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Precision tests of SM at low energies - basis

e (Goal: measure parameters of the Standard Model to high precision
Confront with precision calculations in SM
Constrain/discover New Physics via deviations

e SM parameters: charges, masses, mixing

e At low energy quarks are bound in hadrons - how can we access their
fundamental properties through hadronic mess”?

e A charge associated with a conserved current is not renormalized by strong
interaction - the charge of a composite = > charges of constituents

e Strong interaction may modify observables at NLO in dem/mm = 2 -10-3
e Experiment + pure EW RC - accuracy at 104 level or better

e |n many low-energy tests hadron structure effects is the main limitation!



Precision measurements of weak mixing angle

Weak mixing angle - mixing of the NC gauge fields
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Weak charge of the proton from PVES

Elastic scattering of polarized electrons off unpolarized protons EEs 5
at low momentum transfer é@ + "0
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SM runnmg of the vveak m|><|ng angle
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SM uncertainty: few x 104

0.245 T ——r
- Erler Ramsey -Muspblf
Qw (PT
NuTeV
w (e)
0.24 - P2@MESA - I .
> Quyeak A
Moller 1
0.235 |- I -
Qyy (APV )
eDIs | 'lATLAS ]
\V4
0.23 - SLD
- 3 %
.2
[ sin“ By (Q) MS ne
0225 B Ll AT | AR | AT | Ll Ll AT | PR .h.S:
0.0001  0.001 0.01 0.1 1 10 100 1000 10000
Q [GeV]



SM runmng of the vveak m|><|ng angle
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Universal quantum corrections
can be absorbed into running,
scale-dependent sin20w(p)

SM uncertainty: few x 104

Universal running - clean prediction of SM
Deviation anywhere - BSM signal
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Mixing with
Dark photon or
Dark Z

Heavy BSM reach: up to 49 TeV
Sensitivity to light dark gauge sector
Complementary to colliders

New
Fermions

Extra Z Contact interaction

0.245 r—
- Erler Ramsey-Mu If
Qw (P T
NuTeV
B w (e)
0.24 - P2@MESA I -
[ > Quyeak
: Moller 1
0.235 | ‘|r -
- Qy (APV)
eDIS | 'lATLAS
0.23 + o
.2
- sin“ By (Q) MS | cms
' B sl sl sl ul ol sl sl N ..h.S:
0.0001 0.001 0.01 0.1 1 10 100 1000 10000
Q [GeV]
0242 ~ Sensitivity to light Z|
' Marcz = 100 MeV
PPz = 200 MeV
0.240 Qweak (first) 7]
Marciano
~ 0.238
(g
S
= 0.236
)
(@]
-5
v (0.234
L APV(Cs) $4 }
0.232+ Moller N
- MESA
i Qweak ¢
0.230 - "Anticipated sensitivities" SLAC -
-3 -2 -1 0 1 2 3

Log,, Q [GeV]

3%



—lectroweak boxes: non-universal corrections

Hadronic effects under control
QY TP — (14 A, + AL (1 — 4sin® Oy + AL) + Oww + Ozz + [0z

Marciano, Sirlin '83,84; Erler, Musolf '05
Non-universal correction - depends on kinematics and hadronic structure

Marciano and Sirlin:

Sa M3
yZ-box mainly universal (large log) Hyz=5_-(1= 457 )[ln 12| T Cyz(A)
same for PV in atoms and e-scattering 5
Residual dependence on hadronic scale A 0.0037+0.0004 (5.3 + 0.6%)

Until recently: 1-loop SM result Qrw = 0.0713 + 0.0008

This formulation was used to plan Qweak @ JLab

1.165 GeV beam; Q2=0.03 GeV?2
Combined Theo+Exp. uncertainty - 4%
Asin26w/sin2Bw = 0.3%



—lectroweak boxes: non-universal corrections

vZ-box from forward dispersion relation

qr % 7,
Compute the imaginary part first i L
Real part from unitarity + analyticity + symmetries P —
. . ‘ W2=(p+q)?
MG, Horowitz '09; MG, Horowitz, Ramsey-Musolf ‘11 Q2=-q2>0

Lower blob: yZ-interference structure functions
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Sum rule for the yZ-box correction
Known kinematical functions
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Inelastic PVES data

Model-independent (if data available); E-dependence calculable in each exp. kinematics



Input to the dispersion integral

No or very little inelastic PVES data available;
Use electromagnetic data + isospin symmetry
to obtain the input in the dispersion integral

All Kinematics contribute; not all contribute equally.
Main support in the “shadow region” -

Main contribution: W < 5 GeV, Q2 < 2 GeV?

100

DIS

10 £

Q’ (GeV?)

GVDM

1
D
n
O
i)
Q
2
O
D
w

0.1

Regge

10 100
W (GeV)



-nergy-dependent yZ-box

Reference value: 1-loop SM Q% (SM) = 0.0713 4 0.0008

7.6% of Qwp correction in Q-Weak kinematics
- missed Iin the original analysis

O,7(E =1.165GeV) = (5.4 £2.0) x 1073
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Zhou, Nagata, Yang, Kao, PRC 81 (2010) 035208;
Sibirtsev, Blunden, Melnitchouk, PRD 82 (2010) 013011;
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QWEAK collaboration recently finalized their result: Qrw = 0.0716 + 0.0048
The error mostly experimental (6% rather than planned 4%)

Steep energy dependence observed - furnished strong motivation for P2 @ MESA

0,7(E =0.155GeV) = (1.1 £0.3) x 1077



P2 experiment @ MESA

MESA accelerator
new, Mainz Energy Recovering Acc.

Beam Dump

Scattering
chamber

Beamline

P2 detector



200 days of data;
150 pA beam
85% polarization

Additionally: APY measurement on C-12
Asymmetry ~ 4sin2Byw - N0 gain in precision
but 15 times larger than p;

Cross sections 36 times larger than p;
2500h data - 0.3% on sin2Bw possible!

Production: 2019-2020

P2 experiment @ MESA

Epeam 155 MeV
0 35°
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(@)L, so; 6 x 1072 (GeV/c)?
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PVeS Experiment Summary

Pioneering

Strange Form Factor (1998-2009)
S.M. Study (2003-2005)

JLab 2010-2012

Future
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P2 @ MESA to test Standard Model

Impact of Qweak and MESA A8 T
on effective e-q operators:
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P2 @ MESA to test Standard Model

Impact of Qweak and MESA
on effective e-q operators:

L =—(Gr/V2)Clevy,vseqyq
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P2 @ MESA to test Standard Model

Impact of Qweak and MESA 18T
on effective e-q operators:
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P2 @ MESA to test Standard Model

Impact of Qweak and MESA
on effective e-q operators:

L =—(Gr/V2)Clevy,vseqyq

MESA - C12:
a 0.3% measurement of APV
= 0.3% meas. of sin20y
Access the isoscalar combination
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Precision measurements of Vug

Charged current interaction - B-decay (y, 7+, n)

| | ¥ +
Leptons U
T+ ‘ ---------

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

d Vida Vus V|| [d d

=W, v v | sl = Verar | s CKM - Determines the relative strength of the
y o l weak CC interaction of quarks vs. that of leptons
) ‘td  Vis  Vitb ) )

CKM unitarity - measure of completeness of the SM:  |Vud|[2+ [Vus|2+ [Vup|2=1
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Current status of Vygand CKM unitarity

: : 4 I
Experiment measures Q-value, BR, half-life t 0*1T
Theory: universal and process-specific RC 7L
Allows to jointly analyze many decays v/ N
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Current status of Vygand CKM unitarity

V., + V. +V., =0.99962+0.00049

Vuzb B decays
0.00002

CKM unitarity: Vuyq the main contributor
to the sum and the uncertainty -
YW-box drives this uncertainty, too

It is time for M&S result to be independently checked/improved
New challenges: yW-box for beta decays with controlled precision
Non-negligible energy dependence?

Nuclear structure beyond Marciano & Sirlin, Hardy & Towner?

vZ-box for PVES off C-12 to 104 - nuclear excitations, ... 7

Can be formulated in the dispersion relation language

8
w0 =2 [dQ? [ awrew.gh " 4
0 thr

DR allow to formulate the precision of the EW box calculations through that of the input
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Electroweak boxes - plans

Input necessary for EW box calculations

Im(N|T[J;JY]IN) = pr (N|JZ| X)(X|JY|N)
X =N, NN, n'N, KA, K2, ...
Im(N|T[Jy, JY]|N) = pr (N[ Ty [ X) (X[ | V)

Existing e.-m. data
PWA (MAID, SAID, ...)
Q2 < 2 GeV2, W<2 GeV

PWA for weak production
Needed at -
Q2 < 2 GeV2, W<4 GeV ’

Meson production in e- scattering (PC and PV) and v(anti-v) scattering
Theory input is needed for extracting neutrino oscillation parameters

- inelastic data exist (Minerva, MiniBooNE, SciBooNE, NOMAD, NOvVA, T2K)
and more to come (T2HK, MicroBooNE, DUNE)

WW-box - an important uncertainty in Ovp3B - an alternative method

Talks by J. Carlson, U. Mosel
18



Summary

e | ow energy tests of SM - nice complementarity to collider searches

e Current precision ~10-4 promotes hadronic effects to an important source of
uncertainty

e Need for a reliable calculation of EW boxes

e Dispersive methods - relate EW boxes to data and allow for a "model-
independent” uncertainty estimate

e [nput to the DR - combine data on electron and neutrino scattering

e Synergy between tests of SM with PVES, beta decay, atomic PV, and
determination of the neutrino masses, mixing and nature



