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Radiative corrections

H>

e-p scattering

e Soft corrections are well understood Tsai(1961), Mo & Tsai (1968), Maximon & Tjon (2000)
2y (or, TPE) involve the nucleon structure

TPE not calculable (at present) from first principles, viz. QCD

Nevertheless, there are many model calculations

Blunden, Melnitchouk, Tjon (2003); Guichon & Vanderhaeghen (2003); Kondratyuk &
Blunden (2007); Borisyuk & Kobushkin (2006, 2007, 2008, 2012); Bystritsky, Kuraev, Tomasi-
Gustaffson (2006) ... many more recently
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2y-exchange: comparison with data

+ ° OLYMPUS (2016)
o(e"p)
1.02 = RQ’Y — ﬁ ~ ]_ — 2527 ............. Feshbach
. o p ——— elastic
o4 <203vee— T — elastic + N
TS e L D — total 2 v, near-forward
~ . )
(o
100 1E
0_99 —l-....::u-u.ﬁj ............. @ @’ k — 2 ] 0 1 GeV
1 +~ 1 + I uncorr. + Corr. uncertainties
T Maximon and Tjon IR prescription
0.98 . , :
0.8 0.9 1.0
€
* near-forward 2y agree with data Tomalak, ( :gf%‘i“i' vdh
L multi-particle 2y, e.g. N, is important Pasquini, Vdh, _
Ann.Rev.Nucl.Part.Sci (2018)
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e TPE is relevant at the current level of precision, especially in muonic
hydrogen, and hydrogen HFS
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TPE in atomic spectroscopy

“Cey
H spectroscopy Mp spectroscopy

TPE is relevant at the current level of precision, especially in muonic
hydrogen, and hydrogen HFS
TPE not calculable (at present) from first principles, viz. QCD
fortunately, forward calculation is sufficient
off-forward is suppressed by an extra a in HFS and alog a in the Lamb
shift
forward calculations can be done by dispersive data-driven approaches
e Lamb shift: Pachucki (1999), Carlson & Vanderhaeghen (2011), more refs below
e HFS: Martynenko et al (2003); Carlson, Nazaryan & Griffioen (2008, 2011)
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TPE in atomic spectroscopy

ey
H spectroscopy Mp spectroscopy

e TPE is relevant at the current level of precision, especially in muonic
hydrogen, and hydrogen HFS

® TPE not calculable (at present) from first principles, viz. QCD

e fortunately, forward calculation is sufficient

e off-forward is suppressed by an extra a in HFS and a log « in the Lamb
shift

e forward calculations can be done by dispersive data-driven approaches
e Lamb shift: Pachucki (1999), Carlson & Vanderhaeghen (2011), more refs below
e HFS: Martynenko et al (2003); Carlson, Nazaryan & Griffioen (2008, 2011)

e chiral perturbation theory calculations are available as well
e Lamb shift: Nevado & Pineda (2008); Alarcon, Lensky, VP (2014)
e HFS: Hagelstein et al (2017, 2019)
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Example: Lamb shift budget in muonic H

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

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

1-loop eVP

theory uncertainty:
2.5 ueV

proton size

2-loop eVP (Kallen-Sabry)

uSE and uVvP

» The uncertainty of the
proton-radius extraction is
dominated by the proton
polarizability contribution

discrepancy

1-loop eVP in 2 Coulomb lines

recoil

- 3 e 33 + 2 eV
)
hadronic VP
proton SE
3-loop eVP

light-by-light scattering

0.001 0.01 0.1 1 10 100 1000
[meV]
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Lamb shift: hadronic corrections summary

polarizability correction dispersive estimates

on 2S level in uH in peV

HBChPT
HBChPT ) . BChPT
+ dispersive

(neV) Pachucki [9] Martynenko [10] Nevado and Carlson and Birse and Gorchtein LO-BxPT

Pineda [11] Vanderhaeghen [12]  McGovern [13] etal. [14] [this work]
AES™ 1.8 2.3 - 5.3(1.9) 4.2 (1.0) —2.3 (4.6) -3.0
AERY 139 ~13.8 - —12.7(5) 12,7 (5)P —13.0 (6) 5.2
AERY 122 ~11.5 ~18.5 —7.4(24) —8.5 (1.1) ~153(5.6)  —82(*12)

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
10

| 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).

[LO-BxPT] Alarcon, Lensky, Pascalutsa, EPJC (2014) 74:2852

‘ elastic contribution on 2S level: AE>s =-23 peV total hadronic correction on Lamb shift

mm) inelastic contribution: ~ Carlson, vdh (2011) + AEtpe(2P - 2S) = (33 £ 2) peV

Birse, McGovern (2012)

...or about 10% of needed correction
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Lamb shift: hadronic corrections summary

3rd Zemach moment

(Jentschura '11) ——
(Borie '12) ——
Disp. Rel.

(Pachucki '99) ——
(Birse-McGovern '12) ——

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

Bound-State QED
(Mohr et al. '13)

HByPT LO
(Nevado-Pineda '08)
HByPT NLO

(Peset-Pineda '14)

Disp. Rel.

(Pachucki '99) —
(Martynenko '06) —_
(Carlson-Vanderhaeghen '11) —_

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

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

HByYPT LO
(Nevado-Pineda '08)

HBYPT NLO
(Peset-Pineda '14)

ByPT LO
(Alarcon et al. '14)
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Electron scattering (SLAC,DESY,‘Lab,ELSA,MAMI,MESA)
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Electron scattering (SLAC,DESY,‘Lab,ELSA,MAMI,MESA)

Energy and momentum transfer: v, Q*
Q2

My

Bjorken variable: x =




Electron scattering (SLAC,DESY,.‘Lab,ELSA,MAMI,MESA)

Energy and momentum transfer: v, Q*
Q2

Bjorken variable: x =
Mv

Structure Functions:
Fi(x,0%, F,(x,Q* — unpolarized

g/(x, 0%, g,(x,0%) — polarized (fors >1/2)

by 234, 0% — tensor (forS > 1)




Structure functions

Elastic =1 Inelastic O<x<x,<1)
v 2 " 2
P
| X
P = P
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Structure functions

Elastic =1 Inelastic O<x<x,<1)
v 2 " 2
P
| X
P = P

|
F{'(x,0%) = EGZ@(Qz) o(1 —x)

202 2 (N2
Fel(x, 0%) = GE(Q7) + G (07) 51— x)
1+7
ol n G(0%) +7G(0?) ) B
g (x,0°) = 20+ 0 G (Q7) 6(1 —x)
ol n G(0%) — G, (0% ) B
g (x, Q%) = A+ G (Q7) 6(1 — x)
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Structure functions

Elastic =1

*

v 2

|
F{'(x,0%) = EGZ@(Qz) o(1 —x)

202 2 (N2
Fel(x, 0%) = GE(Q7) + G (07) 51— x)
1+7
ol n G(0%) +7G(0?) ) B
g (x,0°) = 20+ 0 G (Q7) 6(1 —x)
ol n G(0%) — G, (0% ) B
g (x, Q%) = A+ G (Q7) 6(1 — x)

Vladimir Pascalutsa

Inelastic O<x<x,<1)

*

0% 2

Fi(x,0% ~ or(v, Q%)

Fy(x,0%) ~ (op + 6)(v, 0°)

&1(x, 0%) ~ [(Q/v)oy + 6771w, Q%)
&, 0%) ~ [/ Q)oyr — orr)(v, 07)

- Two-photon exchange



Structure functions

Elastic =1 Inelastic O<x<x,<1)
7" 2 7" 2
P
P P
1
F(x,0% = EGZ@(Qz) 5(1 — x) Fy(x, 0% ~ o7(v, 0%
20 A2 212 Fy(x, 0°) ~ (67 + ;) (v, Q%)
F;:l(x’ QZ) — GE(Q )+ TGM(Q ) 5(1 _ X) 2 5 T L 5
1+7 gl(x,Q ) ~ [(Q/V)GLT‘*‘O'TT](’%Q )
2 2 2 2
gfl(x, QZ) _ GE(Qz) + TGM(Q )GM(QZ) 5(1 _ ,X) gz(x, Q ) ~ [(U/Q)O'LT - GTT](V, Q )
(1+7)
o G(QH = Gy(0Y N
g(x, 0% = T G, (0%) 8(1 — x)

with G electric and G,, magnetic Form Factors,
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Structure functions

Elastic =1 Inelastic O<x<x,<1)
7" 2 7" 2
P
P P
1
F(x,0% = EGZ@(Qz) 5(1 — x) Fy(x, 0% ~ o7(v, 0%
20 A2 212 Fy(x, 0°) ~ (67 + ;) (v, Q%)
F;:l(x’ QZ) — GE(Q )+ TGM(Q ) 5(1 _ X) 2 5 T L 5
1+7 gl(x,Q ) ~ [(Q/V)GLT‘*‘O'TT](’%Q )
2 2 2 2
gfl(x, QZ) _ GE(Qz) + TGM(Q )GM(QZ) 5(1 _ ,X) gz(x, Q ) ~ [(U/Q)O'LT - GTT](V, Q )
(1+7)
o G(QH = Gy(0Y N
g(x, 0% = T G, (0%) 8(1 — x)

with G electric and G,, magnetic Form Factors,
7 = Q%/4M?
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Structure functions

Elastic =1 Inelastic O<x<x<1)
" 2 7" 2
P
P P
1
Fi(x, 0%) = G(0% 8(1 = x) Fi(x,0%) ~ o(v, 0%
2/ A2 2 12 Fy(x, 0% ~ (67 + 6,)(v, 0?)
FSI(X, QZ) — GE(Q )+ TGM(Q ) 5(1 —.X) 2 5 r L 5
1+7 gl(x,Q ) ~ [(Q/V)GLT‘*‘O'TT](’%Q )
2 2 2 _ 2
¢l(x, 0%) = GE(Qz)(:' :(T?)M(Q ) G, (0% (1 — v 8,(x, Q%) ~ [(W/Q)orr — o7, OF)
. o GHO?) = Gy(QY) , B with total photoabsorption
8 (%07 = 2(1 4+ 7) 7Ou(Q7) o1 =) cross sections o(v, 0?)

with G electric and G,, magnetic Form Factors,
7 = Q%/4M?
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Unitary and causality

Relation to forward Compton scattering

Optical theorem: |:j i}
Im od

Causality (analyticity, Cauchy formula):

2 [ v’
SO TR T

2

', 0% /
? Sum T

Rules Structure

eg: GDH,

Baldin, -(:ucwctio nsS

Schwinger

Polarizabilities

-

2

f(2) Az

§(w) =

27§

S

deMy Lterlor pt. W o C

=

——0

—o—

—~

Jw
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Structure Effects through 2y

F. Hagelstein, R. Miskimen and V. Pascalutsa, Prog. Part. Nucl. Phys. 88 (2016) 29-97

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

off-forward
two-photon exchange (2y)

# &

y Lo 1 D-q , D q
T (q,p) = (—9“ 2 )Tl(v,Q2)+—(“—q—2Q“) (p Tt )Tz(v,Qz)
1
vl

1
M0 S1(v, Q%) — el (Y@ + ¢V g0 — ¢"7"“qa) S2 (v, Q%)
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Structure Effects through 2y

F. Hagelstein, R. Miskimen and V. Pascalutsa, Prog. Part. Nucl. Phys. 88 (2016) 29-97

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

processes
forward
two-photon exchange (2y)
4 4 4 4
7 7 g 7
P2 2 P p

elastic contribution:

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

Zemach radius (Hyperfine splitting)

y L q'q” 1 D-q , DPq
" (q,p) = (—9“ T2 )Tl(v,Q2)+—(p“——q2 Q“) (p e )Tz(v, %)
1
M2

(v @ + 6" 0 — "7 qa )|S2 (v, Q%)
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CS Amplitudes & Structure Functions

optical theorem: dispersion relations:
unitarity analyticity, crossing symmetries
47T2Z2 5
Ty (v, Q%)= fi(z, Q%) 0 2 [ V|ImT;(V, Q%)
47r222 L @) =7 y e =
Im 75 (v, Q%) = f2(z, Q%) o I A2
: 5 2 , V' Im S1(V, Q%)
47.(_222 Sl(yaQ ):; dv p2 2 0+
Im 1 (v, Q%) = g1(z, Q%) Vel
1% (& 9] 12 2
2 V' 2 Im Se (v, Q%)
A2 720 M vSs (v, Q%) = —/ dv/ -
S50, Q%) = 2 M o0, 02) @)= ) Y e o
v
oy 2 [ VImT(V,Q%)  8rZ%a ['dax fi(z, Q%)
N, Q%) = T /,,el v V2 -2 -0t M Jy, = 1—22(v/ve)? —i0T
oy 2 [T VImT(V,Q%)  16nZ°aM /1 fa(z, Q%)
. Q%) = ™ \/Vel v V2 — 12 0t de 1 —22(v/ve)? —i0t
o _ 2 /Oo , V' Im S (V, Q%)  16nZ%aM /1 g1(z, Q%)
S1, Q%) = T Jve v V2 — 2 0t d 1 —22(v/ve)? —i0t
oo 12 / 2 2 2 1 2
with 2y _ 2 , Ve Im Sy (V) Q) _ 16w ZaM / g2(z, Q)
Vel = Q°/2M vnd) =5 /uel Ve i Q? 0 iz 2?(v/ve)? — i0F
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2y in Lamb Shift

wave function
at the orlgln

20%) T1 (v, Q%) — (Q* +v*) Tr(v, Q)
AE (nS)—Swamgb / / 0N (QT — Im2?)

32nZ%aMv? (1 rf1(z, Q%)
: . ) 11 (v, =T 0, 2 / d )
dispersion relation 1, Q%) 10,97+ Q4 0 1o x2(V/Ve)? —i0T
& optical theorem: 160 72aM 1 2
TQ(V, Q2) — 67 a / dax f2(x7Q ) :
1 —22(v/ve)? —i0F
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2y in Lamb Shift

wave function
at the orlgln

_ 202) Th(v, Q%) — (Q* + %) Ta(v, Q%)
AE(nS) = 87rozm¢ / / 0N (O7 — 4m™?)

32nZ%aMv? (1 zf1(x, Q%)
: . ) 11 (v, 2y =T 0, 2 / d )
dispersion relation 1, Q%) 1(0.97)+ Q4 0 1o x2(V/Ve)? —i0T
& optical theorem: 160 72aM 1 2
TQ(V, Q2) — 67 a / dax f2(x7Q ) :
1 —22(v/ve)? —i0F

* data-driven dispersive calculations: Caution:
in the dispersive approach
the T1(0,Q?2) subtraction function

low-energy expansion: ,
is modelled!

ngrilo T1(0,Q%)/Q% = 4m B

modelled Q2 behavior:

T1(0,Q%) = 47Bun Qz/(l + QQ/A2)4
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TP (0,Q%) =

Pinning down the subtraction function

1
(2M)?

B Q° + (%6M2 + 2601 + Qembso + 5M1) Q*+0(Q%

Subtraction function: Q2 dependence

HBChPT
----- BChPT
- — = BChPT with A FF

empirical result
*  Pmi, PDG 2016

Nkl N
e

T™B0,Q%)/Q* (10* fm?)
@)
|

0 0.1 0.2 03
Q> (GeV?)

Lensky,Hagelstein,VP & Vdh (2018)
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Chiral Perturbation Theory of the Lamb Shift
ENRCu
' - I Ef

(2 (h) (i)

J. M. Alarcon, V. Lensky, V. Pascalutsa, Eur. Phys. J. C 74 (2014) 2852 * LO BChPT pred iction:

O) pol.
EUOTPON (uH) = 873 eV

* A prediction:

A EST I Pol(H) = —1.0(1.0) eV

x ]

V. Lensky, F. Hagelstein, V. Pascalutsa,
M. Vanderhaeghen, Phys. Rev. D 97 (2018) 074012
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New data on proton Compton scattering

e 60 days of dedicated data-taking in 2017 Taperemm [ [ Bom i
. . r & MAMI (2001) ) T PWA [CoMAID] 1
and 2018 with polarized beam LMY e oMY [ e

e > 10° Compton events, tagger upgrade

e differential cross sections and beam
asymmetry of Compton scattering below
pion threshold

dU’/dQlab [nb/sr]

e E. Mornacchi et al. [A2 Coll.] (red points)

e TAPS 2001 experiment (blue points)

| | | L | | | | L
0 30 ‘ 60 90 120 150 0 30 60 90 120 150 180
Oy [deg]
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New data on proton Compton scattering

i ‘1\
f=\

L T l l l l [ l l
201 e £
e 60 days of dedicated i P .
and 2018 with polar_ 3 ~'+ F
2 15F 7 1
e > 10° Compton eveS f—._ | | eer T
—_ i \~¥ I *
- s ke =y
e differential cross sec 1oL T i — -
= L 1 p—— 8-
asymmetry of Comp =2 | 1l i
pion threshold = 1k
B ©® Data priorto 2000 || -==eeeee Born a1l
. — & MAMI (2001) . PWA[CoMAID] | —{—
® E. Mornacchi et al. [ i & MAMIQOI9)prlin |- BAPT 1
- 109 MeV 14+ 117 MeV
e TAPS 2001 experime 0_ | | | L 1T 1 1
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2y (in Lamb Shift) from ChEFT

AEP (pev)

~51
‘\‘ \
‘\\ ByPT - —8.2
— 10 L \\\
N * contributions from above
e Qmax> M, = 775 MeV
—157 HByPT N
« HBChPT: at least 25%
- —17.9
0 02 04 06 08 " * BCHPT: less than 15%
QrzmlX (GeV?)

Fig. 4 The polarizability effect on the 2S-level shift in wH computed
in HB x PT and B x PT as a function of the ultraviolet cutoff Q.x. The
arrows on the right indicate the asymptotic (Qmax — 00) values

J. M. Alarcon, V. Lensky, V. Pascalutsa, Eur. Phys. J. C 74 (2014) 2852
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2y in HFS

Eurs(nS)  4m 1 (2Q2 — v?) 17 0
Er(nS) BT / / 4m2y2 { Q> S1(v, Q%) + MSQ(V’Q )
with v, = Q%/2M
2\ _ oBorn 2 2 2 16maM [*° g1 ($7Q2) -
S1(v,Q7) = ST (v, Q )-l-VFz (Q7) + 02 . dxl—x2(l//1/el)2—i0+ Al
64raMiv? [* 2g9(z, Q%) APOI
orn T 1% 0 r~gz\T,
w82, Q%) = w8 Q) g /0 b Ty g -0 | D2

using dispersion relation & optical theorem

* (non-Born) polarizability + (Born) elastic 2y contributions

* S1 and S» fulfil unsubtracted dispersion relations
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Polarizability Effect on the HFS

am with v = /1 4+ 1/r,v; = \/1 + Yz, 7; = Q*/am? and 7 = Q°/am?
[A1 + Ag]
2r(1+ k)M

Apol =

32M*
Q4

A, — 2/0°° 4Q ( S @) + PR QY]]

o\ [ @)

1 1 1
. {(vl +vV1I+ 22 H (1 +vV1I+ 227~ (1 + vy) [4+ 1+ V14 ax2r71 - vy +1] })
Ay = 960> /OO dQ d:cgz(x,Qz){ 1 : }

0 @ 0 vl+\/1+:v27'—1_vz+1
2M?2 [T
L(Q%) = 02 /0 dz g (2, Q%) 11(Q?) is not a pure
non—po non—po 1 i ili
[ren=pol(2) — pren—pel(y2y _ —ZFS(Qz) polarizability

* proton-polarizability effect on the HFS is completely constrained by
empirical information

* a ChPT calculation will put the reliability of dispersive calculations (and
ChPT) to the test
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Hyperfine splitting in muonic H

Muon

e spin polarizabilities are of similar importance for the hyperfine splitting

138, (F=1

Measurements of the pH ground-state HFS planned by L(
1) CREMA, 2) FAMU, 3) J-PARC/Riken-RAL collaborations \ AEHFS

\

\

118, (F=0)

F : total angular momentum
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Hyperfine splitting in muonic H

Muon
e spin polarizabilities are of similar importance for the hyperfine splitting
13SiF=1
Measurements of the pH ground-state HFS planned by s ]
1) CREMA, 2) FAMU, 3) J-PARC/Riken-RAL collaborations AEHFS
currently, disagreement between data-driven evaluations s, (F=0)
“‘ and chiral perturbation theory F - total angular momentum
Disp. Rel. | | | | | | | |
(Cherednikova et al. '02) —t—

(Faustov et al. '06)
(Carlson et al. '08)
(Tomalak '17) ——

ByPT LO+A
Hagelstein et al. (2019) ————+——

-2 0 2 4 6 8 10 12 14

|
Efies(2S, tH) [ueV]
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Hyperfine splitting in muonic H

Muon

e spin polarizabilities are of similar importance for the hyperfine splitting
138, (F=1
Measurements of the pH ground-state HFS planned by s ]

1) CREMA, 2) FAMU, 3) J-PARC/Riken-RAL collaborations AEHFS
currently, disagreement between data-driven evaluations 1S, (F=0)
“‘ and chiral perturbation theory F - total angular momentum
Disp. Rel. I
(Cherednikova et al. '02) ) ) e (Questions to empirica

(Faustov et al. '06) 81(x, 09), &(x, 07 ‘ ! parametrizations of

(Carlson et al. '08) = ' | |

(Tomalak -17) nucleon structure
functions (next slides)

ByPT LO+A

Hagelstein et al. (2019) ————+——
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Inclusive cross section

/ electron / \

— “ When we add spin degrees
of freedom to the target
and beam, 2 Additonal SF
needed.

I

- W

K Proton /

d’o

dam = oMot | < Fy(x, Q%) 4+ 7 Fi(x, Q%) ta

l\DlQ
[T

+vg1(x, Q%)+ 592($>Q2)_

Inclusive Polarized
Cross Section

nves GUTENBERG

o TN BERG Vladimir Pascalutsa - Two-photon exchange



Access polarized structure functions

-

o

—> @

—<— O

O a O

/ \ /

dQUTﬂ dQUlﬂ
dQdE’  dQdE’

d20_T2> . d20'l:>
dQQdE’ dQdE’

— 32‘; % (E + E'cos®) gy —2Mxg-]

402 E’ OME

— vQ2 E sin 6 [91 | > 92}
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Results from Hall A @ JLab [K. Slifer et al]

g, contribution to Hyperfine Structure

10 : :
[ -- ™MD HB BJYW ]
st ---- HB e e E08-027
.o} S—
z f .
é - * L E $-~ .
5 Sl
:‘é}_lo; "+;./’// —:
_20}_ ?re ]
257 10- 100
Q? (GeV?)

good agreement with the MAID and most recent Hall B models

200% difference from Hall B 2007 model used in PRA78, 02251
e Carlson, Nazaryan & Griffioen (2008, 2011)
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Results from Hall A @ JLab [K. Slifer et al]

 How do new models compare
with previous publications?

Term | Q? (GeV?) | MAID | Hall B | HB 2007
A, (0,0.05) | -0.87 | —0.80 | —0.23

(0.05,20) | —1.26 | —1.16 | —0.33

(20,00) 0.00 | 0.0 | , 0.00

Total A, —2.13 | —1.96 | / —0.56

Phys.Rev.A.78.02251]
Carlson, Nazaryan & Griffioen (2008, 2011)
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Results from Hall A @ JLab [K. Slifer et al]

 How do new models compare
with previous publications?

Term | Q? (GeV?) | MAID | Hall B | HB 2007
A, (0,0.05) | -0.87 | —0.80 | —0.23

(0.05,20) | —1.26 | —1.16 | —0.33

(20,00) 0.00 | 0.0 | , 0.00

Total A, —2.13 | —1.96 | / —0.56

Phys.Rev.A.78.02251]
Carlson, Nazaryan & Griffioen (2008, 2011)

e bigger cancellation between A; and A,, hence
better agreement with ChPT.
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Conclusions on TPE
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Conclusions on TPE

® |lepton scattering: model-dependent, for review see

Pasquini & Vanderhaeghen,
Ann.Rev.Nucl.Part.Sci (2018)

e Hydrogen spectroscopy: dispersive calculations vs. ChPT
agree in the Lamb shift and might soon agree in HFS —
stay tuned!
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HYPERFINE SPLITTING IN uH

2P fine splitting

AEHFS (nS) — [1 + AQED + Avveabk + Astructure] EF (nS) 2P

with  Agiructure =| Az |+ Arecoil + APOI

v

Lamb

Zemach radius: -

_ 8Zam, /0oo d@ [GE(Q2)GM(Q2)

Ay = - 02 T+ r —1| = -2Zam, Ry,

experimental value: R, = 1,082(37) fm

A. Antognini, et al., Science 339 (2013) 417—420

28,

2S hyperfine splitting

F=0

Measurements of the PH ground-state HFS planned by the CREMA, FAMU
and J-PARC / Riken-RAL collaborations

Very precise input for the 2y polarizability effect needed to find the yH ground-state
HFS transition in experiment

Zemach radius involves magnetic properties of the proton
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HF'S theory status

AEnrs(1S) = [1+ AQED + Aweak+hVP + AZemach + Arecoil + Apol | A

HFS
EO

"

< Gp(Q?), Gm(Q?)
<~ GEg, Gp, I, Fo

< g1 (:L‘,QQ), 92(x7Q2)

Polarizability correction is fully expressed
in terms of spin structure functions

yet their poor knowledge leads

Phys. Rev. A 68 052503, Phys. Rev. A 83, 042509, Phys. Rev. A 71, 022506 ATPE
Hp
Magnitude  Uncertainty

AEJFS 182.443meV  0.1x107°

AQED 1.1x1073 1x10°6

Ayeak+hVP 2x107° 2x 1076

AZemach 75x1073  7.5x107°

Aecoil 1.7 x 1073 1076

Apol 4.6x 1074 8 x 1077
Disp. Rel.
(Cherednikova et al. '02) ——t——t
(Faustov et al. '06) —
(Carlson et al. '08) — .
(Tomalak '17) (no subtractions),
BxPT LO+A Hagelstein et al i i I
(this work) disagreement with ChPT !

-2 0 2 4 6 8 10 12 14

I
Efips(2S, uH) [ueV]
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Zemach radius vs the rms charge radius

T

1.00 [ L]

0'95 L 1 L L L 1 L L L I L L L 1 L
0.84 0.86 0.88 0.90
Re [fm]

Hagelstein et al, in prep.

GE,pipole (Q2,\)

Fit to ep data

ep scattering

UH spectroscopy

our work

Kelly '04

Bradford et al. '06
Alberico et al. '09
Arrington et al. '07
Arrington and Sick '07
Arrington and Sick '07 (w/ TPE corr.)
Venkat et al. "1

An extraction of Zemach radius from muonic H hfs should be consistent
with the charge radius extraction from muH Lamb shift?!
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Recent values of the TPE

e

using TPE from H

—eo—

Tomalak, dispersion + hfs(H) + higher order (2018)
Tomalak, dispersion + hfs(H) (2018)

Tomalak, dispersion + R(ep-scattering) (2017)

o 1 Tomalak, dispersion + R(up) (2017)

Peset & Pineda, ChPT + hfs(H) (2017)
Peset & Pineda, ChPT (2017)

. ! Hagelstein et al. (201 5jemmem=@@:

. 1 Carlson et al. (2008)

Martynenko (2005)

o Pachucki (1
—-1.25 —-1.20 —-1.15 —-1.10 —-1.05 E (meV)
—7000 —-6800 —-6600 —-6400 —-6200 —-6000 —-5800 E (ppm)

Aldo Antognini

nves GUTENBERG
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e-p scattering H spectroscopy Up spectroscopy
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Radius from elastic e-p scattering

<d_0)Ros. - (;Z_S)Mott (1 —|1— T) <€G2E(Q2) T TG?VAQQ))

with 7z =Q%*4M;, e51

1.00 ——————————— . , dGE(Q?)
[ <?“p> = —6h 5
) i 0.99} dQ Q2=0
Gg(Q9), Gy(Q?) : - »
0.98¢
k<] 0'97;' Caveat:
(gul 0.96} Radius extraction
0.95} in vol\{es
: extrapolation to 0
0.94¢
093 b
0.000 0.005 0.010 0.015 0.020

Q? (GeV?)

data points: J.C. Bernauer et al., Phys. Rev. C90,015206 (2014).
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Lower bound directly from e-p data

6
RA(Q%) = - o2 log G(Q%)_, = R;

This function sets a lower bound:
Hagelstein & VP,
Rl%(Qz) <Rz, for Q2 >0 Phys. Lett. B (2019).
1.0 : : : : : : : : : : : :
L I |
09~ 1 f
I | | Data points from A1 Coll.:
I . b Bernauer et al (2010)
- 08F 11 it i Mihovilovic et al (2017)
: | it
w L ¥ | 1 3T+ L]
T (S R
, ! No extrapolation
oo 1 j; required
‘ 0.(;05 ‘ 0.610 ‘ ‘ 0.(;15 ‘ ‘ 0.(;20

5 o000
Q? (GeV?)
- Two-photon exchange
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Various extractions

L\1“
7 e

T

e-p scattering H spectroscopy Up spectroscopy
—— - —e—i 0 —e—i D
Bernauer 10 —e—
Borisyuk 10 ——
CODATA 10 o
Hill 10 F —e—
Pohl 10 F °
Zhan 11} —e—
Adamuscin "12F —o—
Lorenz 12} —e—
Sick "2} —e—
Antognini '"13 | °
CODATA 14} —o—
CODATA '14 (eH) } —0—
CODATA 14 (ep) | ——
Graczky ' K
Lorenz '15F ——
Arrington "15}F ——
Griffioen "15F ——
Lee '15 (World data) | ' o
Lee '15 (Mainz data) | ' ® '
Higinbotham "1 o
Beyer '"17} —e—i
orbgtsch % - ——
aey - ——
Alarcon 18} —e—
0.8 0.85 0.9 0.95
REp [fm]
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Plans for new proton-radius experiment in A2@MAMI

B -

- L
° A
, o
AN
A7 \
F\
p ! ‘ ;
N L
— 400 400 0 100
Measured quantities: 4g? sin:%
Recoil energy T, =
Recoil angle 0, 1+ o sin Y

Vertex Z coordinate
E scattering angle 0,
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Plans for new proton-radius experiment in A2@MAMI

Hydrogen Forward
TPC tracker
- am\ ot
\ e | i
A o
fe i
¥ “x2 i
........
b : ‘ o
I\
— 0, 0 400,
Measured quantities: 462sin? Y
Recoil energy T, —t= %—29
i 1 1 1 Recoil angle © 1+ ¢sin* =
e New high-pressure time projection Reodlsngeey ..w
~1=2MTy

E scattering angle 0,

chamber (TPC) is built by the PNPI
group (St. Petersburg) for use at A2
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Plans for new proton-radius experiment in A2@MAMI

B .
\ i 7 .
\

/- ) [ e
;;‘Q _Ad . ‘ . it
7N e’ i i
H, ‘ h 1 L ]
€-p scattering [\ Hi
400 j 400 100
Measured quantities: 4e2sin* 2
Recoil energy T, —t= .,L—:'S
i 1 1 1 Recoil angle O, 1+ 2% sin* =
e New high-pressure time projection fecolange O v
E scattering angle 0, —1=2MTy

chamber (TPC) is built by the PNPI
group (St. Petersburg) for use at A2

e First experiment: elastic ep scattering
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Plans for new proton-radius experiment in A2@MAMI

lon. chamber

]

Seam detector Beam detector

-

) ¥

< 400 ol 400 RALLN
Measured quantities: 4e 2 sin’ 8
Recoil energy T, —t=—— ?9
Recoil angle O, 1+ M‘ sin” )
Vertex Z coordinate
E scattering angle O, —t =2MTy
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Plans for new proton-radius experiment in A2@MAMI

\l
N
%'3\,2 lon. chamber
- —
Seam detector lk Beam detector
~ 400 P 400 100
Measured quantities: 4 sin-’%
Recoil energy T, == 3
Recoil angle 0, 1+ -\«; sin” =
Vertex Z coordinate '
E scattering angle 0, ~1=2MTy,

e Detection of both scattered electron
and recoil proton — first
“overdetermined kinematics”
experiment — reducing systematic
uncertainties (radiative corrections).

Vladimir Pascalutsa - Two-photon exchange



Plans for new proton-radius experiment in A2@MAMI

Hydrogen Forward
TPC
N1
A~y (N
:5"3\2 lon. chamber
- ]
Seam detector lk Beam detector
< 400 P 400 100
Measured quantities: 4e? si,ﬁ%
Recoil energy T, -t= 3 3
Recoil angle O, 1+ ”‘ sin” =
Vertex Z coordinate '
E scattering angle ©, ~t =2MT,

e Detection of both scattered electron
and recoil proton — first
“overdetermined kinematics”
experiment — reducing systematic
uncertainties (radiative corrections).

e Successful test runs performed.
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Plans for new proton-radius experiment in A2@MAMI

A = —//T e Assembling and commissioning of the
i hydrogen TPC in the A2 Hall
e-p scattering e Construction of e-beam line and beam

monitoring system.
Data taking in 2022.

New high-pressure time projection Obtain form factor data at Q2 between
chamber (TPC) is built by the PNPI 0.001 and 0.02 GeV2.

group (St. Petersburg) for use at A2

First experiment: elastic ep scattering

Detection of both scattered electron
and recoil proton — first
“overdetermined kinematics”
experiment — reducing systematic
uncertainties (radiative corrections).
Successful test runs performed.
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Plans for new proton-radius experiment in A2@MAMI

A S —//T e Assembling and commissioning of the
i hydrogen TPC in the A2 Hall
e-p scattering e Construction of e-beam line and beam

monitoring system.
e Data taking in 2022.

* New high-pressure time projection e Obtain form factor data at Q2 between
chamber (TPC) is built by the PNPI 0.001 and 0.02 GeV2.
group (St. Petersburg) for use at A2 108 ey

| PRAD@JLab

1.02 -

1.01 b I “”*********WWH%%% TPC@A2 N

e First experiment: elastic ep scattering

e Detection of both scattered electron s :

and recoil proton — first -

o" H H . ”

overdetermined kinematics 0.99 -
experiment — reducing systematic « Data until 1950
) i ) i . 0.98 - OBern.:iue.r (MéMI 2010) N

uncertainties (radiative corrections). Belushldn (Dispersion Analysis 2007)

e Successful test runs performed. 0.97 Ll |

Q* / (GeV?/c?)
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Projected data for TPC@A2 [V. Sokhoyan et al]
in comparison with Bernauer et al (A1 Coll)

1.00 T

o W!P*"ﬁt
i%“‘i{gh |
*%!fﬁiggﬁ

0.881

(G
P
.

0.000  0.005  0.010  0.015  0.020
@ (Gev?) @ (GeV?)
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Projected data for TPC@A2 [V. Sokhoyan et al]
in comparison with Bernauer et al (A1 Coll)

..................... 0.000  0.005  0.010  0.015  0.020
@ (Gev?) @ (GeV?)

e This is happening within the next funding period of {}§HBS
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Projected data for TPC@A2 [V. Sokhoyan et al]
in comparison with Bernauer et al (A1 Coll)

..................... 0.000  0.005  0.010  0.015  0.020
@ (Gev?) @ (GeV?)

e This is happening within the next funding period of {}§HBS

e Join and/or support!

Vladimir Pascalutsa - Two-photon exchange



