagree with the dispersive results
— changes the Zemach radius into Rz= 1.025 fm (smaller)

* (Za)® In(Za) nuclear polarizability effect in the Lamb shift of
muonic atoms is hon-negligible

4(Zam)*aag . Zam,
= In
n 2nm

EnS:_
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Thank you for your attention !!!
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