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STRENG s Procisionsi -

o JRAZ unifies 18 Institutions from 9 EU countries

o Fosters cooperation with 5 non-EU based partners (USA, Russia, China)
o Leading institutions: Mainz and Uppsala

o Spokespersons: Mikhail Gorshteyn (Mainz), Andrzej Kupsc (Uppsala)

o Goal: provide decisive support to the interpretation of low-energy

precision tests of SM in the electroweak sector

o Dispersion relations as the main tool. Input extensively uses data,
directly (HVP to muon g-2) or indirectly (HLbL to muon g-2, EW boxes for

extraction of Vy¢ and weak mixing angle)

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.



Spokesperson: Andrzej Kupsc

© . : . g -
STR@NG wuon g-<£ and precision tést or Qe
Dirac theory: gyromagnetic ratio g=2

Small deviations observed in HF structure of atoms: , _ 8~ 2_a _ 0.001161 /&\
1948 explained by Schwinger - radiative correction * 2 27

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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ks Dirac theory: gyromagnetic ratio g=2

Small deviations observed in HF structure of atoms: , _ §—2 _ % _ 0.001161 /&\

1948 explained by Schwinger - radiative correction * 2 27

Since then QED calculat | - NN SN

Aoyame, Haysiawa, Kinoshits, o 2012~ 0. 0. ) D
yame, e rane ’ o0 go O B A

Complete 5-loop QED calculation >12000 diagrams

auQED =116 584 718.951 (0.009) (0.019) (0.007) (0.077) x 1011 @@ﬁ@ ?,Q 9 @
errors from: lepton masses, 4-loop, 5-loop, a from&Rb @ @@@gﬁ
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e Dirac theory: gyromagnetic ratio g=2

Small deviations observed in HF structure of atoms: , _ 8~ 2_a _ 0.001161 /&\
1948 explained by Schwinger - radiative correction 2 27

| _ % 0 0Q F® rQ
Since then QED calculations went a long way: @ ,@ ,@\ ,@\ m

Aoyama, Hayakawa, Kinoshita, Nio 2012
Complete 5-loop QED calculation >12000 diagrams m 9’“@ f@\ ‘@\ %
}2& fo‘“\ ﬁ@ﬁl f\ f””“\

1ii(b)

auQED =116 584 718.951 (0.009) (0.019) (0.007) (0.077) x 1011 i@@ Q @ @ @
errors from: lepton masses, 4-loop, 5-loop, a from&Rb @ @@@gﬁ

Electroweak corrections 1 and 2-loop

Czarnecki, Krause, Marciano, Vainshtein; . X
Knecht, Peris, Perrotet, de Rafael; Gnedinger, Stéckinger, Kim ﬁ\ A

a, EW(i+2loop) = (153 6+1.0)x10°1!

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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e Dirac theory: gyromagnetic ratio g=2
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1948 explained by Schwinger - radiative correction 2 27

| _ % 0 0Q F® rQ
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Aoyama, Hayakawa, Kinoshita, Nio 2012
Complete 5-loop QED calculation >12000 diagrams ﬁ 9”“@ f@\ ‘@\ %
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auQED =116 584 718.951 (0.009) (0.019) (0.007) (0.077) x 1011 i@@ Q 9 @ @
errors from: lepton masses, 4-loop, 5-loop, a from&Rb @ @@@gﬁ

Electroweak corrections 1 and 2-loop

Czarnecki, Krause, Marciano, Vainshtein; e X
Knecht, Peris, Perrotet, de Rafael; Gnedinger, Stéckinger, Kim ﬁ\ A

a, EW(i+2loop) = (153 6+1.0)x10°1!

Hadronic corrections 2 and 3-loop: main limitation

LO NLO L-by-L
. . Y i
ahad _ ahad,VP LO T ahad,VP NLO + ahad,nght—by—nght " " had.
H H H H had. had. =

Main focus of Muon g-2 Theory Initiative

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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* 2 8
For HP = 2mw@w=Y fdcb ‘M‘ - ImHhad(s):(m>ahad(s)
had. had.

2 oo 0
had, LOVP __ & ds _ Jhad,'y(s)
aH = F /Sth ? R(S)K(S), where R(S) = m

10000 , E » e E ,
Non-perturbative | w2s) . Perturbative
1000 - (Experimental data, E (pPQCD) 1
isopsin, ChPT...) :
100 | E E i
= ' Non :
& ! -perturbative '
10 | 1 1 -
: il :
1L | (Experimental data, : ]
: pQCD, :
o . ' Breit-Wigner...) : .
’ 1 10 100
s [GeV]

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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—5 fdcb ‘M‘ = Imllaa(s) = (0 ) 7haa(s)

For HVP = 2Im

had

o [ o0 1 (s) Low energies: sum ~35 exclusive channels
aptt OVE = —2/ — R(s)K(s), where R(s) = 20—

312 Jopn 8 dma? /3s (2m, 3m, 4m, 5m, 6m, KK, KKm, KKnm, nm, ...,)
. Below 0.9 GeV dominated by 2m

10000 . . T :
oy —— 1
. : : .
Non-perturbative : w2s) : Perturbative 100 ol hactoni A et
1000 | (Experimental data, ! - (PQCD) 1 Ryt pp—
. . ! ' 10 K*K' —
isopsin, ChPT...) : ) —
I
; : 1 "
100 | ' , E e
z : NO" : 0.1 ﬂ:»fﬁ" —
& ! -perturbative ' z ‘”””%’""“ —
10 : o : B 0.01 (nnnnn)ma
1 L | 1 My —
1 ] All other states  IEG—_EN)
. 1 0.001 (170’0, —
1L : (Experimental data, ' | ondd
no  E—
: pQCD, : 0.0001
f . . ' (7 n0n°nx oy E—
' Breit-Wigner...) :
0.1 > L L 1e-05
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> ‘ﬁlcb “"" = Imllhaa(s) = (4; )Uhad(S)

Low energies: sum ~35 exclusive channels

For HVP = 2Im

2 oS} 0
had, LO VP o ds Thad 5 (8)
ap® = —2/ — R(s)K(s), where R(s) = 2
812 Joun 8 dma? /3s (2m, 3m, 4m, 5m, 6m, KK, KKm, KKnm, nm, ...,)
. : S— . Below 0.9 GeV dominated by 2m
T 1508 '
Non-perturbative | ! w2s) . Perturbative 100
1000 |- (Experimental data, : (PQCD) 1
isopsin, ChPT...) : or
100 - E E 4 tr
@ ' Non : o |
« ' -perturbative : 0 '
10 | 1 . ' E s 001 L
; il :
1L : (Experimental data, : ] 0001
! pQCD, : 0.0001
1 . ' Breit-Wigner...) : . 10-05
* 1 10 100 04 06 08 1 12 14 16 18
Vs [GeV] Vs [GeV]

ahtOVP = (6933 £25)x 10711 @ NOVP = — (982 £0.04) x 107" @ ¢NNOVP = (1.24 £ 0.01) x 107"
Keshavarz:, Nomura, Teubner 2018

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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For HYP = m.w—zfdcb‘«n{ = Imllhaa(s) = (8

had. dma

)Thaa(s)

~

Low energies: sum ~35 exclusive channels

had, LOVP __ % < ds _ Jgad,'y(s)
i _W/ 5 A s), where Rls) = i3 (2m, 3m, 4m, 5m, 6m, KK, KK, KKmm, nm, ..,)
—_— Below 0.9 GeV dominated by 2m
Non-perturbative : v w2s) m E Perturbative 100
1000 |- (Experimental data, (PQCD)
isopsin, ChPT...) or
- 1 B
s b Non E 01
= -perturbative ' 2 '
0 e © 001 |

) 0.001 |
(Experimental data,

pQCD, ' 0.0001 |
. Breit-Wigner...) . 10205
1 10 100 04 06 08 1 12 14 16 18
Vs [GeV] Vs [GeV]

ahLOVP = (6933 £2.5) x 107! gENEOVP = — (982 £0.04) x 107! @t NNEOVP = (124 £0.01) x 107"
Keshavarz:, Nomura, Teubner 2018

Novel idea: MUonE @ CERN: 150 GeV muons scattering on atomic electrons
Probe the HVP in the space like regime - complementary to the R-scan ,
Carlone Calame, Passera, Trentadue, Venanzoni 2014

0.1

Hadrons

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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Hadronic LbL contribution is constrained by the data (but not fully determined)
For HLbL = I, = [rore + e +  Iuxe  +..

Uvio

e e

= Dominated by pole (pseudoscalar exchange) contributions

: 70y

pole . o . h

wo- eel - 0@
| > >

Pauk, Vanderhaeghen 2014;
= Sum all possible diagrams to get aﬂILbL Colangelo, Hoferichter, Procura, Stoffer 2017

Summary of HLbL contribution of (Colangelo, INT g-2 workshop September 2019):
a;ILbL % 1011 — 938(40)PS poles _ 15.9(2)pionbox _ 8(1)S—Wave T __ 2(3)S,T>1GeV + 8(3)Axial + 10(10)SD =85 + (12 _ 21)

Danilkin, Redmer, Vanderhaeghen 2019 a Pt x 10 =87+ 13

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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]

Teuber at INT g-2 workshop September 2019

DHMZ10 : -—
JS11 : -
HLMNT11 -

FJ17 e
=

B P e e L e

DHMZ17
KNT18 ——e—
BNL 3.70
BNL (x4 accuracy) 706 —4—
N B l R R R l N
160 170 180 190 200 210 220

(a,>" x 10'%)-11659000

New experiments: E9Q89@FNAL (concluded - analysis), E34@J-PARC (start 2022 on):
will reduce the exp. error by factor 4;
If central value stays — 70 discrepancy; Theory uncertainty needs further reduction

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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nature_ LETTERS

thSlCS https://doi.org/10.1038/541567-019-0494-8
Polarization and entanglement in baryon- BGS]]I
antibaryon pair production in electron-positron B 008.08917
annihilation

: . th
The BESIII Collaboration* Online: May 6

ete” > J/P—> AA:
Observation of A transverse polarization }W\
Determination of A decay asymmetry g {

G.Faldt, AK PLB772 (2017) 16
E.Perotti,G.Faldt,AK,S.Leupold,]].Song PRD99 (2019)056008

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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AD=42.39+0.6°+0.5° A = pm™: a_=0.750+0.009+0.004
o = Polarization: i ' a<01 — j
02 max 25% BESIII - ‘ : ’
i ’ . . | B
o BESII
G /oL 0.913+0.028+0.012 I =
Al = % rule violation OVE”: B
CPtest: A, = %=+ S R X A R
Al - ay a_
A,=-0.006+0.012+ 0.007 17(3)% larger
Ay= 0.013£0.021 Included in the PDG 2019 update

PS185 PRC54(96)1877

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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O TNe Wweas mxing angle
*****

Qurks Weak mixing angle - mixing of the NC gauge fields

e e e
E Y : COS OH' sin {)H‘ BO \\/
m /" = —sin Hu' COS HH' HYU E
o © » y 'z
e urT _ _ :
WMA determines the relative strength / /O\
p p p

ViV, V. . .
of the weak NC vs. e.-m. interaction

el

v
Qr=+1 QpPw =1-4sin20w

Leptons

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.



STREING Precision determination
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% Weak mixing angle - mixing of the NC gauge fields
E cosByy  sinfOy > < B > \\/
o m —sin by cos Oy wo y EZ
elulr ‘
WMA determines the relative strength / /O\ /
“5 of the weak NC vs. e.-m. interaction P pep P
QP=+1 QPw =1-4sin26w
Maller scattering Colliders e-DIS @ JLab, EIC
S \/v e e . 9 e \/v e
V::Z ...... V- Z
e ) e 'q
Purely Ieptonic\ e Z-pole measurement Y v-DIS @ NUuTEV
P2 MESA @ Mainz Atomic PV Incoherent e-q scatterin ! \/ -
Q-Weak @ JLab ’ ’ Wz

‘ N

v:iZ

. N . Incoherent v-q scattering
Coherent quarks in a nucleus

Coherent quarks in p or 12C
This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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Elastic scattering of polarized electrons off unpolarized protons at low momentum transfer

— = U G Q2 <+ I
q pv _ 7 O _ _NMF p 2B(0O2 2 .
o +o_ 4\/571‘04 [ W+Q (Q )] 5 @ + A
Effects of hadronic structure - kinematically suppressed O
Existing hadronic data and LQCD used to obtain B and 6B €r W

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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Elastic scattering of polarized electrons off unpolarized protons at low momentum transfer

_ 2 2
o 4\/§m[ W+ Q°B(Q?)]

Effects of hadronic structure - kinematically suppressed
Existing hadronic data and LQCD used to obtain B and 6B €

Proton’s weak charge suppressed in SM: Q{;, =1 —4sin® Oy ~ 0.07
Reward: a factor ~ 16 gain in precision for sin® @y,

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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Elastic scattering of polarized electrons off unpolarized protons at low momentum transfer

O, — 0 GrQ?
A S T T i W TR

Effects of hadronic structure - kinematically suppressed
Existing hadronic data and LQCD used to obtain B and 6B

Proton’s weak charge suppressed in SM: Q{;, =1 —4sin® Oy ~ 0.07
Reward: a factor ~ 16 gain in precision for sin® @y,

PVeS Experiment Summary

Pioneering Q“W

- A® de
Strange Form Factor (1998-2009) \Q
S.M. Study (2003-2005)
JLab 2010-2012
Future

[ ]
10* .
[ ]
[ ]

Qweak@JLab: Q2~0.03 GeV?2
APV = —(226.5 £9.3) ppb
€v = 0.0718 £ 0.0044 (rel. 6%)

D. Androic et al [Qweak Coll.], Nature 557 (2018), 207

P2 @ MESA/Mainz:
go down to Q2~0.005 GeV?
Unprecedented challenge: tiny asymmetry to 1.5%

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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Elastic scattering of polarized electrons off unpolarized protons at low momentum transfer

O, — 0 GrQ?
A S T T i W TR

+ i 2P

Effects of hadronic structure - kinematically suppressed
Existing hadronic data and LQCD used to obtain B and 6B €r g
Proton’s weak charge suppressed in SM: Q{;, =1 —4sin® Oy ~ 0.07

Reward: a factor ~ 16 gain in precision for sin® @y, PVeS Experiment Summary

Pioneering 5
Strange Form Factor (1998-2009) »
S.M. Study (2003-2005)
JLab 2010-2012

Future

10* E

Qweak@JLab: Q2~0.03 GeV?2
APV = —(226.5 £9.3) ppb
va = 0.0718 £ 0.0044 (rel. 6%)

D. Androic et al [Qweak Coll.], Nature 557 (2018), 207

P2 @ MESA/Mainz:
go down to Q2~0.005 GeV?
Unprecedented challenge: tiny asymmetry to 1.5%

Need to know radiative corrections sufficiently precise

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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RGE Running . . ¢ e o
Particle Threshold K LY, E ) g .
. . Measurements ' i 4 7
Universal quantum corrections absorbed Proposed I IN;";
into running, scale-dependent sin2Bw(p) l

STR@

~.
Qweak \
’ APV N

0.235.— oIS \
Universal running - clean prediction of SM

] LEP 1
Deviation anywhere - BSM signal 0zsf- NLC frae

SM uncertainty: few x 10-4

51n2@W(u)

; MOLLER =
— e
iPZ {SOLID
0225 aaaaaul aaaaaul PEEPEEETTTT | s aaaul aaaaaul aaaaaul PEEPEEETTTT | PRI
10 107° 1072 107" 1 10 102 10° 10*
L [GeV]

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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RGE Running . . L v
Particle Threshold K LY, E Y.
. . Measurements iy d 7
Universal quantum corrections absorbed Proposed I IN/TO;
into running, scale-dependent sin2Bw(p) 024F ,l .
—_ Qweak \\
SM uncertainty: few x 10-4 Z APV oo N\ -
(<SDB 0.235F B
I '
Universal running - clean prediction of SM “ \/Em Z
. . . Tevatron sLC { LHC E
Deviation anywhere - BSM signal 023k woLLen _
] §P2 {SOLID ]
Process-specific SM radiative corrections: 0,205 il il il it et it v
T 107 1072 107" 1 10 10 10° 10*
L [GeV]

QY P — (1 4+ A, + A)(1 — 4sin® Oy + AL) + Oww +Uzz + Oy

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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Paricle Threahold K N E g

. . Measurements AR G SR S

Universal quantum corrections absorbed Proposed I IN/T%
into running, scale-dependent sin2Bw(p) 024p ,l .
—_ Qweak \\
SM uncertainty: few x 10-4 < ’Aw eois [P\ .
fSD 0.235F -
= - :
Universal running - clean prediction of SM “ \/Em 3
Deviation anywhere - BSM signal 0ssh woes feren Ngste O
] §P2 {SOLID ;
Process-specific SM radiative corrections: I I
10 10°® 1072 107 1 10 10? 10° 10*

Hadronic effects under control HIGeV]

Q%’/l_IOOp = (1 + Ap + Ae)<1 — 4Sin2 HAW -+ A/e) + DWW + Oy 7+ DfYZ
Marciano, Sirlin ’°83,84; Erler, Musolf '05

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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' RGE Running

Particle Threshold K \/ E g
. . Measurements | g ]
Universal guantum corrections absorbed Promeca | [N I A

. . . SLAC-E158 ¢ NuTeV

into running, scale-dependent sin20w(J) ,l . .
- Qweak \ ;

SM uncertainty: few x 10-4 i; . ’Aw AN ]
N= 3 ]

Universal running - clean prediction of SM K \/Em Z
Deviation anywhere - BSM signal oz wouen Tevatron Nfsie - fLHe :

§P2 {SOLID

Process-specific SM radiative corrections: I I
107 107 1072 107" 1 10 10? 10° 10*

Hadronic effects under control “[Gevle o .

1-1 . A Z v
Q%’/ OOp:(l—I—Ap—I—Ae)<1—4SIH2ew—|—A,e)—|—wa—|—|jzz—|—|:|,),z %

Marciano, Sirlin '83,84; Erler, Musolf ‘05 t > z % z

Non-universal correction - depends on kinematics and hadronic structure

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.



® i &
STR@NG //,//r////////'/w/ INe Weank mixing angile
* *
*t *** . RGE Running . N v
P

Universal quantum corrections absorbed Proposed ST i
into running, scale-dependent sin2Bw(p) ,l .
. = Qweakr\\
SM uncertainty: few x 10- =k ’Aw eois |\ I
= :
Universal running - clean prediction of SM = \/Em Z
Deviation anywhere - BSM signall ozl o e T :
- §P2 {SOLID E
Process-specific SM radiative corrections: 0,205 il il il it et it v
107 107 1072 107 1 10 102 10° 10*

Hadronic effects under control e o .

1-1 . A 7 7

Q%’/ OOp:(l—I—Ap—I—Ae)<1—4SIH2ew—|—A,e)—|—wa—|—|jzz—|—|:|fyz % é
Marciano, Sirlin ’°83,84; Erler, Musolf '05 T P 7D »

Non-universal correction - depends on kinematics and hadronic structure
MG, Horowitz ’09; MG, Horowitz, Ramsey-Musolf '11. yZ-box from DR as function of energy

O,2(E) = %/0 dQ? /th dW? [A(E, W, Q%) F}? + B(E,W,Q>)F)? + C(E,W, Q%FQZ}

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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*t * ** ' RGE Running

Particle Threshold K N E g
. . Measurements AR G SR S
Universal quantum corrections absorbed Proposed I IN/TO;
into running, scale-dependent sin2Bw(p) l

~.
Qweak r \
’ APV N

H . -4 3
SM uncertainty: few x 10 . enis | ™\
Universal running - clean prediction of SM

] LEP 1
Deviation anywhere - BSM signal 0ssh NLC frre

smzéw(u)

; MOLLER =
sz {SOLID

Process-specific SM radiative corrections: 0,205 il il il it et it v
10 10° 1072 107" 1 10 10° 10° 10*

Hadronic effects under control e o .

1-1 . A Z 7
QY% Z[(1 4 A+ AL (1 — 4sin® by + AL) + Oy + Oz +H0 2 ;% ;;

Marciano, Sirlin '83,84; Erler, Musolf ‘05 t 3 7 7 ;

Non-universal correction - depends on kinematics and hadronic structure
MG, Horowitz ’09; MG, Horowitz, Ramsey-Musolf '11. yZ-box from DR as function of energy

O,2(E) = %/0 dQ? /th dW? [A(E, W, Q%) F? + B(E,W,Q>)F)? +.C(E,W, Q%FQZ}

Known kinematical function

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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* 4 %
Measurements

Universal quantum corrections absorbed Proposed I IN/TO;
into running, scale-dependent sin2Bw(p)

RGE Running .
Particle Threshold

SM uncertainty: few x 10-4 < ’Aw s |\ 2
& 0.235F _

= - .

Universal running - clean prediction of SM 2 \/EN :
Deviation anywhere - BSM signal sl - EECINCTAN U
- ;P2 I SoLiD ]

Process-specific SM radiative corrections: I I
T 107 1072 107" 1 10 10? 10° 10*

Hadronic effects under control I [GeV]

QY% Z[(1 4 A+ AL (1 — 4sin® by + AL) + Oy + Oz +H0 2 % ; ;
Marciano, Sirlin ’°83,84; Erler, Musolf '05 T P P D P

Non-universal correction - depends on kinematics and hadronic structure
MG, Horowitz ’09; MG, Horowitz, Ramsey-Musolf '11. yZ-box from DR as function of energy

O,2(E) = %/0 dQ? /th dW? [A(E, W, Q%) F? + B(E,W,Q>)F)? +.C(E,W, Q2)ng}

Known kinematical function Inelastic structure functions (related to data)

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.



Reference value: 1-loop SM Q7. (SM) = 0.0713 £ 0.0008

7.6% correction in Q-Weak kinematics MG, Horowitz, PRL 102 (2009) 091806;

_ missed in the original analvsis Nagata, Yang, Kao, PRC 79 (2009) 062501;
9 y Tjon, Blunden, Melnitchouk, PRC 79 (2009) 055201;

nyZ (E = 1.165 GeV) — (5_4 + 20) X 10—3 Zlhcl)u, Nagata, Yang, Ka(?, PRC 81 (2010) 035208;
Sibirtsev, Blunden, Melnitchouk, PRD 82 (2010) 013011;

K Rislow, Carlson, PRD 83 (2011) 113007;
'g 6f ] MG, Horowitz, Ramsey-Musolf, PRC 84 (2011) 015502;
= 5 ] Blunden, Melnitchouk, Thomas, PRL 107 (2011) 081801;
= i ] Rislow, Carlson PRD 85 (2012) 073002;
7\; i ] Blunden, Melnitchouk, Thomas, PRL 109 (2012) 262301;
|D 3 Hall et al., PRD 88 (2013) 013011;
S 2 ] Rislow, Carlson, PRD 88 (2013) 013018;
o Hall et al., PLB 731 (2014) 287;
~ b ] MG, Zhang, PLB 747 (2015) 305;
Y < Hall et al., PLB 753 (2016) 221;
00 02 04 06 08 1.0 1.2

MG, Spiesberger, Zhang, PLB 752 (2016) 135;
E (GeV) Erler, MG, Koshchii, Seng, Spiesberger, PRD100 (2019), 053007

Steep energy dependence observed - added strong motivation for P2 @ MESA
0,2z(E =0.155GeV) = (1.1 £ 0.3) x 1077

The model dependence: no or very little inelastic PVES data available

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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*
*

*
* o *

Heavy BSM reach: up to 50 TeV
- Light dark gauge sector: down to 70 MeV
Complementary to colliders
]
Mixing with — — — — —
Extra Z Dark photon or Contact interaction E:r\:vnions 0245 —
Dark z
myz, = 200 MeV

[ mz, = 100 MeV B158

3 024

\-é =

@ =

NS: S § Qweak

'Z0.235
APV

. . . JLab-PVDIS
P2@MESA will set stringent constraints on BSM . [ ’ -
. . . I iz
Precision comparable to Z-pole @ colliders : P2GMESA MOLLER SOLID
0001 001 0. B 10 100 1000

Q[GeV]
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Charged current interaction - B-decay (y, 1%, n)

EI

Leptons

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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®
ﬁll - n@g <. v

Leptons

v (anti-v)

W coupling to leptons and hadrons very close but not exactly the same:
quark mixing - Cabbibo-Kabayashi-Maskawa matrix

d ‘/ud Vius Vvub d d

=V - Vv , CKM - Determines the relative strength of the

S1=VVeg Ves Vi s CKM | s . )

y v ) weak CC interaction of quarks vs. that of leptons
td tb

CKM unitarity - measure of completeness of the SM: |Vud[2+ |Vus]2+ |Vub[2=1

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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x*
R T T T T
2* 2 0 .9800 - -
V,, = 0.97420 + 0.00021

Vud } From neutron decay

.9750 - ] 2 5099.34s

| | Vial® = -
7,(1 +3g7)(1+AR)
.9700 1 1 1 1
nuclear neutron nuclear pion
+ + :

o P LL E R . From superallowed decays
| 1l 11 1 [ _ v = 298443s
5 - ﬂ g F1(1+A))
S 001 - —H - 4 | -

,;@i- — — | — v
|:| Experiment Radiative correction - Nuclear correction e
. . Vv AXV w
Model dependence resides in yW-box  Ap =2[ 13" + ... y
n v p
Previous calculation of yW-box: Marciano & Sirlin 2006

Via|? + [Vis|? + [Vip|? = 0.9994 £ 0.0005 00+ nuclear decays  [Vy,q|* = 0.94906 =+ 0.00041

CKM unitarity: Vug the main contributor KigandKizaverage | Vys|* = 0.05031 =+ 0.00022
to the sum and to the uncertainty Bdecays | Vip|? = 0.00002

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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g Tyt (f — Y (1 — M2
Thyw = ﬁeQGFVud/ ST e ALY S e DL u TVW Wy

(2m)4 ¢*[(k — q)? — m2] — My,

Hadronic tensor: two-current correlator T;““ = [a’xe’qx(ﬂ T[J:, ()] +(O)]|z)

General gauge-invariant decomposition of a spin-independent tensor

y . q'q” 1 p-q) \" p-q) \" 1" P paq
Tf/ylW = <_9M + P >T1+%<p—(q—2)Q> (p_(q2 )Q) Tr + ) BTS

2
yW box from DR Seng, MG, Patel, Ramsey-Musolf, 1807.10197 %

o0 F(O) P Parton + pQCD
v+ 2q eV,
Re Deven = /dQ2 / AR 2GeV
Vihr Nmr Res. | Regge

C
| o S +BG || +VMD
Include dispersion in energy; -

Connection to data established : : — s
Explicit matching between nuclear, hadronic and pQCD regimes M= (M +m,) ~3GeV

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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Input into the integral was related to neutrino data on Gross-Llewellyn-Smith sum rule

1 F
Gross-Llewellyn-Smith sum rule / dz(ub(z) + db(z)) =3
. ,

At sub-asymptotic Q2 receives pQCD corrections st |/
MY (1,00) =31 —a/r—...) S ¥ o s
Mg (1,Q2) 1% e,
[ —— pQCD
0.5:— + —— MS: INT + Born + A

|sospin symmetry

0.08f

o

o

>
r

M3 (1,Q2)
MS 2006: AV 0.02361(38) |V, ;| = 0.97420(10)£,(18)pc

0.04

29 (1,09 /(1 +Q%M,2)

M
o
o
S

DR: A, =0.02467(22) |V, = 0.97370(10)£,(10)c

et O ot O RPN I RN SN
10° 10 103 102 10* 10° 10' 102 10® 10* 10°

Uncertainty halved; 36 away from the old value Q2 (GeV?)

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.



STRENG 00 unitarity in Fall 2018 - 50 ot
LW unitarnity in ra 2018 - 96 aericit
Seng, MG, Patel, Ramsey-Musolf, 1807.10197

SBOF Y | =0.97366+0.00015 <—|V,, =0.97420 + 0.00021|
Vud }
v
9750 | -
" .

L9700 = 1 1 1 1 =
nuclear neutron nuclear pion
ot-»o0*t mirrors

003 F 3 F 3 F 3 F =
= 1! | Al
£ .002 | 4 L 4 4 | -
s 1T 71 l==e==-
=
8 —_—— -

S 001} 41 F 41 F 4 -
iy — — | —

D Experiment - Radiative correction - Nuclear correction

| Vud |2 + | Vus |2 + | Vub |2 = 0.9979 + 0.0004 0+-0+ nuclear decays | V4 |2 = 0.94801 £+ 0.00029

CKM unitarity: Vug und Vus contribute K3 decays |V, |* = 0.04987 % 0.00027

equally to the uncertaint
dHaty y Bazavov et al. (FNAL/MILC), 1809.02827
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* *
** . **
1 1
.9800 |-
Vud }
9750 - l
(]
z [
.9700 1 1
nuclear neutron
ot ot
003 F 3 F =
>
b
£ .002 | i L _
[+
) =
[} -
2
S 001~ 1 F -
_EJ I

D Experiment - Radiative correction - Nuclear correction
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STRENG < bor 2018 - 30 dof
o9 LM unitarnity in December 2018 - 3o dencit
Major improvement in exp. determination of ga

=0T PDG2018 PERKEO-II]

Vud } Mirkisch et al., 1812.04666
oTsor ; lI g, =—1272323) — g, =—1.2764(6)
o700 . . Vug from free neutron decay
' nuclear neutron
. 0+ o» 0+ o ] Vg = 0.9763(5), (15), (2)pe— Vg = 0.9735(5), (3), (1)xc

a

£ .002 | a a |

£

é-': .001 |- 1 F -

~ prp] [T~ -

D Experiment - Radiative correction - Nuclear correction
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Major improvement in exp. determination of ga

2T PDG2018 PERKEO-II]
Vud } Mirkisch et al., 1812.04666
9780 s li gs=—12723(23) — g4 =—1.2764(6)
sron . . Vud from free neutron decay
e neutron Vg = 0.9763(5), (15), Qe V,4 = 0.9735(5), (3), (¢
.003 = = =
.‘g 002 | 1L i Revision of nuclear corrections to O+- O+-beta decay
§ Seng, MG, Ramsey-Musolf, 1812.03352; MG 1812.04229
S 001} 4 F -
— =y || [ | V., =0.97366(10):,(10)gc —— V,; = 0.97366(32)5,(10)pc

D Experiment - Radiative correction - Nuclear correction
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Major improvement in exp. determination of ga

.9800 -

Vud

PDG2018 PERKEO-III
Markisch et al., 1812.04666

g =—12723(23) —— g4 =—1.2764(6)

9750

1
——

lel o1
(2 2]

Vud from free neutron decay

.9700 ! 1

e neutron Vg = 0.9763(5), (15), Qe V,4 = 0.9735(5), (3), (¢

=)

=]

@
1

Revision of nuclear corrections to O+- O+-beta decay
Seng, MG, Ramsey-Musolf, 1812.03352; MG 1812.04229

(=
o
N

= e ([ ] V., = 0.97366(10),(10)gc —— V., = 0.97366(32)(10)gc

D Experiment - Radiative correction - Nuclear correction

Uncertainty

o

o

-
1
1

Free neutron decay becomes competitive - 7,! Top-row unitarity: 2,5-3,50 deficit
Scrutiny of nuclear corrections with new methods A, = —(0.0016 — 0.0021) £ 0.0006
BSM: superallowed nuclear decays

- main constraint on new S, T interactions! (depending on V)

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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2* *20 Input necessary for EW box calculations
- - structure functions with vector and axial weak current

LV S)N) = 3 o (NI 1) (X4

Im(N|T[Jy JY]|N) = pr (N Ty [ X)(X]TYIN)

Saturate the dispersion integral with excluswe channels at low-energies, match onto pQCD, Regge
MAID — existing Mainz web-based partial wave analysis of PS meson e.m. production

Proposed weak MAID X=7N, NN, n'N, KA, K2
Needed at

: Existing e.-m. MAID
Q2 < 2 GeV?, W<4 GeV i

Q2 <2 GeV2 W<2 GeV

- m o m W OEmomom om
L]

To saturate the dispersion integral for EW boxes extend MAID to include multi-pion, KK-bar, ...

Has only been attempted in simple models - need to do better!

Currently: the absolute and relative strength of y(Z,W)N ->pN, wN, &N channels for W>2 GeV
is used to constrain the HE continuum contribution to EW boxes within VDM - Regge model

- main uncertainty in the yZ- and yW-box (vector, axial NC, CC currents)

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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o WP tasks:

o Task 1: Hadronic effects in precision tests of the weak sector of SM
Task 1.1: Electroweak MAID

Task 1.2: New neutrino pion-production MC simulator for DUNE, T2HK
Task 1.3: Electroweak box correction calculations for PVES and f-decay

o Task 2: Hadronic effects in precision tests of the electromagnetic sector
of the Standard Model

Task 2.1: Database for hadronic VP + contribution to (g — 2),,
Task 2.2: Database for hadronic LbL + contribution to (g —2),

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.



STREONG  Progress and further a-o
To provide improved calculations:
— new data if these directly determine the integrand of DR (HVP);

new methods to obtain input to DR from existing data (HLbL & EW boxes)

Plenary Meeting of PrecisionSM planned — June 2-3, 2020 in Krakow, Poland

- HVP and HLbL: new data (improved precision and coverage) + unified database

- Contact with HEP-DB group has been made; Alberto Lusiani is the Coordinator for
submitting information to the database.

- First channel to submit data - ete™ = zntz~

- MUonE: test measurements at CERN were conducted; dedicated MC & RC
developed; postdoc position funded by STRONG-2020 to be filled

- Electroweak MAID: MG officially joined the Mainz-Tuzla-Zagreb Collaboration; the
MAID web platform will straightforwardly accommodate the new EW MAID; work
has started with focus on the upcoming DUNE@FNAL kinematics; early 2020 visit to
FNAL planned; postdoc position funded by STRONG-2020 to be filled.

- EW boxes: dispersion representation obtained; established connection to exp. data;
first calculations already show very high impact on the field; plans for KI3 decay

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.



STR@NG o v ... Deliverables

o Deliverables due for Reporting Period 1 (18 months, June 2019-November
2020): D21.1 is due M18 (November 2020)

Due
S s¢ | Deliverable Title Lead beneficiary Type" Dizsemination level'® | Date (in
months)"’
Webaites,
D211 Electroweak MAID 9 - JGU MAINZ patents Public 18

o D21.1 Electroweak MAID - Task well on track (joined MAID collaboration, several
publications towards EW MAID); postdoc position to be filled soon

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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220

o MS37 corresponding to D21.1 has to be achieved M18

O
Milestone Due
ber'™ Milestone title Lead beneficiary Date (in | Means of verification
months)
MS37 Weak MAID 9.-JGUMAINZ 18 Website up and runming
O
O

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.



