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Nucleon and Nuclear Structure-dependent
Corrections to precision tests at low energy:
Dispersing Uncertainties

Bar il e it R . s e i i i, i, e il Ul i s, o N 12 b L] e e i

L el b

ol tar B ki gt il =

B i Wiy o T W W T - = el "

I P
& 5 =

A

e s g Byl T



STANDARD MODEL

OF ELEMENTARY FARTICLES AND FUNDAMENTAL INTERACTIONS

EE T P

matter constituents

FERMIONS spin =172, 3/2, 512, ...
T

force carriers

BOSONS spin =0, 1, 2, ...

i . Approx. .

{ Mass Electric Electric i .

| D e\4 charge Flaver Ma332 charge IS Gl\gilsliz ELeaitgneC N Mass Electric
'i GeV/c GeV/c? | charge

W neuiinot (0-0.13)x100 0 [ W) v LA 23 Y 0 g 0 0
€  electron 0.000511 ~1 d) down 0.005 | -1/3 photon
(| Oy mode L 10.009-0.13)x10-¢ 0 M@ chem | 1.3 2/3 Wr Y 1k Higgs Boson spin =0

. W b P
7 heaviest | ) 040 14)x10-9| 0 b 173 2/3 osons GeV/c Charge

neutrino® 0
Z 91.188 0 0 17+
; L’Z tau R777 —1 @ bottom 4.2 _1/3J LZ boson H 7H s 126 07 —l_]-

Properties of the Interactions

8 The strengths of the interactions (forces) are shown relative to the strength of the electromagnetic force for two u quarks separated by the specified distances. |

Gravitational Weak Electromagnetic Strong
Property Interaction Interaction (Electroweak) Interaction Interaction

Mass — Energy Flavor Electric Charge Color Charge

Particles experiencing: All Quarks, Leptons Electrically Charged Quarks, Gluons
: ST Graviton — =0
Particles mediating: e ) Wt W- Z Y Gluons
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f Standard Model is incomplete:
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e SM turns out to be extremelg fine-tuned (hierarchg Problem)

e CP violation and matter-antimatter asgmmetrg (SM is

sgmmetric w.r.t. matter-antimatter but the Universe is not)

. Cosmologg: known matter is onlg small Part of the Universe!

Dark Energy

b4 Dark Matter

Baryonic Matter
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SEARCHES FORK NEW FEINSICS

e Collider searches:

accelerate |<nown Particles to Procluce heavg new Particles

Higgs boson with mass
~ 126 GeV observed

2000F

- CMS Preliminary ¢ S/B Weighted Data
L a -1 S+B Fit
1800 C :z : ; ;r.zz t : :; :51 ------ Bkg Fit Component

A typical p-p event in the CMS
detector @ LHC
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NO new P rticles (Few 100’s GeV) observed Qet ~ quest continues
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SEARCHES FORK NEW FEINSICS

. /—\s’trophgsics searches:

EE T P o g

observe signals of new Particles coming from the space

| 0

&S e rmi

! Gamma-ray

Space Telescope
\' P P

Fermi data reveal giant gamma-ray bubbles

~

No new Particles observed 36‘5
<500 GeV

= quest continues




- SEARCHES FOR NEW PHYSICS

| ow energy tests.

Experi ment

L i e Pt e LR e = S
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deviations from SM predictions ¢
set constraint onto quantum Theorg (SM) :
fluctuations due to unknown
lﬁea\/g Particles ;
Coupling g ?7,%' 5 ‘
- %7 ;”; g
'F ; — . [ Y E
Mass A
4 Precision = scale of New Plﬁgsics
i :

3 P
Precision in BOTH experiment and SM theory becomes crucial

e — e ——— ___—l—-i

6



X .
iy, -——'l-‘&'w-h--— y
g 7

e ol . i i S iy, e e .t . e e i v 2 e, N e,

1o~ nucleon’s strange I'T"s;
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LOW ENERGY PRECISION TESTS

Paritg—-VioIati ng Electron Scatter ng
QWEAK, PVDIS, HAPPEX, PREX, GO @ JLab; A4 @ Mainz; SAMPLE @ MIT-

Bates; E158 @ SLLAC;
Future: QWEAK @ Mainz, PVDIS (Hall ©), Maller @ UL ab

Measurements of the PV asgmmetrg N

elastic electron scattermg to extract: OWEAK apparatus

_ weak mixing angle;

-
LS i

= Probe the scale of New Phgsics |
‘+ ~ few TeV
i
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LOW ENERGY PRECISICON =SS

Neutrino Oscillation ExPeriments

NuTeV, LSND, Daya Bay, MiniBooNE, ScibooNE, NOVA, SNO, SuPer—-K, OPERA,
NEMO, MINOS, Ice Cube, Borexino, ANTARES, Double Chooz

MiniBooNE detector

S
ST o -4 ak

‘4" -~ -

Measurements of neutrino
oscillation Parameters:

- masses;

- neutrino mixing angles;

= Dirac vs. Majorana neutrino / o
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Precision tests

of QED

New Phgsics i

L ow

finques

[

NERGY PRECISICONTESTES

I amb shift in muonic Muonic o

atoms @ PS| _@DBNL, l:ermxlab

nEDM, eEDM -

@ PSI, ORNL, ILL,... Dark Photon Search _i
@ JLab) Mainz, ...

{’U/ HEAVY PHOTON

@F ' @u SEARCH

)\
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THEORKY SOPPORT TO LOW ENESetaae S S

Experi ment

Leave to the experimentalists

e 4
gauging the scale : e ’/
Theory (SM) ™ N "‘" o
Theorists: gauge the weights! R ‘
e Precision calculations of observables in the kinematics of |
atomic, nuclear and hadronic experiments are needed! [
o APProPriate moclel—-indepen&ent methods for strong
interacting systems with reliable error estimation
o Requires unclerstancling QCD in the non~l:>erturbative regime
'3
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Proton Charge Radius from Electron Scattering

e e ;
Elastic e-p scattering e S
(d_(f)_(ola) eGy, + Gy X |
dQ 7 dQ Mott & (1 - 7_) Q :‘
Charge/magnetic radii p Go Gy P
<7“?3/M> = A ‘o |
%
G g/ (0) d@ et |
Precise 1.7 | — |
1.6 | = -
measurement L )
at Mainz L4 — ]
2 sl = =TS8 MV |
7’% = 0.8791(79) tm = L s 02450 Mev |
1 |
0.9 | | | | | | | |
0° 20° 40° 60° 80° 100° 120° 140° 160°
scattering angle 6 i
Bernauer et al [Al Coll.], PRL 105 (2010) 242001
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Proton Radius from Lamb Shift in chlrogen Atom

Lcacling order: degeneratc spec’crum

2

Radiative corrections: fine structure /

5
g AFop_25 =0

ZS)P)D)...\ W\f\f\ﬁ
IS PD.
. { )
Modern QED calculations: 25
= : Borie, Annals Phys. 327 (2012) 733;

Eides et al., Phys.Rept. 342 (2001) 63;

‘ ‘ 1 :
5?% g Indelicato, arXiv:1210.5828, ......
T = Finite size correction
\ |
Za)*

2(
ABE,p ng=AEZTD [3n3 m 'r];—I— O(ad,)
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Muonic vs Electronic ch rogen

chlrogen atom

i il iy -
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€

muonic HgClT’OgCﬂ atom

L

SM: the on Yy difference is the mass

RH_H Me 1

Bohr radius = S

Re—H mu 200

FS,e—H 7
AEp 58, =—81x10 "r2 (meV)

AEQ%/@‘:;{SW — —5.2275(10) 7% (meV)

I
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The proton radii puzzle
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SERGIO LEONE 3 ways to the proton radius
e-p scattering
H precision laser spectroscopy
up laser spectroscopy
up 2013 ¢ oL electron avg.
° scatt. JLab r
up 2010 | ® scatt. Mainz
CLINT EASTW M1
‘} = H spectroscopy
'~ THE e o83 084 085 086 087 o088 080 09
] U Proton charge radius Rch [fm]
=1  THE AND THE
e GOOD BAD Pohl et al, Nature 466, 213 (2010)
; Antognini et al., Science 339, 417 (2013)

sl P i
s -Irrq_._l.-.-_..rq__ T

- ETH A. Antognini  ECT*, Trento  01.08.2013 — p. 2
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Contribution

Pachucki Nature

[11, 12] [14]

Borie-v6 Indelicato Our choice

[77] [78]

NR one-loop electron VP (eVP)
Rel. corr. (Breit-Pauli)

Rel. one-loop eVP

Rel. RC to eVP, a(Za)?

205.0074
0.0169¢
205.0282

(incl. in #2)® —0.0041

205.0282 205.02821 205.02821

—0.0041 —0.00208°

[78] Eq.(54)
(75, 76]

Two-loop eVP (Killén-Sabry)

1.5079 1.5081

1.5081 1.50810 1.50810

(78] Eq.(57)

One-loop eVP in 2-Coulomb
lines a?(Za)®

eVP corr. to Killén-Sabry

NR three-loop eVP

0.1509 0.1509

0.0023 0.00223

0.0053 0.00529

0.1507 0.15102 0.15102

0.00223 0.00215 0.00215

0.00529 0.00529

[78] Eq.(60)

(78] Eq.(62), [85]

85, 86]

Wichmann-Kroll, “1:3” LBL
Virtual Delbrick, “2:2” LBL
“3:1” LBL

—0.00103
0.00135

—0.00102 —0.00102 —0.00102

0.00115 0.00115

—0.00102 —0.00102

[78] Eq.(64), [87]
[72, 87]
[87]

puSE and pVP

—0.6677 —0.66770

—0.66788 —0.66761 —0.66761

[78] Eqgs.(72)4(76)

Muon SE corr. to eVP a?(Za)?

eVP loop in self-energy a?(Za)?

Higher-order corr. to uSE and pVP

Mixed eVP+uVP

eVP and puVP in two Coulomb lines

—0.005(1)  —0.00500

—0.001 —0.00150

—0.00169

0.00007

—0.004924 ¢ —0.00254

f

—0.00171 ¢ —0.00171

0.00007 0.00007

0.00005 0.00005

[83] Eq.(29a) ©

[72, 88-90]
[84] Eq.(177)

[72]
(78] Eq.(78)

Hadronic VP a(Za)*m.,
Hadronic VP a(Za)?m,

Rad corr. to hadronic VP

0.0113(3)
0.000047
—0.000015

0.01077(38)

0.011(1) 0.01121(44)
0.000047

—0.000015

[91-93]
[92, 93]
[92, 93]

Recoil corr.

Rel. RC (Za)®

Rel. RC (Za)%

Rad. (only eVP) RC a(Za)®

0.05750
—0.04497
0.00030

0.0575 0.05747 0.05747

—0.04497 —0.04497 —0.04497

0.0002475 0.0002475

0.000136

[78] Eq.(88)

[78] Eq.(88), [72]
[78] Eq.(86)+Tab.II
[83] Eq.(64a)

Rad. RC a(Za)™ (proton SE)

—0.0099 —0.00960

—0.0100 —0.01080(100)

[43]" [72]

Sum

206.0312 206.02915

206.02862 206.03339(109)




Contribution

Borie-v6
[77]

Karshenboim

[76]

Pachucki
[11, 12]

Indelicato
(78]

Carroll

[82]

Our choice

Non-rel. finite-size

Rel. corr. to non-rel. finite size

Rel. finite-size
exponential
Yukawa

Gaussian

-5.1973(r?)

-5.1975(r?)

-0.0018(r?)

-5.1975(r?)

-0.0009 meV*?

-5.1994(r?)

-5.2001(r?)
-5.2000(r?)
-5.2001(r?)

-5.1994(r2)

Finite size corr. to one-loop eVP
Finite size to one-loop eVP-it.
Finite-size corr. to Kallén-Sabry

Finite size corr. to p self-energy

-0.0110(r?)

-0.0165(r?)
b

-0.0110(r*)
-0.0170(r?)

(0.00699) ©

~0.010(r?)
-0.017(r?)

-0.0282(r?)

(incl. in -0.0282)

-0.0002(r?)
0.0008(r?)

-0.0282(r*)

-0.0002(r?)

0.0009(3) (r2)¢

AETpE 140] 0-0332(20) meV_ -\

elastic (third Zemach)®

0.0365(18)(r2)3/2 (incl. above)

3
measured R(2)

0.0363(r2)3/2  0.0353(r2)3/2 1 0.0353(r2)3/2
0.0378(r2)3/2
0.0323(r2)3/2

exponential
Yukawa

Gaussian

0.0129(5) meV [99]
-0.00062(r?)

0.012(2) meV (incl. above) )

-0.00062(r?)

inelastic (polarizability)

Rad. corr. to TPE

0.00019 meV [93]
-0.00001 meV [93]
(incl. in AETpEg)
0.00001(10) meV

eVP corr. to polarizability
SE corr. to polarizability

Finite-size to rel. recoil corr. (0.013 meV) 9
-0.000123 meV

-0.0000519(r?) *

Higher-order finite-size corr. 0.00001(10) meV

2Py /o finite-size corr. (incl. above) (incl. above) (incl. above)




e Measure AL .o in pp with u, = 107° + 0.5 GHz =T/20

e Compute theoertical prediction
AEL, o =206.0336(15) — 5.2275(10) rf) + 0.0332(20) [meV] 206 meV

50 THz

> 6 um

fin. size:
3.8 meV
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Two Photon exchang&: contribution to Lamb shitt

k > > > k
Kinematics: 2 loop variables T
qz and V:(Pq)/l\/\ v 1
P > p
d*tq 1 1 1
_ 4 — v v
M=et [ m)t £ [” okl e

Forward virtual Compton amplitude

/ d* et (p|T 5 (2)5” (0)|p)

T —

St M
e e 1 Pq Pq .,
= <—9“ 5 7z )Tl(Va Q) + W( i FQ)M( > ?CJ) T5(v, Q%)
| amb shift (nS-nP)
2 ad 2 s (gt F 20T (v, ) = (@2 — 2 )T gt
e 2mmy M, #n(0) /d . q*[(q?/2my)? — v?]

19
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Two Photon exchange contribution to Lamb shitt

| Tq1, To~ the imaginarg Parts known (OPtical theorem)

L B R s i g i g Ml e R i i

1
| ImTl(VaQQ) = mFl( 7Q2)
{ | Inelastic structure functions = data
ImT2(V7 Qz) = EFI(Va Q2)

R i i e -

Real Parts _ from forward clispersion relation

1+e€

Bl > c6.q )~ - subtraction needed

Fo(v — 00,¢°) ~v¢ ~-nNoO subtraction

ReTh (v, Q%) = T1(0,Q%) + TY"“(v, Q) + o M ey 1, @)
ReT 2 Tpole 9 I dv’ 2
€ 2(”7@) (7Q)+% SIS D 2(”7@)

2 ¢

20
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Proton Radius Puzzle vs Standard Model
% contributions
AE 2 AEsubt __I_AEGZ +AEinel

2 out of Sare clirectlg fixed bg data

| (€=

Elastic”: elastic Proton form factors
a’my SR )

2
M(MZ—mZZ)%(O) O

o : 72(7p) _ 72(7) Gy + Gy (’Yl(Tp) % 71(Tl)> Q2 -
i \/;p VT, Tp(1 + 7p) VT VT M_ :
“Inelastic”: real and Virtual Photoabsorl:)tion data

mlM / dQ2 /OO dv

il D, @) Wz(T ) Fa (v, Q)
| : |

AEel i

AEinel e

T i e L RS —— -

N R T e LR T e T LR e : e T
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3 groups evaluated the integrals - agreement

Proton Radius Puzzle vs Standard Model

Pachucki 1996 : AE® = —27.8 ueV, AE™ = —13.9 ueV
Vanderhaeghen&Carlson 2011 : AE® = —29.5(1.3) ueV, AE™® = —12.7(5) peV
. MG, Llanes — Estrada, Szczepaniak 2013 : ABS = 2301(1.2) peV-  ABTS = =13 (6 e

Looking for 300 peV

e S —

“Subtraction function” - gcncra”y unknown

> dQ? v1(m)
b Q% T

%

Usua”g) identi{y B0 ) — e—QﬁMFg(QQ)

Tl (07 QQ)

AB™M = = 62(0)
my

By = 3.5(6)10~* fm? Not Fu”g mocicLindePendent

B R . i it it b g Ml e i R i g i

Can this subtraction function resolve the cliscrepancy?

— ey — —

22
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Finite finergg Sum Rule for subtraction constant

Evaluate the Lamb shift

Pachucki 1996 :
Vanderhaeghen& Carlson 2011 :
MG, Llanes — Estrada, Szczepaniak 2013 :

Reasonable hadronic models

ap= = P g2 (q) /0 4Q (1) F5(Q?)

= [
E 6F FESR
D Carlson & Vanderhaeghen
= 5F Pachucki
?\j 4F Vo T Birse & McGovern
S I
s °f
= of
R i
T ¢ .
9 = ""-"?"_"“'T’--‘--‘-u‘-.::..—...—...—..—..:
'I:' O [ 1 | | |

0 0.5 1 1.5

Q2 (GeV?)

AE*“ — 6.6 ueV
AES = 5.9(1.9) peV
AEP00 = g8 G leN

! g T . L LR =

To get 7500 meV |_amb shift: |
need something like this ;

AACl] . Y-Y T
iier e1'dlrcull |

100
80
60
o

20 -
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Possible Exotic explaﬂations’?

New heavg Particles are excluded 59 the (g—-?_) u f

ay(data) = (116591785 +51) x 10" AEHEAVY _ 0044 meV
ay(thy.) = (116592080 +63) x 10~

ba, = (295+81)x10~H

Proton Radius Puzzle vs New Phgsics

Lamb

AET5 x5 0.300 meV

i, e T e e iy ey sy ] iy o =

Viable explanation due to a |ight weaklg~coup|ed boson |

o ﬁnely tuned (mass - MeV, coupling~ @)

o breaks e~ unversalitg (natural For scalar/ tensor)

Should be seen
in p-D, p-He™

spectroscopgl

Batcll, McKeen, Posl:)elov, PRL 2O e
Rislow, Carlson, PRIZ20Z f
Trucker-Smith, Yavin, PRD 2011

2,
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Deuteron Radius from
U-D Lamb Shitt
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— Three transitions frequencies measured in ud

Fit Lamb shift and 2S-HFS
— 2P fine and hyperfine contributions from theory -~
Borie, Martynenko pd: AFE;S = 202.8759(34) meV (prel.!)

Up: AFE;S = 202.3706(23) meV

QED fin. size TPE
206.0336(15) 5.2275(10) rf) 0.0332(20) meV

228.7972(15) 6.1094(10) frg 1.6800(160) meV  Borie + Pachucki
. 1.6980(?7?7?) meV  Borie + Ji (arXiv:1307.6577)
228.7711(15) 6.1085(10) ?“(21 1.6800(160) meV  Martynenko+Pachucki

e Pachucki TPE term should be completed with:
- finite-size of the nucleons (0.029 meV)?
- neutron polarisabilities (0.040 meV?)?

Priv. Com. Friar

e NO R?z) term (third Zemach term) in ud. Pachucki, PRL 106, 193007 (2011) B
Exact cancellation for point-like nucleons between elastic (third Zemach) and part of the inelastic contributions |




H-D iso-shift: 72 — r2 =3.82007(65) fm”

Up : Tp =0.84087(39) fm

=rq = 2.12771(22) fm § | Directly from nd spectroscopy using

ud polarizabiliy with £0.03 meV

ud Borie+Pachucki

up + iso(1S-2S)

CODATAD +e-d

ud Borie+Pachucki+Ji+Friar
ud Borie+di —e—

—@—

ud Martynenko —e—

- double counting (th)?
- missing terms (th)?
- shifts due to close levels (exp)?

CODATA-2010
——

e-d scatt.

n-p sc.att.

2.11 2.115 2.12

2.125

213 2135 214 2145
Deuteron charge radius [fm]




Subtraction
Constant




T elastlc contrlbutlon to Lamb shift

! AEel L a2¢2 (O) S5 d;CQQ

i il iy

e g s iy e

B e g, e R e i Bt . s e b VAT 8 oy, 1 4 ks g

0o @

{ <A;6+]—W g Ce® -

s m
M (M2 —m2) 3

Deuteron Form Factors Parametrxzatxon From
Abbott et al., EPJ A7 (2000) 421

M(M? — m?)

S(G2(@) - Ghrye) (14 7a) (L2

o (232

VT4

AEY = —0.4162meV

AES, = 0.00008meV

AEy = —0.0007meV

Total elastic @Efét = —0.417(2)me@
—0.37 meV

Com pare to AFEZ,

Martynenko, Faustov,
Phys. Atom. Nucl. 67 (2004) 457

TR A

TR R ey

29

Go(Qs)— L 8 |
ZLEI 4 2r(Gh(@) - G| |

-22)- 2232




: : dQ2 ey
AEznel it
| mlM d / /uth,,a

. Contains quasi~elas’tic and hadronic contributions  n=1=. =2

PR I

e g s iy e

B R . i it it b g Ml e i R i g i

TPE: hadronic contribution to Lamb shift
pARDE A GE )

Vo) = VInlT) e e o Metove Vi e

e ()2 e

Q2 1/2 ;'

4m? Q21

Deuteron

Q?=0

Hadronic contribution: 400

300
200
00

ﬁt to cleuteron resonance clata

—

matched to Regge-beha\/ecl backgrouncl

1 IIIIIIIIIIIII
1 10

Bosted and Christy, PR C77 (2008) 065206
MG et al, PR €84 (2011) 065202

Q°=

Contribution to the Lamb shift

ozl
AEh4T  —  _0.028 meV <
250 01}
ComPare tO AE"" =  —0.043 meV ' ,, _
PGChUCki, PRL 13 9608 1%0 1\|.2 111.6°%6 0510 12 14 16 ;
W (GeV) W (GeV)

— e e ——

50
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{ Deuteron momentum distribution

e g e s gy e Smea o ol w

L B R s i g i g Ml e R i i

TR quasielas‘cic contributions to Lamb shift

QF in the Plane-Wave Born APProximation .

1 £ Svterts > q
FIEP(0.Q%) = - [ @F®) [FL0/, Q%) + i, @2) P+

1
{ 7 i - P2

Analgtic Parametrization of the Paris NN Potential
Lacombe et al. PL B101 (1981) 139

1

e
S@) = 5[ kdksh)

min

Works fine at substantial Photon Virtualities, not so fine at low Q2.
But weljust need to Parametrize data - rescale bg a function of Q?
that will be obtained from a fit to all available data.

bl
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d26/dQdE’ (ub/MeV)

d20/dQdE' (ub/MeV)

o

Dytman 465.3 MeV, 60°
PWBA + FSI

Parker 220 MeV, 180°
PWBA + FSI

d20/dQdE' (ub/MeV)

o
(M)

d20/dQdE’ (ub/MeV)

Yearian 143.5 MeV, 135°
PWBA + FSI

110
E* (MeV)

Ricco q = 0.35 fm™, 155°
PWBA + FSI




0.15
Q2 (GeV2)

PWBA data

FSI data
PWBA:al =1
PWBA: a1 =0.98
FSI: a3 =215

FSI: a3 =215 + 65




| RE e quasielastic contribution to Lamb shift
| ABEWEA = —52(1)peV, (AERVPA = —1568(740) peV)
AERST = —228(69) ueV, AER®' = —172(48) peV

{ 1% uncertaintg N one Parameter = 50% uncertaintg in Lamb shift

i
| 2 only backward d labl ined £
- Atlowest & on Y backwar ata avallable: 7> unconstraimne :
] £
:. .
S & —— : |
| N /f\\ T:‘iagg 1800»— // S — a,=1,a,=215 I — a,=1,a,=215 ?
i i R I,I \\\ |
| Il ST E =80MeV, 0 =6 s s
| 100000 : \ = E = 180 MeV, 8 = 22° g
!.: L ll \\ c c
f 80000 [ | \ §1 §
! o \ o o
4 60000 [~ | \ 81 8
'- | : :
:I 00000 ) ~ © ©

Fol ~
i ooooo —M E = 180 MeV, 6 = 90°

:_1 P I S R i—‘_‘—-l—‘__:-‘- 11111111111111111

002 0.004 0.006 0.008 0 8
| (GeV) (MeV)

i SamP e Plots in MAMI and MESA/P2 kinematics

' show how sensitivitg clﬁanges from 6° to 22° and 90

| No wonder: forward Compton amplitucle is sensitive to forward data ¢

. — — e —
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PROTON’s WEAK CHARGE

Disl:)ersive YZ~-Box correction

Wy, o I i Wy R
L L] . . k

e
L '

e
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Weak Charge of the Proton

|

. Qz | . 70 Elastic e-p scattering
| _Qi 407 with Polarizecl e beam
1
2 Qw
| — GrQ?
e e A P 1 (O
| oiho s e e

Effective e-q interaction

GFp

i 2 > [Cu ey e GV e + Coi€yue G; 7“75%}
1

Standard Model (tree-level)

U B el e e

Q%’/tree = —2(2C1, +Chq) =1 — 4sin? Oy =~ 0.05

= ..’-"l;_"—;_._ =t w B ] BT T L i — - mp— -
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Vertex corrections

| | o
WW,ZZ exchange

v-Z box +crossed



Weak Cl’)arge of the Proton: EW corrections
Haclronic structure egects are uncﬂer control
];V:(1—|—AP—I—A6)(1—481H2éw—I—A/€)—|— ww + Uzz|+ |z

. W. J. Marciano and A. Sirlin, PRD 27, 552 (1983); 29,75 (1984); 31, 213 (1985).
{ M.J. Ramsey-Musolf, PRC 60, 015501 (1999).

i e -

2 S

| Ty ~ O

( Vacuum Polar:zatlon: reconstructed from @ £ .
1 (3 Y :
| e*e™>hadrons with clisl:)ersion relations Vacpol  y-Zmixing |
% 2Y~-Box: kinematica”y sul:)l:)ressecl ?ophoton %han

} WW,ZZ-Box: Perturbative—- calculable reliably ] Y

{ ™

|
5 vZ: for low energies (atomic PV exl:)eriments)
|

-; cancellation between box and crossed < /’?f
-~ nottrue for -1 GeV energy any more! y-Zbox + crossed
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.__nergg clepenclence oF the YZ~-Correction

g ge MG & C.J. Horowitz, PRL102, 091806 (2009)
$VE

k= (B, k)]
'1 4 q
{ Q° = —q.q" >0 : Forward clispersion relation for
i . e e
| — (M, 0) . ~Z = gyUyza T 94Uz,
.? T 2
: W d) Possess different symmetry
between box and crossed terms: ':
|
| o [ E'dE : - A
} ReD’YZA (E) = ; / Er2 _ E2 ImD’YZA (E) Re YZ A (O) # 0
a o
* 2F dE’ :
5 ReD’YZV (E e e / /2 _ F2 ImD’YZV (E) Re Y2y (0) =0
1

. J

Can quantncg the energy clependence APV result

- P & o = ol T
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Hall et al. Carlson and Rislow Gorchtein et al.
PRD 88, 013011 (2013) PRD 83, 113007 (2011) PRC 84, 015502 (2011)

Re [z - Avg. (Model |11)

Re[lzxA(L2)

|
| QWEAK (E = 1.165 GeV)
|

1 1.5 2
Elab (GeV)

Eap (GeV)

RelD',(E = 1.165 GeV)
(5.6 £ 0.36) x 107* (5.74£0.9) x 107°  (5.4+2.0) x 107°




!

Energy clependence of the YZ~-Correction

1.2 - ! 1 | T T T

|

)

Also the axial Part can be evaluated ~ 10
i through a DR - check the old

1{ Marciano & Sirlin’s calculation

o
o0

<
o)

ReO_,(E) (x 10

<
~

Blunden et al., PRL 107 (2011) 081801

<
b

SRR L e o T —_

New SM Predic’cion for the Proton’s weak charge
b+ Rell,z(E = 1.165 GeV) = 0.0767 & 0.0008 £ 0.0020., 2

To be comParecl to the Previous Prediction G = 0.0713 £0.0088%

o T IR B D e e S S

40 (theory} etfect was missed in the original QWEAK analgsis;
Theorg uncertainty needs to l:)e Further reduced

41
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YZv ~correction for QWEAK

Y

| @ Background @ P33(1232) @ S11(1535)
:

e e e R i s e | e iy e i i . e e ey v it L g e

S o Y ke g il

yZ-Correction to the QW'

—AK Measurement

Uncertaint9 thereof

%

@® F37(1950)

@ Other Resonances '

e e e W iy o Py Ty e ey i L e =

e

A

Sy gy T e



>

D)

9
o
g
oF
=
<m

Eb=4.867GeV Eb=6.067GeV

®@ RESI — — - RES Theory I
B RES II RES Theory II
VYRESIII ——— RES Theory III

A RES IV -—-= DIS

1.86

198  2.10
W(GeV)




iTheorg uncertainty for MESA/P2 kinematics|

0.007F
0.006 — All Q2 (Res. + Back.)
% = Cl A — : --- Q2<3GeV? (Res. + Back)| | |
. 0.005F -.
: ‘L—nergg CPCH enCCJ Eu,; : ) ---- Q2 <1GeV? (Res. + Back.)| = |
l uf 0.004F /- —-— All @2 (Res. only) f
. 0.003F / . ,
{ Saturation of the box; € onok/ F<1Gevifeson | B
] : C b/ |
' 0.001 B/ i .
1 PRI T N T T T T A [T T T T N N TN S T S SO
| 0 4 5 6 |
{ E (GeV) :
: :
% 0.007F — Al We's :
| 0.006 F T_ooInTT - We<25Geve| |
5 A d L 0.005 — ,__:_;f.";'-: """""""" oot W2< 16 GeV? '
| teep energy dependence oooak A - W< 10 Gove
i. E 0.003k £ T - W2< 5GeV?
i 3 5 P @ 0.003F /
of the cllspersmn correction oooef
: 0.001f
PR RN R R I N S S T | 1 |
: % 1 > 3 4
E (GeV)

i
' A measurement at Mainz with 180MeV beam is Plannecl ~MESAES
|

€V+Re

o B LS0GeN) = 00726

44
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Proton radius Puzzle: Su M MARY

e TPE correction unlikelg to resolve the l:)uzzle
e Check p-He spectroscopy (PSI, Munich); U-p scattering (MUSE);

e Radiative corrections to e-p scattering?

TPE correction to Lamb shift in U-D:

o [ack of forward data at low Q?

o extend Al@Mainz measurement of elastic e-D scattering to quasielastic
* may need to take some further data at lower energy with P2

o further inPut from theorg - EFT calculation?

YZ—-box:
o at low energy - smaller egect) big aclvantage for MESA/ s
e to further reduce uncertainty _include N states explici‘clg

* at 1 GeV - need some more in[:)ut from exp. (PVDIS, VDM sum rule)
e MOLLER®@JL ab: (5 could be measured as a bg-Product :

Lo - Fi
ry [ L] L T R - — = — e —
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|

lsospin rotation of e.~m. data: resonances

f lsospin 1/2,%/2 resonances

sy = e

F T e S

(p|JEn | R) <R’le<rc,v p)

(X]| JKTC,V p)

(1 Lk 4329W)<X’J5m’p> R <X‘J£’m’n>

(1 — 450w )|(RITEa ) |° — (pl JE [ R)(RITE, )

Rescale each I=1 /2 resonance from e.-m. to YZ cross section as

Za p * P *
§ 0rhc oo, o Aripfrip T AranafRras
€Z/'y i g 1P Ea ( S W) B ‘Ap ‘2 4 ‘Ap ‘2
T,R R,1/2 R,3/2 YR
Ps3(1232)] 11 (1535) | D13 (1520) | S11(1665) | Fi5(1680)| Pr1 (1440) | F37(1950)
yr|-1.0507  |-0:8156:55 |-0.77 0155 |-0:287055 | -0-27 o1~ |-0.627 0 1, |=155

Uncertainties - from PDG helicitg ampli’cudes values

7.
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e . T

Vector Dominance Model (VDM)

= Z Cyrv
%4

kel

R

Otot —

lSOSPiﬂ rotation O]C Cle i Aata: backgrouncl

L S yyy 7

Y* NN

V) V=0, w, ¢

N N

AV

e — -

= Z 47706697 Elastic VP cross section - incle]:)enclent of v

5 4
V—P’“’qs@\/l\/l clecaq constants f—Z = 0.4545,0.04237,0.05435 (p,w, ®)
; |4

! s T e

1 | —
o7 f‘Q/ - ( 0)

Ao do7P—VP
VDM sum rule: el

V=p,w,p

Measured HERA: NPB' 02  ZEUS: Z Phys.'95,96, PLB'96

, I 139 +£4 (ub) < 111413 (ub) at W = 70 GeV
exPerlmenta Yy

4o

; ; - ; SR E
Generalized VDM - continuum contribution Tipt = E —2 OVp T 0Cp |

Vit nds e ]
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- el a0 S

P e -

. s i n_m

i e e st S . g

.

|
a
?

lsospﬁnrﬁaﬁoncﬁfa~m.daﬁmLxxi%younA
Rescale the backgroun& according to

* A g{fl g{/_:o o) P—wp 9v g P—op X/
o er—1 €1—g oY P—pPPp es oY P—pPPp oY p—pp
* * P CEes *p—s
oY P—Y*Dp oY P—wp oY P—¢p X
1 o oY p—pp 3 TN DT PD sa oY p—pp
: : ; ; Exp. data: W =40-120 GeV
VDM: ldent@ X (X) with continuum 010 %
* 2 2\ 2 90011: ________ r P |
O-’y P—>Vp o TV m%/ (mp —|_ Q ) 32:22%: Eij T a 26‘;4)91)(/2 [ZEUS] ﬁ]
* 4 2 XD 0.07 — —_ m/p"—.VDM

o rp mp (my + Q) o0
| , Yt e T

Uncertamtg estimate - from data! SR Sy E T o e

5_ O  ¢/p° - exp [ZEUS]

e exp o Model A | (IJ ; a: z; ' els 1Io 1I2

NgVModel A _ oSy S hdel % AV —Z .
Z/v £ gy —p D Y
206 | O (Jp)/p° - exp [ZEUS]

Soe z

Continuum - 100% uncertaintg S U
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PDG S11, D13: k* about right




