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Overview

* The weak mixing angle
* History, impact and status
* | ow-energy measurements

* The bigger picture

* Hadronic vacuum polarization: &(Mz), -2, and sin20(0)
* |atest developments: Mz (CDF and LHCb), My (CDF and CMS), [ w (update)

* o5 and Ny

* Mc(Mc) and Mp(Mb)
* Beyond the SM (SMEFT)

* Conclusions



Standard Model Particles and Helicities

(before electroweak symmetry breaking)



Standard Model Particles and Helicities

do not discriminate against anybody
based solely on the value of their spin!
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o Fits to

SM & BSM
low-energy

precision
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The E = mc? of the SM




Radiative corrections




Why we need to know sin20w as precisely as possible

* Weak mixing angle is crucial!
* |mpact within the Standard Model (SM):

* even before electroweak (EWV) spontaneous symmetry breaking (SSB):
test of gauge coupling unification (GUTs)

* after SSB: with Fermi constant Gr from muon lifetime, sin20w = Z boson mass (Mz)
* with Mz from UA| & UAZ @ SPS (CERN), sin26w = simple Higgs structure (oo = |)
* with po = |, sin26w + other Z pole observables (LEP & SLC) = top quark mass (m;)

* with m: from CDF & D@ @ Tevatron (FNAL), sin26w = Higgs boson mass (M)
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Why we need to know sin20w as precisely as possible

(1.16632 * 0.00002) x 10" ° GeV ° } Refs. 3,8

F

]

-‘

sin‘sw = 0.229%0.010, p

sin29w 0.224 +0.019, p = 0.992 * 0.020
Ref. 9

1l (fixed)

- . +
The resulting mass estimates for W~ and Z are My, = 37.3 GeV/san

= 7749 = 1.7 GeV, and M, = 88.8 * 1.4 GeV, where the numerical
vsTE3E'3?5'3B?3Tﬁ3a'ﬁET%&'EHE‘ETEETEEE‘ET@gb structure (p=1).
Electroweak radiative corrections to these estimates may be as
large as 5%. 10
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Why we need to know sin20w as precisely as possible
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Why we need to know sin20w as precisely as possible
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https://arxiv.org/abs/1002.1320

x%/d.of.=45.5/48
(p-value = 57%)
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Status of sin20 ¢ < (= LEP definition)

LEP
SLC
CDF
DO
ATLAS
CMS
LHCb
EI58
Qweak

combination

global fit
MOLLER
P2-H

P2-C

0.23 0.2305 0.231 0.2315 0.232 0.2325 0.233 0.2335 0.234 0.2345
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Running MS weak mixing angle

0.245

RG = Running updated from
Future Ferro-Hernandez & JE
arXiv:1712.09146
0.240
5 MOLLER & P2 will measure
D (935 a radiative correction factor
S to = 3% uncertainty!
0230 SoLID ] (theory ahead of experiment)
MOLLER 3
P2 T
0.225

10~4 104
u [GeV]
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Low-energy measurements of sin20 ¢

v scattering PVES

“ heavy nuclei (NuTeV) deuteron (El122, PVDIS, SolLID)

CEVNS: COHERENT (accelerator) proton (Qweak, P2)

XENONNT & PandaX (solar) CONUS+ (reactor) 12C (P2)

heavy alkali (type) atoms and ions isotope ratios (Mainz)

mentioned in 1979 Nobel committee press release as “of special interest”

recent first measurements

upcoming measurements
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Parity Violating e~ Scattering (PVES) — Elastic

Qweak @ CEBAF (JLab)

e e e e 2
hydrogen (completed) \/
E. = | 149 MeV . 7
Q| = 158 MeV (B = 7.9°) /\\

N N N N

Apy = 2.3 x |07

AAPV =+4 1% ///I/Detector
Longitudinally

AQW(P) = i 625% Ezgar:zeelgctrons Scattered electrons

sin26w = 0.2383 * 0.001 |

FFs from fit to ep asymmetries

Beam dump

Proton target

2

Oy — O O
_ _L R —4 12 2
arXiv:1905.08283 Apy = ~ —— ~ 10707 [Ge V7]
o1 + Op €V




Electroweak Radiative Correction for MOLLER and P2
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Parity violating asymmetry of the proton

* EM FF F*" — world data
* strange FF F° — lattice QCD
* isospin breaking FF F*“ — yPT & lattice

* axial FF F — backward angle kinematics

=» Rolando Martinez (PhD student)

20



* Work in MS-bar scheme
* RGE for a: u? da/du? = a /2411 2 « Nck yk (Qk)?
* RGE for vi X =2 NCiyivi Q' = dX/X = da/«a
* running of a e*e~ and/or T data = running of sin2Bwy if
either no mass threshold is crossed
or perturbation theory applies (W%, leptons, b & ¢ quarks)

or all coefficient are equal (RGE factorizes) like for (d,s)

or there is a symmetry like SU(2), or SU(3)F
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Threshold Mass Trick

QOGOO00000GO00

‘t"tl..“"".
\ / \ /

hadrons hadrons

only problem area: u vs. (d,s) or s vs. (u,d) (ms # mg= my)
strategy: define threshold masses, mq = 2 &q Mis (0= &q <I)
expect: & > & > &s > &4 > &u

compute My and Mc in perturbative QCD = &, > & (V)
heavy quark limit for ms: & = & = M < 387 MeV

SU(3)F limit: & — &q = &, + dispersion result for AaG)(mc)
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sin20w(0)

source uncertainty in sin20w(0)
AaB)(2 GeV) |.2%x |0
flavor separation 1.0x]10-> Ferro-Hernandez & JE
arXiv:1712.09146
isospin breaking 0.7x10->
Freitas & JE
singlet contribution 0.3x10-> PDG (2018)

PQCD 0.6x10->

= sin20w(0) = 0.23861 = 0.00005z-0le £ 0.00002¢heory £ 0.0000 | os

(errors from mc. and mp negligible)
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I'he bigger picture




Heavy quark masses from a pair of sum rules

m.(m,) = 1272 + 2616 [a,(M,) — 0.1182] £ 8 MeV

m,(m,) = 4180 + 109 [a,(M,) — 0.1182] + 8 MeV

source uncertainty [MeV] comment

electronic widths of resonance (exp) 3.2

continuum region (exp)
calibration (theory — exp) 3.5
perturbative truncation (moments) 6.3
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Hadronic vacuum polarization

Illl'llll'llll'llll'llll'llll'lIII'IIII'IIII|IIII

BABAR (100% of 2z below 1.8 GeV)

-168 + 38 + 29

CMD-3 (98.9%)
50 +42 + 29

KLO EWi de (97.1%)

-263 + 51 + 29

KLOE___ (75.3%)

peak ——@——t—i
—265 + 23 + 29

Tau (100%)
-135+34 + 29

0+22

Exp

BMW (lattice QCD)

-105 + 55

IIIIIIIIIIIIIIIIIIIIIIII|IIII|IIII|IIII|IIII|IIII

first errors: 7tt71— contribution

-450 -400 -350 -300 -250 -200 -150 -100 -30 0 50

a, - a‘;xp [ x 107" ]
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BaBar and earlier data based on
Davier et al. arXiv:1908.00921

CMD-3 and figure from
Davier et al., arXiv:2312.02053

KLOE based on
Davier et al. arXiv:1908.00921

after isospin rotation according to
Davier et al., arXiv:2312.02053

Borsanyi et al., arXiv:2002.12347

Ao from Ce et al., arXiv:2203.08676
also enters through correlations



g,—2, &(Mz) and sin26w/(0)

TP — 2022:  Aay,y(2 GeV) = (58.84 +£0.51) x 10~
S oo} 2024: A 42 GeV) = (60.30 +0.43) x 10~*
& e Freitas & JE, PDG (2024)

Maller+P2 (Future)

i —— Measured ah'P 1
0.23860 H =
- I R-dat -
[ .. Lattice Mainz i
I U Lattice BMW i

¥ - T | =

Mgller+P2 (Future)
T --- Fcc-ee (Future)
155 Rdat

4 U0 Lattice Mainz

T 0W  Lattice BMW

LN
S
<l —— Measured a[}"p
776 ey Ferro-Hernandez, Kuberski
275 A 1 & JE, arXiv:2406.16691
67I - I6I8I - I6I9I - I7IOI - I7I1l | I7I2l - I7I3. - .7l4l - .7I5I = I 0.23860 0.23865 0.23870 0.23875 (;.23r880
a2 x 107 sin26,,(0)
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Status of Mw [GeV]

LEP

CDF

CDF adjusted

DO

DO adjusted
ATLAS

ATLAS reanalysis
LHCb

LHCDb adjusted
LHC-TeV MW WG
W width free
CMS CTI18Z

CMS CTIS

W width fixed
global fit

ete-

all excl. CDF

80.3 80.325 80.35 80.375 80.4 80.425 80.45
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Status of | w [GeV]

LEP

CDF

CDF adusted

DO

DO adjusted

ATLAS

ATLAS W mass free
combination

W mass free

global fit

1.95 2.0 2.05 2.15 2.2 2.25 2.3



80.45
mmm  direct (M fixed) wio CDF Il (1 o) me=174.8 = 1.4 GeV
80.44 direct (I free) wio CDF Il (1 o) .
80.43 mmm CDFIl(10) (mdlrect)
I indirect (1 0)
80.42 mmm  all data w/o CDF Il (1 o) 1.5 0 above
80.41
_ m¢ = 172.61 £ 0.58 GeV
> 80.40
v (Tevatron + LHC)
O 80.39
=
s 50.38 Mw = 80353 * 6 MeV
80.37 . .
(indirect)
80.36
80.35 Mw = 80364 * 9 MeV
(direct)
80.33 E '
170 171 172 173 174 175 176 177 178 179 180 181 182 Freitas & JE, PDG (2024)
m; [GeV] figure: Rodolfo Ferro
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Status of Mz [GeV]

ALEPH

DELPHI

L3

OPAL

CDF

LHCDb

combination

global fit all

91.175 91.18 91.185 91.19 91.195 91.2
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Mz improvement @ the LHC?

* today (LEP 1):Mz=91.1876 £ 0.002] GeV (resonant depolarization)
=+ Mu (indirect) = 92+1°_17 GeV
Mu (direct) = 125.14 £ 0.15 GeV (1.5 o tension)

* assuming: Mz = 91.1897 £ 0.001 GeV from LHC (lo higher)
= AMH (indirect) = 3.3 GeV

" non-negligible impact
= important cross-check for LEP energy calibration

(corrections for sun, moon, water level in lake Geneva, trains...)

what if something was missed!?
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as from the Z pole

comment

observable
[z =24955 + 2.3 MeV 0.1215 £ 0.0048 update: [ z = +0.3 MeV
Ohad = 41.481 £ 0.033 nb 0.1201 = 0.0065
Re = Mhad/ e = 20.804 + 0.050 0.1295 + 0.0082
Ry = Mhad/ Ty =20.784 + 0.034 0.1264 + 0.0054
Rr = had/ ' = 20.764 £ 0.045 0.1157 £ 0.0072
Bw(had) = 0.6736 £ 0.0018 0.098 + 0.025
0.1223 £ 0.0028

update: AChad = —60 pb

my # 0
% 0
recent (LEP 2 + CMY)

S

7))

S~

K 4

<
)

combination future lepton collider ~ 10—+

global electroweak fit 0.1211 £ 0.0025 excludes 7 decays & g,—2
electromagnetic beam-beam effects Voutsinas et al., arXiv:1908.01704
improved Bhabha X section (luminosity) Janot & Jadach, arXiv:1912.02067
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observable as(Mz) comment

global electroweak fit 0.1211 £ 0.0025 excludes 7 decays & g,—2

T decays 0.1171 £0.0018

low scale (FOPT)

0.1181 £0.0037

heavy quarkonia

PDF fits 0.1161 = 0.0022

jets and shapes in e*e~ annihilation 0.1189 = 0.0037 non-MC methods

hadron colliders 0.1170 £ 0.0025

lattice 0.1183 = 0.0007 FLAG average
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Beyond the Standard Model



S—T 2024

1.0

, //;: S Freitas & JE, PDG (2024)
a3 ’ /o E figure: Rodolfo Ferro
0.6 ;— /,4f/ _é

20 ~0.06 + 0.07
0.2 ;— // _é

= o0 [ E

-0.2 E— —— [z, 0nhad; R, Rg 1

E asymmetries
-0.4 5— — — @ & V scattering

; — = My w/o CDF O (ﬁxed)
—-0.6 ;— —.= APV

all (90% CL) U=0 +0.03 + 0.02
-0.8 E B all (90% CL) U=0 w/o CDF

E SM prediction
-1.0

-1.8 -1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 04 0.6 0.8 1.0 1.2 1.4 1.6 1.8

S (2 GeV)? < Z

N’i
30 Am? < (44 GeV)?
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Discriminating new physics

* /-/' mixing: modification of Z vector coupling
* oblique parameters: STU (also need Mw and [ 2)

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

* dark Z: renormalization group evolution (low versus very low energy measurements)
37



Standard Model Effective Field Theory (SMEFT)

bosonic 2 P4 (AB = 0) ¢4 (AB = 0)

Ac#0

Mup#0

SM

mv?'-'o

BSM

Henning et al., arXiv:1512.03433
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SMEFT—-84: independent parameters (@ dimension 6

9 + 6 bosonic 29 + 9 fermionic 19 + mixed
(e.g. Sand T) CP-conserving * (“single current”)

314+ (10 + 3) L2Q2 + (4 + 4) LQ3 (AB £ 0) + (12 + 2) Q
Wy = yyty
Wy = Wyt y

/ vector and axial-vector combinations + (2 + 2) scalar + (1 + 1) tensor

v

2 evqv (Co) + 2 eaqv (C)) [APY, Qweak, P2] + 2 evga (C>) [eDIS] + 2 eaqa (C3) [eDIS]
—| constraint: i;y*u; egy,ex not independent of JLy/"dLERyﬂeR

evey + eaey [MOLLER] + eaea
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Parity-violating 4-fermion electron-quark couplings

APV 2019 I all data 2019 Qweak + APV I all data 2019
Qweak . SM B SLAC-E122 . SM
B <DIS P2 (expected) JLab-Hall A SoLID (expected)
u_ d d
[2 ge 6 ]AV [2 geu' é ]AV
1 I I I I I I I I I I I I I
I
0.9 0.51 . -0.06 -
0.8 | 4 -
0.50 —0.08 —
0.7 0.49 ~ ~
~0.10 -
<
— 0.6 0.48 - -
o ~0.12 -
“ 0.5 g ~0.74-0.73-0.72-0.71-0.70 — B
= \ —0.14 -
0.4 _ — —
0.3L | —0.16 -
0.2 — -0.18 - _
n _ n _ L1 _
0.1 -0.4 0205 76-0.74-0.72-0.70-0.68
0 | | | | | | | 0.5 | | | | | | | | |
-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 O -U.9_1 _0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 O
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Conclusions

* after 50+ years of electroweak precision physics, still no conclusive evidence for BSM
* hadronic vacuum polarization from lattice QCD solved g—2 discrepancy

impacts interpretation of other precision observables

* CDF Mwresult ~ 7 ¢ higher than other measurements (not understood)

* [EP luminosity update confirms Ny = 3 active neutrinos, but as somewhat high

* reliable bottom and charm quark masses from (relativistic) QCD sum rules

* outlook

* upcoming measurements of the weak mixing angle

* high precision PVES (P2, MOLLER, SoLID) competitive alternatives to high energy frontier

* complementary in terms of experimental systematics as well as BSM tests

* |eap in precision expected from future lepton collider(s): ILC, CEPC, FCC—ee, CLIC, 1t collider
41
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