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Proton Size Puzzle 5
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Root-mean-square proton charge radius (femtometers)

seven standard-deviation discrepancy (7o) !!!
[RAE — 0.84087(39) fin] gy [REODPATA 2010 _  g775(51) fm]
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UH Spectroscopy

AES = 22.9763(15) — 0.1621(10) (Rz /fm) + AEELY |

£

radiative, relativistic e :
; finite size effects:

and recoll effects
proton structure

v

two-photon exchange (TPE) effects,
including the proton polarizability

AEZP = 202.3706(23) meV,

AESP, = 22.8089(51) meV

AE™ = 206.0336(15) — 5.2275(10) (Rg/fm)? + AE[S™,

\%

with AE{S"™ = 0.0332(20),
with [AEP = 0.0080(26),
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A. Antognini, et al., Annals Phys. 331 (2013) 127-145.
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Finite Size Effects

* HFS: v e

s 3 a3 mM n3
AEnS (LO - NLO) = EF [1 — 2 Zamr Rz] with Bohr radius a = 1/(Zam,)

I

NLO becomes appreciable in yH

* Lamb shift: \
e dnsa 3 o
wave function e el 7\
at the origin -
Rl = =6 Jim 255G5(Q’) /
48 [°°d 1
Bo =2 [ o {GH@) - 14 3407}
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RAPID COMMUNICATIONS

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

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

Franziska Hagelstein and Vladimir Pascalutsa
Institut fiir Kernphysik, Cluster of Excellence PRISMA, Johannes Gutenberg-Universitdt Mainz, D-55128 Mainz, Germany
(Received 13 February 2015; published 20 April 2015)

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

- a tiny non-smoothness of the electric form factor Gr(Q?) at scales
comparable to the inverse Bohr radius can break down this expansion

BEay - f 2 ith  w(Q) = —=(Za)®m? Q?
By = [ dQui@Gs(@Y)  with w(@ =~ (Za)ymi@*

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




Structure Effects through TPE

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

4 4 4 4
(/2 §¢ ¢i iq
p P p P

“elastic” contribution:
finite-size recaoill,
3rd Zemach moment (Lamb shift),
Zemach radius (HFS)

“polarizability” contribution:
“inelastic” contribution,
“subtraction” term (Lamb shift)

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

1% 124 5 1 1%
i (q,p):< =7 +qqq )Tl(V7Q2)+W< J%CJ“)( —% ) > (v, Q%),
1

+ 27" %4651 (v, Q) 2 (gt g gy g g S )
or: T4"(¢,p) = ﬁ ' q485 S1(v, @%) + # e qo(p-q 55 — s q pg) S2(v, Q?)
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TPE in uH Lamb Shift:

Polarizability Contribution

Disp. Rel.

(Pachucki '99)

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

Disp. Rel. + HBYPT
(Birse-McGovern '12)

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

HBYPT LO

(Nevado-Pineda '08)
HByPT NLO

(Peset-Pineda '14)

BYPT LO
(Alarcon et al. '14)

-20 -15 -10 -5 0

AE,P [nev]

* ByPtresult is in good agreement with calculations based on dispersive sum rules
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X P't C a‘ C u ‘ a't i O n S fO r [1] D. Nevado, A. Pineda, Phys. Rev. C77 (2008) 035202.
[2] A. Pineda, Physical Review C71 (2005) 065205.
' o [3] C. Peset, A. Pineda (2014).
T P E | n U I_l La m b S h |ft [4] J. M. Alarcon, V. Lensky, V. Pascalutsa, Eur. Phys. J. C74 (2014) 2852.

Nevado & Pineda Alarcon et al. Alarcén et al. Peset & Pineda
HB\PT ByPT HB\PT HByPT®
AE Y =30 1.3
AN 59 ~19.1
AR S esiaa G Cgprl iy e REe L e D00y
AELY ~10.1(5.1) —8.3(4.3)
N —28.6 —34.4(12.5)

“prediction at LO and NLO (including pions and deltas)
Table 1: Summary of available yPT' calculations for the TPE correction to the
Lamb shift in xH. Energy shifts are given in peV, By is given as x10~% fm?.

“polarizability” contribution:

21/2 %) dl/ UT(V/7 Q2)

LG 0 Dz e subtraction function must be modelled!
S} 122 / 2 / 2
To(v, Q) = % ]{ 4 V/V2 +QQ2 or(v ,QV/);LOVZ(V S0%)
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TPE in uH HFS

AFEyps = [1 + Aqep + A} . + Arpse| Er

wea

Fermi - Energy:

l

with Apsg = Az + AP

8Zal+k 1
fan) 3 a3 mM n3
recoil APOI

+ TPE in HFS: E;"F: - Ll {<2@ —1?)

Q2

$1(1, Q%) +3 =S (v, @2>}

» TPE effect on the HFS is
completely constrained by
empirical information

* a ByPt calculation of the
HFS in pH will put the

MQ*F(Q*)Gm (Q?)

reliability of both yPt and Si(v,Q%) = 87?04{

Q4
dispersive calculations to the

ety e
—4M2V2 +LO V,Q_VQ gl(va )}

MF>(Q*)Gn(Q7

fost S (v, Q2) :87TaMV{—

Q4 i 4M2 V2

. n,2)

2 — 12 ! 2
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TPE in uH

HFS

ETPE 1 (2@2 o 1/2)
= / dv | dg
E%, 2(1 + 2w Q* — 4m2v? Q)?
m 27
—41+% / dQ/ dgb/ d@/ dy sin® ysin 6 x

Q2 + 4m2 cos? x

v

S1(v, Q?) + 3-=-S5(v, Q?)

M

310 COSXS2(V Q?)

{(2—|—COS x)S1 (v, Q%) +

M

}

}

* “polarizability” / “inelastic” contribution:

MQ?*F,(Q*)G & orady /
51(V7Q2)=87TO‘{ QQ41(%]342]\52(Q)+]{/O y’2i 291(V’Q2)}
o0 d /
= 5P, e TER@) +8naf a0 @) A ——
MF5(Q*)G 2 e b
Sz(VaQ2):87TO‘MV{_ 6224(?41]\4]\245? ) +][VO wziﬂ 92(1V/’2Q )}
o0 d /
:S%Bom(’/an)+87TO‘MV][ l//2iy2g2(1/7Q2> AQ

B APol
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Pion-Nucleon-Loop —— =
Contribution

vl 5 T

o <7

(h) (i)

* cutoff dependence:

Eurs / Erermi [ppm]

Fermi - Energy:

1Zal+k

ot 3 a3 mM

= 22.8054 meV

10,

—10-

~e Dpot === Ay === By
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¥ Pt Results for
TPE In yH HES

7w N —loops
EHFS

ET & mwIN —loops

HFS 1.29 £ 0.42 },LGV

4
B 044 Q0L E
= (.85 4 0.42 LL@V .

ByPT LO
(Hagelstein et al. '15)

=

Disp. Rel.
(Martynenko et al. '02)

(Faustov et al. '06)
(Carlson et al. '08)

14

(c)
s E// \f 7 N z f
i \ i \ | |
®

Fermi - Energy:

1Zal+k
Fr(2S) = =— = 22.8054 meV
gl ] 3 a®> mM e
[ @ 7
! I
» Lo = | + LLLLH‘H_H‘
I I I
N ——— ——— ——

%

(d) (e)
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Reference FF RZ AZ Afecoil Apol 51 52 AFSE EQS HFS
[fn] [ppm] | [ppm] | [ppm]  [ppm]  [ppm] | [ppm] [meV]
AMT 1.080 —7703 931 351(114) 370(112) —19(19) | —6421(140) 22.8123
AS 1.091 —7782 931 353 —6498 22.8105
Carlson et al.® Kelly 1.069 —7622 931 353 —6338 22.8141
MAMI 1.045 22.8187
combined® 22.8146(49)
Faustov et al.¢ 470(104) 518 —48
Martynenko et al.® | Dipole 1.022 —7180 460(80) 514 —58 22.8138(78)¢
Experiment 1.082(37) 22.8089(51)
2QED, higher-order and other small corrections included in Fyg pyps are taken from Mar-
tynenko. The Zemach term includes radiative corrections: Ay = —2am, Rz (1 + 5rZad). . :
bslightly moved average of the selected form factors Fermi - Energy'
“The calculation is based on experimental data for the nucleon polarized structure functions 1Zal+k
obtained at SLAC, DESY and CERN. Er(25) = 3—5 55 = 22.8054 meV

9The calculation is based on experimental data for the nucleon polarized structure functions
obtained at SLAC, DESY and CERN.

€Adjusted value; the original value, 22.8148(78) meV, is corrected by adding —1ueV, be-
cause the conventions of “elastic” and “inelastic” contributions, applied in Martynenko, are
inconsistent.

Table 1: Summary of available dispersive calculations for the TPE correction
to the HF'S in pH.
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A-Exchange Contribution

* TPE effect on the Lamb shift is dominated by the electric dipole

polarizability ag1, while the contribution from the magnetic dipole
polarizability a1 is suppressed

G =24 [ 99 o) [T20,Q%) = T2(0,0%)]  with 2 = 1/(mn’a®)
T Y,

low-energy theorem:
gggofl(z/, Q%) = 4w v? (g1 + Bar1) + 47 Q2B + O(q?)

lim Tz(u, QQ) — 47 ()? (g1 + Bum) + O(q4)
v,Q2%2—0

* Does the A-excitation contribute

A
significantly to the TPE effect in HFS? P
L= 2M(Mgi MA)NT?’ {igM(GMAV)F“V — geY5(0, Ay ) F* — iﬂi—i%ya(aaA,, - 3uAa)auFW} = et
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Polarizabilties:

A-Exchange Contribution

* scalar dipole polarizabilties:

ap] = 629]25 ~0.1 x 10~*fm°
i QWMJ?; :
e’g3s
= — ~ —6.7 x 1074 fm°
Ban QWAM_%_ -

* spin polarizabilties:

& 9% . 9% 49mys B
— — 2 Lo 107+ f
49 4MME( 2 A Jw¢x> he LE
5 e? M 5 M A e 1

Q:c—01384-0£as)><10—4ﬁn G A0 P

8

Jgp — —1.04
e = —2.6

<
& &
%, A9

6l % E
o
E 4t -
b
=
e ot 4

S

(eo}

0} -

-2 ] ] ] ]

6 8 10 12 14 16
ag¢® [10* fm3]
MAID '07 HH
ByPT NLO
==t
(Lensky et al. '14)
3
BYPT ¢ S
(Bernard et al. '13)
1.2 1.7 2.2

8,7 [107* fm?]
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Why disagreement in HFS ?7?7?

* effect of the A-excitation
might not be negligible

* empirical information on
polarized (spin) structure
functions is limited

little data on g2

* problem in ByPT?

BxPt result is smaller than calculations based on
dispersive sum rules

ByPT LO HFS
(Hagelstein et al. '15) ++

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

0 2 4 6 8 10 12 14

AEPY [hev]

BxPt result is in good agreement with calculations based on
dispersive sum rules

Disp. Rel.

(Pachucki '99) PR Lamb Shift
(Martynenko '06) ' - -
(Carlson-Vanderhaeghen '11) p——t—

Disp. Rel. + HBYPT
(Birse-McGovern '12)

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

HBXPT LO
(Nevado-Pineda '08)

HBYPT NLO :
(Peset-Pineda '14)

ByPT LO
(Alarcon et al. '14)
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=% PROTON FORM FACTOR IN C)

— PRISMA
THE LOW-ENERGY FRONTIER HYD RO G E N L AM B S H I FT T o
OF THE STANDARD MODEL and Structure of Matter

Yukawa-type potential:

S A
V) = ——/ = e ™Vt m Gg(t)
Bt o t
FR(1)
AE 2p-35= <2P1/2 |VY|2P1/2> (2512 |VY|251/2>
Im GE
o \/+Zozmr
__(Za) P (=Zam,)* .,
= e ey (7

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

FH, V. Pascalutsa, Phys. Rev. A91 (2015) 040502 distribution

a small variation in the form factor around
the inverse Bohr radius scale may lead to
significant effects !!!

“soft” contributions to the proton or
| lepton electric form factor could be able
| to explain the proton size puzzle ?!?
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Theory of yH Lamb Shift

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

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 (Kallen-Sabry) proton structure
uSE and VP proposed to resolve
discrepancy 310 LLGV the pUZZ|e
1-loop eVP in 2 Coulomb lines % i
recoil
TPE 7 7
(el)
(pol) |
hadronic VP L .
proton SE (22 (27) (27)
e oV e 5‘/elastic ot 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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TPE In yH Lamb Shift

+ Lamb shift:|AB,s = %3 ¢ / i / i
0

(@ dosi Bile OFF - (G wid 6,07

QH Q" — 4mv?)

with the hydrogen wavefunction at the origin > = 1/(mn’a?)

unitarity relations:

7T2
Im Ty(v, @) = 7 % 110, Q%) = vor(n, Q)
2 2V
Im T5(v, QQ) = 47ryaf2(7/, QQ) = V2Q+ 02 [UT S UL](Va QQ)

£'@,Q%) = 564(@)5(1 - o)

510, @) = —— [GH(@) + 763 (@)]501 — 2)

i

“polarizability” contribution:

i = S Rttt O ST )
T 2 :T 0 2 d / 9
1(7/7@) 1( 7Q)+ = - % 2 32 0
i 2 o0 1/2@2 O'T(V/ Q2) —I—O'L(V/ Q2)
DINE 221 / ) 3
T2(1/7Q )—;][yo dv i ,r o)

subtraction function must be modelled!

=

“elastic” contribution:

i 41F (02) + Fy(O2 2
TlBorn(V’ Q2) 2> ]7\7406 {Q [ ég(f_)4M22V(2Q )] 1z F12 (QQ)}
16maM Q? ?
TzBorn(V7 Q2) e Q4 71044ng2 {FE(Q2) —|_ 4?w2 F22(Q2)}

“elastic” and “inelastic”
contributions are well-
constrained by empirical
information
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[1] K. Pachucki, Phys. Rev. A60 (1999) 3593—3598.

Dispersive CalCulatioNnS i ssma.ws som st (e s-15.

[3] C. E. Carlson, M. Vanderhaeghen, hep-ph/1101.5965 (2011).

fOr TPE iﬂ U H Lam b Sh if't [4] M. C. Birse, J. A. McGovern, Eur. Phys. J. A48 (2012) 120.

[5] M. Gorchtein, et al., Phys. Rev. A87 (2013) 052501.

Pachucki = Martynenko Carlson & Birse & Gorchtein
Vanderhaeghen = McGovern et al.®
o e L) > adla) - Tl
AT 1.9 23 5.3(1.9) 42007 293(16)
|AEY | -189  -161  -127(5)  —127()°  -13.0(6)
AEE L ey 3R 0) —7.4(2.0) —85(1.1)  —15.3(4.6)
(
=218
AE L 039(1 () L9053 oA Be 245019
| —30.8
Aboe | 3002 —36.9(2.4) e agan )
?Adjusted values; the original values, AEéZubt) = 3.3 and AESE}) = —30.1, are based on a
different decomposition into the “elastic” and polarizability contributions. T (0.0
btaken from Carlson & Vanderhaeghen lim 1(—’262) = 47 B
“Result taken from Carlson & Vanderhaeghen with reinstated “non-pole” Born piece. Q20 Q

A8
Table 1: Summary of available dispersive calculations for the TPE correction to Bar1 (Q%) = Ban (A2 + Q)

the Lamb shift in ¢H. Energy shifts are given in pueV, By is given as x10~* fm?.
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TPE in uH HFS

* HFS: AEHFS — [ i AQED o s

wea

Fermi - Energy:
8Zal+k 1

D 3 a3 mM n3

. + Arse] EF

with Apgp = Az + A o+ Apal

¢ TPEINHFS: S - it [T faa

QQ

2 2_1/2
4m2y2 {( Q )Sl(V7Q2)+3%SQ(V7Q2)}

MQ?F1(Q*) G (Q? oy :
Sl(V,QQ) :87'('04{ Q41—(— 4]342142( )‘|‘/VO V,Q_V_VQ 91(1/7(022)} /

MF. 2 G 2 0O dy’ /7 2
S2(V,Q2):87T04MV{— 54(? iMJ\Z/[V(QQ ) ‘|'/ V/2iy2 gQ(IV//QQ )}
unitarity relations:
Im Sl(l/, QQ) 477' agl(V Q ) %[QgLT—FO’TT] (1/ QQ) gil(ﬂl’,QQ) = 1/2F1(Q2)GM<Q2)5<1 _33)
o L g3 (2, Q) = —1/27Fa(Q*)Car(Q*)5(1 — o)
Im So(v, Q%) = > g2(v, Q%) = ey [@ULT = O'TT] (v, Q%)

* TPE effect on the HFS is completely constrained by empirical information
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HFS Formalism

Ly Bam, [ dQ? [GE(Q*)GM(Q?) -
:AZ > L [ T — 1] = 2am, Rz
2am, 1 [* . G (Q?) o Lo e
':: ?coﬂ IVE ;v/O dQF2<Q) 1+% 2E 2(1+%>M; . ?BKTZ)FZ(Q)
" : M d 2
L + [ [51<Tp)‘4ﬁ—51(”> 4“77} F(@)Gu (@) }
°. 'l : 0 Tp Tl
X'} v N SRR S e S T e e e e R R S S o L e e e

— 4m?2p2?

‘- —12M2/ dQ2/ a7 52 52(70]92(% Q?)

— 4m?2p?2

o0 2 00 4 e 2
Ay =/ ot {/31 ) F3(Q +4M/ i 51 = i Bl(Tl)gl(VaQQ)}
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