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Complementary physics

High-energy Collider

precision tests searches
=y " Z & H properties
symmetry new particles top quark properties
breaking & states
Low-energy Flavor polarized e- scattering
precision tests physics V scattering
symmetries and atomic parity violation
new amplitudes conservation lepton properties

laws
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* Weak mixing angle:
* global survey of sin20w determinations
* Theoretical uncertainties: correlations in precision observables

* Vacuum polarization in global fits:

* Conclusions and outlook



Weak Mixing Angle




Weak mixing angle at tree level

doubly over-constrained system 7" = cos Oy WE — sin Oy, B
| l AP = sin Oy WL + cos Oy B*

Oy, = arccos
only | relation if ®(Mz) would not be known }

S

M
— —v — sin” Oy = ra(Mw ) — Oy = 28.68"
V2G M3,
Smo( M
v? = sin” 20y, = \/_Wa( 22> — Oy = 28.90°

My
Mz

= 28.18"

(currently induces 3 MeV error)



Weak mixing angle approaches

* tuning in on the Z resonance

* |eptonic and heavy quark FB asymmetries in ete- annihilation near s = Mz2

* |eptonic FB asymmetries in pp (pp) Drell-Yan in a2 window around m; = Mz

* LR asymmetry (SLC) and final state T polarization (LEP) and their FB asymmetries

V scattering parity violating e~ scattering (PVES)

O I
heavy nuclei (NuTeV) deuteron (E—122, PVDIS, SoLID)
CEvVNS (COHERENT) proton, 12C (Qweak, P2)

heavy alkali atoms and ions isotope ratios (Mainz)
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Weak mixing angle approaches

* tuning in on the Z resonance

* |eptonic and heavy quark FB asymmetries in ete- annihilation near s = Mz2
* |eptonic FB asymmetries in pp (pp) Drell-Yan in a window around m; = Mz

* LR asymmetry (SLC) and final state T polarization (LEP) and their FB asymmetries

Ry recent first measurements ering (PVES)

I T
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Coherent Elastic V Nucleus Scattering (CEVNS)

COHERENT @ SNS

Csl
Ev ~ |6 — 53 MeV A SCatte_fed B T el 160 GEVNS —— Pbv,_ NIN total
neutrino ok 27| CEVNS @ sssees Pb v, NIN 1n
= 27| cc 0 e Pb v, NIN 2n
O— o~ sz E 'Ve |CC e
|34 + 22 events Z '\ nuclear T oE
boson coil 2 =
. o = [
constraints on NSI Ol o
O’ 5 =
q
neutron skin? *@ i
S =
arXiv:1708.01294 l//@secondary :
recoils E
scintillation -/
102/
: ‘I"Blllllllllzll.::llllllllllllllllllllllllllllIllll
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Atomic parity violation in an isotope chain

AG Budker @ JGU Mainz

24.5
Ytterbium Linear fit
170Yh _ 176 \/
Yb Yb 24.0 |
Y | Z
o o P I
+ 0.5% per isotope g _ //\
>
+ 100% error in sin20w E sl v v
Q
. ’ . N
constraints on Z° with M < 100 keV
Asm29w = i 02 230F | Fit parameters
] P slope: 0.226 + 0.035 mV/cm
neutron skin? - y-intercept: 0.25 + 3.6 mV/cm
reduced x*: 1.04
arXiv:1804.05747 225

| 1 | 1 | 1 |
100 102 104 106

Number of neutrons



Parity Violating e~ Scattering (PVES) — Elastic

Qweak @ CEBAF (JLab)
hydrogen (completed)

E. = 1165 MeV
Q| = 158 MeV
Apy = 2.3 x |07
AApy = + 4.1%

AQw(p) = £ 6.25%
Asin20w = = 0.001 |
FFs from fit to ep asymmetries

arXiv:1905.08283




Parity Violating e~ Scattering (PVES) — Elastic

Qweak @ CEBAF (JLab)

hydrogen (completed)

Data projected to forward-angle limit

E. = 1165 MeV = "o )
Q| = 158 MeV |
o 0.3 )\ I =
Apy = 2.3 x |07 S | LA
AApy = £ 4.1% %ﬁ; 0.2:- // ' e Q, .. 2018

AQw(p) = * 6.25% 2013

: ? el ¢ Qweak

| [T37 m HAPPEX

: 01| (AT~ * SAMPLE
Asin20w = + 0.001 | - B! A PVA4

® GO
» Standard model prediction

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Q2 (GeV?2 c2)

A/As

FFs from fit to ep asymmetries

arXiv:1905.08283
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Theory issues in PVES

* need full |-loop QED under 1.2
experiment-specific conditions

* box diagrams (YZ-box) ﬁg +0
* enhanced 2-loop electroweak ;5 0.8

(YVWW-double box) Q
* running weak mixing angle (see later) 06
* unknown neutron distribution . 04

(neutron skin for heavier nuclei)

, 0.2
o E (GeV)

—:"’_’f_’;.:—~—:"j_'i"j.f-— —4_@%]— '—f.f_'f‘.@"ziz;.ﬁ?:"ﬁ'ﬁ'k—* Blunden et al., arXiv:1102.5334



Parity Violating e~ Scattering (PVES) — Elastic

P2 @ MESA (JGU Mainz)
hydrogen (CDR)

Ec = 155 MeV

|IQ| = 67 MeV

Apy =4 x |08

AApy = = 1.4%

AQw(p) = £ 1.83%

Asin2Ow = £ 0.00033

FFs from backward angle data

arXiv:1802.04759
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Parity Violating e~ Scattering (PVES) — Elastic

Qweak @ CEBAF (JLab) P2 @ MESA (JGU Mainz)
hydrogen (completed) hydrogen (CDR)

Ec = 1165 MeV Ec = 150 MeV

|IQ| = 158 MeV |IQ| = 67 MeV

Apy = 2.3 x |0/ Apy =4 X |08

AApy = = 4.1% AApy = £ |.4%

AQw(p) = + 6.25% AQw(p) = = 1.83%

Asin20w = £ 0.001 | Asin2Bw = + 0.00033

FFs from fit to ep asymmetries FFs from backward angle data

arXiv:1905.08283 arXiv:1802.04759
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Effective couplings (Wilson coefficients)

P2 (1.7% H asymmetry)

P2 (0.3% C asymmetry)

P2 (0.1% He-3/T ratio)

2018 (all data)

2018 + P2 (H target)
0.495 *\ 2018 + P2 (H + C targets)

2018 + P2 (all targets) =
Standard Model prediction 8'_'
O)
N
+
=
Q
=2
0.49
4
0.485 -0.72 -0.715 -0.71 -0.705
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Parity Violating e~ Scattering (PVES) — Elastic

Qweak @ CEBAF P2 @ MESA P2 @ MESA

H (completed) H (CDR) 12C (CDR)

Ec = 1165 MeV Ec = 155 MeV Ec = 150 MeV

|IQ| = 158 MeV |IQ| = 67 MeV Apy = 6 X [0/

Apy = 2.3 x |0 Apy =4 x |08 AApy =  0.3%
AApy = = 4.1% AApy = = 1.4% AQw(12C) = £ 0.3%
AQw(p) = * 6.25% AQw(p) = = 1.83% Asin20w = + 0.0007
Asin20w = £ 0.001 | Asin2Ow = £ 0.00033 neutron skin?

FFs from fit FFs from backward angles only one FF

arXiv:1905.08283 arXiv:1802.04759 arXiv:1802.04759
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002 2007

0.06 + 0.06

* Mgk = 3.2 TeV in warped
. asymmetries | extra dimension models
I | o - y, | // — — — e & v scattering|_
05 | /;;/ VAR V4 — === My ] : . .
Y / T [ — APV - % Mv = 4 TeV in minimal
- /!;/ / /J.’ B all (90%CL) [T ite Hi del
-E;" // / | * SM prediction : ComPOSIte |ggS MOAdcEIS
1.0 ‘ | / }// | | C-12 (future) H
15 10 w05 0o o5 10 1s Freitas & JE
S

PDG (2018)
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Parity Violating e~ Scattering (PVES) — DIS

EI22 @ SLAC PVDIS @ CEBAF SoLID @ CEBAF
D (completed) D (completed) D (pre-CDR)

|IQ| = 0.96 — 1.40 GeV Q| = 1.04 & 1.38 GeV Q| = 2.1 — 3.1 GeV
Apv = |.2 x |0 Apv = |.6 X |0 Apy = 8 x |0

AApy = = 8% AApy = + 4.4% AApy = % 0.6%
Asin20w = £ 0.01 | Asin20w = £ 0.005 | Asin20w = £ 0.00057
PLB 84, 524 (1979) arXiv:1411.3200 Higher twist!

Isospin violation!?

arXiv:1810.00989
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Effective couplings (Wilson coefficients)

eu ed
[2g -9 1,
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0.4 Qweak + APV
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B all published
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Scale exclusions post Qweak

eu ed
[2g =g 1,

LAC-E122
b

TV
e 5

VES (p)
PVES (C)

——— APV (Cs)
— — — APV (Ra)
— — — — APV (isotope ratios)

[9™ +2 9%,

eu ed
29 =g ],




Parity Violating e~ Scattering (PVES) — Mgller

EI58 @ SLC (SLAQ) MOLLER @ CEBAF (JLab)
hydrogen (completed) hydrogen (proposal)

Ec = 45 & 48 GeV Ee = 11.0 GeV

Q| = 161 MeV |IQ| = 76 MeV

Apv = [.31 x |07 Apy = 3.3 x |08

AApy = % 13% AApy = £ 2.4%

AQw(e) = = 13% AQw(e) = £ 2.4%

Asin20w = = 0.0013 Asin20w = % 0.00027

hep-ex/0504049 arXiv:1411.4088
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Parity Violating e~ Scattering (PVES) — Moller

EI58 @ SLC (SLAQ) MOLLER @ CEBAF (JLab)
hydrogen (completed) hydrogen (proposal)

Ec = 45 & 48 GeV Ee = 11.0 GeV

Q| = 161 MeV |IQ| = 76 MeV

Apv = [.31 x |07 Apy = 3.3 x |08

AApy = % 13% AApy = £ 2.4%

AQw(e) = = 13% AQw(e) = £ 2.4%

Asin20w = = 0.0013 Asin20w = % 0.00027

hep-ex/0504049 arXiv:1411.4088
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PVES history
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Running weak mixing angle

0.245 RGE Running

Particle Threshold

Measurements

Proposed

SLAC E158 ¢ NuTeV
0.24
— APV Qweakl’_
S
eDIS
<®3 0.235 \
S
S
N
LEP 1
Tevatron SLC
0.23 ; MOLLER Ferro-Hernandez
r P2 I SoLID 8( jE
. 1
arXiv:1712.09146
0.225 3 3 '
107 107 1072 107" 1 10 10° 10 10°

L [GeV]
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Weak mixing angle measurements
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Weak mixing angle measurements

000

LEP

SLC
Tevatron
LHC

low energy

world average
mm SM

oloT |
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0.235

2-loop QCD correction
with mp # 0

Bernreuther et al.
arXiv:1611.07942

new measured
transition vector polarizability

Tho et al.
arXiv:1905.02768



Weak mixing angle measurements

O A_(€)
o A (W) LEP & SLC:
e | A (T)
iDdi | QFBEQ 0.23153 + 0.00016
o Aro(s)
O A
© LEP T T, ()
& SLC 9 P(T)
O Tevatron —T O f\Fsﬁ?d 0.23148 * 0.00033
O LHC —e— LR( ad)
¢ lowenergy | ¢ | A g(lep)
world average | I ¢ ) QLR,FBE%)
— = o—] CDF (e) 0.23131 * 0.00033
CDF (W)
H—CH— DO Ee)
O l DO (w) :
e ATLAS (6) average direct
oLl oM (o) 0.23149 * 0.00013
1t CMS (w) .
LHCb () global fit
: & : gwgeg
¢ I P
o , Q.'(Cs) 0.23153 * 0.00004
0.228 0.229 0.230 0.231 0.232 0.233 0.234 0.235
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VWV boson mass measurements

O ALEPH
DELPHI average direct
O L3
80.379 £ 0.012 GeV
O OPAL
O CDF Run/| . .
— indirect
O  Tevatron O+ CDF Run II
© LHC
world average O DO Run | 80.357 i 00006 Gev
I SM
-O—H DO Run I including
— ATLAS correlated theory errors
80.2 80.3 80.4 80.5 80.6
M,, [GeV]
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Theoretical uncertainties and correlations

* |oop factors including enhancement factors Nc = N = 3 or sin20w = m¢2/Mw? = 4:
* 8 o((Mw) /1T = 0.020 (QED)
* 3 &s(Mw)/TT=0.116 (QCD)
* 3 o((Mw)/TT sin2Bw(Mw) = 0.032 (CC)
* (3 — 6 s2w + 8 s*w)/TT s2w c2w = 0.029 (NC)
* ASz = £ 0.0034 (may be combined with AQhad),
* AT =+ 0.0073 (t-b doublet)
* AU =Sw—Sz==%0.0051

* assuming ASz, AT and AU to be sufficiently different (uncorrelated) induces theory
correlations between different observables Schott & JE, arXiv:1902.05142
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1000 1—1Z’ Ghad’ I:%I’ I:{q (16) I! I! L
------ Z pole asymmetries (10) | | |
500 — — - My (10) | 1 indirect me
- — « — directm (10) - - B
300 direct M, : : _ = -
o L 2l oxcopt drect My (90%)] 1 _-~"_~-7 176.4 £ 1.8 GeV (2.0 ¢ high)

|
. )

“
|
‘I
)

| )

. -

‘I
“
.

indirect My

M, [GeV]
S
|

)
= l‘ “ -
- “
| Y -
)
— - —
“ n n
L)
L)
L)
-
— “ -

_ . 90+17_5 GeV (1.9 0 low)
30 - s | -
0 || 4 including theory error
91+18_16 GeV (1.8 O low)
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Beyond the SM

* Z-7' mixing: modification of Z vector coupling
* oblique parameters: STU (also need Mw and [ )

* new amplitudes: off- versus on-Z pole measurements (e.g. Z')

* dark Z:renormalization group evolution (running)
28



Vacuum Polarization
in Global Fits

x(Mz) sin2Bw(0) gu—2 mp,




sin20w(0) and Ax(Mz)

S () (0
1 q -

- q

9
ddv QO 1
9 o 9
Wos = — | 5 KZ%Q —|—O'(§ Qq)

* coupled system of equations Ramsey-Musolf & JE, hep-ph/0409169
* AX(Mz)had errors in sin20w(0) = K(0) sin26w(Mz) add because
Mz2 ~ g72(Mz) v2 ~ [&¢/s2w c2w](Mz) GF!
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* Dispersive approach:integral over 0(e*e- = hadrons) and T-decay data

* x-1(Mz) = 128.947 £ 0.012 Davier et al., arXiv:1706.09436
* x-1(Mz) = 128.958 £ 0.016 Jegerlehner, arXiv:1711.06089
* x-1(Mz) = 128.946 £ 0.015 Keshavarzi et al., arXiv:1802.02995

* x-1(Mz) = 128.949 £ 0.010 Ferro-Hernandez & JE, arXiv:1712.09146
* converted from the MS scheme and uses e*e- annihilation and T spectral functions
* PQCD for /s > 2 GeV (using M. & M)

* (anti)correlation with g, — 2 at two (three) loop order and with sin20w(0)
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* only experimental input:
electronic widths of |/ and P(29)

* continuum contribution from
self-consistency between sum rules

— continuum over-constrained

* include . %y — stronger (milder) sensitivity
to continuum (m¢) Luo & JE, hep-ph/0207114

* quark-hadron duality needed
only in finite region (not locally)

* Mc(Me) = 1272 £ 8 + 2616 [Xs(Mz) — 0.1182] MeV
Masjuan, Spiesberger & JE, arXiv:1610.0853
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1.30F

* only experimental input: | __ |
electronic widths of J/Y and P (2S) | FIme “ -

* continuum contribution from | SREEE
. — 125}
self-consistency between sum rules

. . total error
— continuum over-constrained -

resonances

m.(m,) |GeV

* include % — stronger (milder) sensitivity ol {
to continuum (m¢) Luo & JE, hep-ph/0207114 |

* quark-hadron duality needed |
only in finite region (not locally) 115

* Mc(Me) = 1272 £ 8 + 2616 [(Xs(Mz) — 0.1182] MeV
Masjuan, Spiesberger & JE, arXiv:1610.0853 1

0@)) O(a;) 0&?) 0@&))
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source uncertainty in sin20w(0)

Ferro-Hernandez
& JE
AR OTIA
he e

= sin20w(0) = 0.23861 = 0.000057 p0le £ 0.00002¢heory £ 0.0000 1 s

(errors from m¢ and mp negligible)
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gy — 2

POQCD: (a,™p)c = (14.6 % 0.5¢heory % 0.2mc £ 0.15)X 10-10

(ayhve)b = 0.3x10-10 Luo & JE, hep-ph/0101010
Lattice gauge theory: A. Gerardin et al., arXiv:1904.03120
—@— = ® : —@— e This work
@ o @ nge AR/ CS 19 B =319
@ ' - H- @+ —@+— PACS 19
—0— | O : —O— —O— ETMC 19
—@— @ —@— —@—  RBC/UKQCD 18
o {04 O D+ BMW 17
@ —— H—@— H——— Mainz/CLS 17 (Ny = 2)
10 11 12 13 14 15 50 52 54 56 550 600 650 700600 650 700 750
(CLEVP)C ) 1010 (CL’BVP)S _ 1010 (a/}ivp)ggnn _ 1010 CLEVp ) 1010
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Conclusions and outlook

* new players:
* coherent V-scattering
% ultra-high precision PVES

* APV isotope ratios

* ultra-high precision frontier = fields merge (incl. theory communities):

* collider physics

* V-physics

* nuclear physics (anapole moments)
* astrophysics (neutron skins)

* atomic physics (APY, proton radius)

% lattice gauge theory (vacuum polarization, ...)
36






Standard global fit

;

other correlations small Freitas & JE, PDG 2018
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Oblique physics beyond the SM

STU describe corrections to gauge-boson self-energies
T breaks custodial SO(4)

a multiplet of heavy degenerate chiral fermions contributes
AS = Nc /311 3 [tal — t3ri]?

extra degenerate fermion family yields AS = 2/311 = 0.21

Sand T (U) correspond to dimension 6 (8) operators
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Apo = Ge 3 Ci/(8+/2112) Am?

where Am;2 > (m| — m»)?2

despite appearance there is decoupling
(see-saw type suppression of Am;2)

Po = 1.00039 + 0.00019 (2.0 O)
(16 GeV)2 < >, Ci/3 Ami?2 < (48 GeV)2 @ 90% CL
Y = 0 Higgs triplet VEVs v3 strongly disfavored (po < )

consistent with |Y| = | Higgs triplets if v3 ~ 0.01 v;

40



S fit

S parameter rules out QCD-like technicolor models

S also constrains extra degenerate fermion families:
= NrF=2.75%20.14 (assuming T = U = 0)

compare with Ny = 2.991 £ 0.007 from [ z

41



STU fit

0.23113 £ 0.00014

xs(Mz) 0.1189 + 0.0016

Mkk = 3.2 TeV in warped extra dimension models

Mv = 4 TeV in minimal composite Higgs models Freitas & JE (PDG 2018)
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Mt Measurements

ATLAS 027 | oar | os0
TN e | o3 | oas | o
THMEN 7225 | oos | oe2 | os3

grand average 172.74 0.11 0.31 0.33
JE, EPJC 75 (2015)

me = 172.74 £ 0.25uncorr. £ 0.2l corr. £ 0.320cp GeV = 172.74 £ 0.46 GeV

somewhat larger shifts and smaller errors conceivable in the future
Butenschoen et al., PRL 117 (2016); Andreassen & Schwartz, JHEP 10 (2017)

2.8 0 discrepancy between lepton + jet channels from D@ and CMS Run 2

indirectly from EWV fittm¢ = 176.4 £ 1.8 GeV (2 O) Freitas & JE (PDG 2018)
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sin20w(0): flavor separation

strange quark external current ambiguous external current

T S BT
KKTT [almost saturated by ®(1680)] KK2tr, KK3Tr

no KKn, KKw

use of result for (2 GeV) also needs isolation of strange contribution AX
left column assignment assumes OZ| rule

expect right column to originate mostly from strange current (ms > my,d)

quantify expectation using averaged As(gu—2) from lattices as Bayesian prior
RBC/UKQCD, JHEP 04 (2016); HPQCD, PRD 89 (2014)

As0x(1.8 GeV) = (7.09 £ 0.32)x 104 (threshold mass mMs = 342 MeV = m,disc)
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sin20w/(0): singlet separation

AdiSCOL (q)X 1 05

Ferro-Hernandez & JE, JHEP 03 (2018)

adapted from lattice g,-2 calculation
RBC/UKQCD, PRL 116 (2016)

use of result for X(2 GeV) needs singlet piece isolation Adgisc X(2 GeV)
then Adisc S2 = (52 £ 1/20) Adisc x(2 GeV) = (— 6 £ 3)x10-6

step function = singlet threshold mass mgdisc =~ 350 MeV
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s from T decays

1 — B8

= 290.75 4+ 0.36 f{s,

7 =h

[e 4+ 't + Tud

G2m3 Vi ? 3 m2 — m?
ng: FmT‘ ud S (mr, Mz) (1—|- . g I

6473 5 Mg
ag (M) o’ o o a8 7’
14 - 5.202 — + 26.37 — + 127.1 | 0
7T w2 " 3 " 7w\ 24 2 T ONP

Tt result includes leptonic branching ratios

PBs = 0.0292 + 0.0004 (AS = —I) ppc 2018

S(m+, Mz) = 1.01907 £ 0.0003 jE, Rev. Mex. Fis. 50 (2004)
one = 0.003 £ 0.009 (within OPE & OPE breaking) based on (controversial)

Boito et al., PRD 85 (2012) & PRD 91 (2015); Davier et al., EPJC 74 (2014); Pich
& Rodriguez-Sanchez, PRD 94 (2016)
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s from T decays

1 — B8

= 290.75 4+ 0.36 f{s,

T = h

[e 4+ 't + Tud

G2m2|V, 4 3 m2 —m?
ng: F T‘ ud‘ S(mT,Mz) (1_|_ T Pl «

647 5 MVQV
ag (M) o’ o o a8 7’
1 4 - 5.202 —= +20.37 —= +127.1 | )
{ T 2 + 3 * 4 m \ 24 2 + ONP

dominant uncertainty from PQCD truncation
(FOPT vs. CIPT vs. geometric continuation)

Xs®(mr) = 0.323%0018 54,4
Xs®)(Mz) = 0.1 184+0.0020_ 55 g

updated from Luo & JE, PLB 558 (2003) iN Freitas & JE (PDG 2018)
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