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The weak mixing angle in the Standard Model

Definitions of the weak mixing angle f
_ MS
: € 81 MS scheme RS e (,l/t)
sinf),, = — = — sind (,u) = ——
" 82 2 2 ' ghts (ﬂ)
81 + & : 82
/
Effective weak mixing angle defined at the Z pole On-shell definition f_
. 1 8v . M;
sin” O, = (1 sin“ 6, = 1 ‘Z
410 EA Mj f
Scheme Notation Value Uncertainty
On-shell s, 0.22339 +0.00010 €
MS Z pole 52 0.23122 1+0.00004 /
MS Q=0 §6? 0.23863 +0.00005 & .
Effective angle 5 0.23155 +0.00004 ¢ f
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Direct determination of sin” 6’5 around the Z pole J

ff

Hadronic colliders

i

ks
~ 1+ cos“6,,+A,cos6,; Ay x App Zj

: Apg(my, |y |) , MC samples with different . Measured value = MC sample
Template fit procedure data values of sin’ HZ « which best fit the data

Dilution effect due to unknown direction of incoming quarks — enhanced sensitivity at high |y, |
- Collins-Soper frame needed - careful treatment of PDFs (can be constrained in template fit)

—» | HC

ATLAS Collaboration, Tech. Rep. ATLAS-CONF-2018-037, CERN, 2018
CMS Collaboration, arXiv:1806.00863 [hep-ex], 2018

Sin2 Hiff — 023 148 -+ 000033 LEP! LHCb Collaboration, arXiv:1509.07645 [hep-ex], 2015
sin” 6, = 0.23129 + 0.00033

—» Jevatron
CDF and D@ Collaborations, arXiv:1801.06283 [hep-ex], 2018 Comparable with
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Direct determination of sin” 6’5 around the Z pole

ff

Hadronic colliders

- LHC k1
ATLAS Collaboration, Tech. Rep. ATLAS-CONF-2018-037, CERN, 2018 J 0 )
CMS Collaboration, arXiv:1806.00863 [hep-ex], 2018 5 < j
Y Y

LHCb Collaboration, arXiv:1509.07645 [hep-ex], 2015

sin? eg;f = 0.23129 + 0.00033

In the future expected big improvement in precision:
* more statistics available (Run 3 and HL-LHC)

* Improved analysis technigues and PDF constraining methods

Ongoing work within the LHC EWWG to quantify uncertainties and theoretical

issues in the extraction of sin? Hé;f (EW precision measurement subgroup)
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The running sin? (93,45(/4)
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Energy dependence on the electroweak mixing angle
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Several measurements at low Q7
but no experimental results
of the running at high energies!



The running sin? 6’%5(/4)

Energy dependence on the electroweak mixing angle
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Implementation of sin’ 93/45(/4) in POWHEG-BOX =

Chiesa, M., CD, Piccinini, F., in preparation

NLO implementation of the running couplings in the Z_ EW-BMNNPV package of
POWHEG-BOX-V2, allowing the production of LHE events Barzé, L., etal, Eur. Phys. J. C 73 (6) (2013) 2474

hybrid renormalization scheme used (a(u), sin” 6’{‘75(/4), M)

having sin’ HVAVTS(ﬂ) as input allows its consistent direct determination with template fit

h.o. corrections to the running couplings available as options

Erler, J., Ramsey-Musolf, M. J., Phys. Rev. D 72 (2005) 073003

possibility to decouple W boson and top quark and to switch on/off the threshold
corrections at the W and top masses
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Analysis strategy

Theoretical predictions

d3o o2

dmggdyggd COS 905 B 3mggS

(1405 609) 3 8121, Q) s, @)

+ fq(x% Qz)fﬁ(xla Qz)] + COS 005 Z AqSign(y%)

) [fq(xla Qz)fa(x%Qz) T fq(x27Q2)fq_(x17 Q2)

\4

2 2 2 2\ (2.2 2
Sensitivities at high masses: Sq = €p€, T Pz - egupeqvg + Pz - ('Ue + ae)(vq + a’q)
5 B P A, = P,z - 2epa4e,a, + Pzz - 8vpa4v,40,,
dmeedyeed COS OCS ~ O 9 5 S1I1 ew (’UI) 2 2 2 2
FEP : WS v _ mj, (my, — myz)
sin“ M5 () P,z(mgy) = ——
dmgedyeedcosbcs | pu=1 TeV w sin® Oy cos? Oy [(m7, — m%)2 + ['om?Z]
. 9 ATTT 4
0 ArB 0 sin® OM5 () Pyy(my) = my,
~ 0.3 — 7S 2T gint Oy cost Ow[(m7, — m2)% + ['Zm?]
ArB ey sin® OM5 () e — M7 zM7
p=1Te

Clara L. Del Pio - DIS 2023



Analysis strategy -

 Two scenarios: Run 3 (300 fb-1) and HL-LHC (3000 fb-1)

- m,z:[116, 150, 200, 300, 500, 1500, 5000] GeV
|v,7|:[0.0,0.4,0.8,1.2, 1.6, 2.0, 2.5]
2 bins in cos 6 for forward/backward directions

 Fiducial selection for realistic scenario pf > 40 (30) GeV, | N, < 2.5 CMS Collab., Eur. Phys. J. C 78 (9) (2018) 701

» Decoupling on, threshold corrections off for running couplings, complex mass scheme for resonance

Sjéstrand, T., et al., Comput. Phys. Commun. 191 (2015) 159-177

° 1 09 events at N LOQCD+N LO EW+ PS W|th PYTH IA8307 Denner, A., et al., Nucl. Phys. B Proc. Suppl. 160 (2006) 22-26

Ball, R. D., et al., Eur. Phys. J. C 77 (10) (2017) 663

- NPDF31_nnlo_as_0118_hessian PDF set with yup = pup = m,;

- Simplified detector emulation with lepton efficiencies and resolutions evaluated with RIVET

ATLAS Collab., Eur. Phys. J. C 79 (8) (2019) 639
ATLAS Collab., http://cds.cern.ch/record/2047831
Buckley, A., et al., Comput. Phys. Commun. 184 (2013) 2803-2819
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Fit strategy

- Templates generated by assuming SM running for O/‘TS(,M) and varying

sin® OM>(u = 11 ,7) £ 0.01

. §sin” OM5(u) in each m, > determined at same time in the fit with xFitter using
d Iinear apprOXimatiOn Alekhin, S., et al., Eur. Phys. J. C 75 (7) (2015) 304

» uncertainties included as nuisance parameters

mlS [GeV] mb [GeV] 1y [GeV] (oS (1))t  sin? 6N (1hy)

Clara L. Del Pio - DIS 2023

66 116 my, 127.951 0.23122
116 150 133 127.838 0.23323
150 200 175 124 (02 0.23468
200 300 200 1277.544- 0.23648
300 000 400 127.269 0.23835
500 1500 1000 126.735 0.24350

1500 0000 3250 126.047 0.24954




103
Uncertainties — s
| pp=Z*/y*»e*te~,Vvs=13.6TeV,L=3 ab-l —— Lepton syst.
102 { pe > 40 (30) GeV, |Ne| < 2.5 —— Lumi.
.. . . . 1 g —— QCD scal
» Statistical from predicted Nevents in €ach bin | gaas+ CoSbcs > 0 SW H?;:a €
X
= 10%: . 129 MS
* Lepton syst. extrapol. to Run 3 (reduced of o [ sin“Oy> £ 0.01
w

2) and HL-LHC (4); uncorrelated in the fit e

ATLAS Collab., JHEP 08 (2016) 009 ]_OO ] A ————< :74 e ———————= — < ———<—<—
e =

) S A——h————A—aA

_. @ @ @ ® N \ /

10_1'5 e

e Luminosity: 1.5% for Run 3 and 1% for HL-

LHC , | | | | |
1 7 13 19 25 31
e QCD scale: n3loxs for cross-sections (2%) bin = yjy" +6 - my"
o . 03
and 7 Pomt variations of up and This work —
(negligible) w.r.t._mﬁz at N3LO | bz Jy* sete- vE=13.6 TeV, L= 3 ab-] —— Lepton syst.
PDF uncertainties (not on plot) 10%{ pe > 40 (30) GeV, || < 2.5 —— Lumi.
Bertone, V., et al., JHEP 08 (2014) 166 | d% €0SOcs < 0 ~— QCD scale
Alwall, J., et al., JHEP 07 (2014) 079 o | dMeedlyee| EW HO
Baglio, J., et al., JHEP 12 (2022) 066 = 101';, e —— sinZGWiO.Ol
o _
b _

« EW: scale variations of u = 2m,z or m /2 100;:;;;;““““:::::74”””"
change cross section of % at LO and 0.1% 7 Suuey
at NLO - same variations of sin’ 6’3‘}45(/4) at 101 AN /

LO and NLO 1 7 13 19 25 31

bin = yP"+ 6. mpin
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Results
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Running of sin?8,, in the MS scheme
® sin20}/5(my), PDG (2022)

‘LF’ 0.251

his work:
pp-Z /Yy =L *1~, Vs =13.6 TeV
NPDF31 nnlo as 0118 hessian

1 L=300 fb~1 T
# L=3ab} B
Inner bars: no PDFs, QCD, EW ho 1 .I.
Py }
Lt
s 1
10?2 103

H=my [GeV]
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Results
Run 3 HL-LHC
Ny |GeV MS
fige [GeV] - sin® 0™ (fer) —5 oS 0 10T | 65 05 (ige) 701
133 0.23323 0.00216 0.9 0.00159 0.7
175 0.23468 0.00271 1.2 0.00202 0.9
250 ).23648 0.00339 1.4 0.00260 1.1
400 ).2388H5 0.00434 1.8 0.00345 1.4
100C 0.24350 0.005609 2.3 0.00468 1.9
325( 0.24954 0.01640 0.0 0.00870 3.5
R G V 5SII1 HMS(HI@@) [%]
iy [GeV] —NPDF3T NNPDF40
Largest uncertainty due to PDFs (high x) _
fit repeated with 5 different sets (1 including photon) ?‘;’ 82 8?1
. . - 2 AMS . D e , ,
—» contribution to 0 sin” 6, °(u) varies significantly 050 08 0r
400 1.2 0.6
1000 1.6 0.8
3250 2.7 1.0
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To summarise

First projections for the LHC measurement of sin’ 0, at NLO at high masses!

Monte Carlo code with sin” HVAVTS(/U as input that allows its direct
determination consistently at NLO at hadronic colliders

Sensitivity study shows that the LHC and the HL-LHC will measure the energy
dependence of sin” @, with a precision of few % up to 3 TeV, assuming SM

running of a(u)

Large uncertainty due to PDFs will be reduced by future PDFs fits

Future improvements: more refined analysis with additional observables
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Low-energy determinations J4

Erler, J., Su, S., Progr. in Part. and Nucl. Phys. 71 (2013) 119-149
Ginges, J. S. M., Flambaum, V. V., Phys. Rep. 397 (2004) 63-154

=» 6S — 7S transitions in Cs at 539 nm

Gueéna, J., et al., Phys. Rev. A 71 (2005)

{ sin? 0M5(0) = 0.2383 + 0.001 1}

-» 1S, — °D, transitions in Yb at 408 nm

Antipas, D., et al., Nature Physics 15 (2019) 120-123

=» Qweak Collaboration @ JLAB PARITY TRANSFORMATION
JLab Qweak Collaboration, Nature 557 (2018) 207-211 ( _X', y, Z) —_ (_ _X, — y, —_— Z)
=% PVDIS Collaboration @ JLAB e o~

PVDIS Collaboration, Nature 506 (2014) 67-70

/

M) = 0.2299 + 0.0043

e e AT . : ey o

DIS of polarised ¢ beams on deuterium

=» SLAC E158 experiment
Scattering of polarised ¢ beams on liquid H (electrons)

Nucleus

=» NuTeV Collaboration @ Fermilab Tevatron

Nu'Tev Collaboration, Phys. Rev. Lett. 88 (2002) 901802

sin” 095 = 0.2277 £ 0.0016

AR SR e i =

DIS of (anti)neutrinos on protons . .
30 tension with the SM
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determinations: electron-nucleus interaction

Erler, J., Su, S., arXiv:1303.5522 [hep-ph], 2013

Gp _ o _— PARITY TRANSEORMATION
L =—=ey'yse | gy ly,u + gjﬁl/ dy,d
V2 - - (4,3,2) = (=%, =y, —2)

G i violated by y- terms

e — ed

- i _
F——eye | gy, Uy, rsit + gy dy,ysd

\/2

eu 1 4 4 2 0 ed 1 2 - 2 0
= — — 1+ — S1n — S1N
gAV 2 3 w gAV 2 3 w
gt = — ged = -2 sin? 6, Z
> 2

0, =-2 (zgjl;+Ng§"V> = —N+Z(1 —4sin?6,)
Nucleus
—1/2 + 2sin% 0, 1/2

C. L. Del Pio - EoY 2022



determinations: APV and proton charge

Ginges, J. S. M.,Flambaum, V. V., arXiv:0309054 [physics], 2004
Erler, J., Su, S., arXiv:1303.5522 [hep-ph], 2013

Momentum transfer ~ MeV 7S,, F=4

=P 6S — 7S transitions in Cs at 539 nm
Guéna, J., et al., arXiv:041207 [physics.atom-ph], 2003 Excitation

=» 15, — D, transitions in Yb at 408 nm

. . 681/2 F=4
Antipas, D., et al., arXiv:1804.05747 [physics.atom-ph], 2018 3

=P Qweak Collaboration @ JLAB
Qweak Collaboration, https://doi.org/10.1038/s41586-018-0096-0, 2018

Polarised e~ beams on £H, (proton) Q2 = — q2 — 0.158 GeV?
OF = —2 (285 + 855) | gog = 1 — 4sin’? OMS (0)

Op — O G,O?
Apy=———==———= [0} + 0> B(0%0)]

OR t 0L dron/2

sin” 9775(0) = 0.2383 = 0.001 1J
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determinations: electron DIS

=P PVDIS Collaboration @ JLAB
PVDIS Collaboration, doi:10.1038/nature12964, 2014

DIS of polarised ¢ beams on deuterium

GrQ°
_ 2 2 2 2
Apy = al(xQ)Yl(xy,Q)+a3(xQ)Y3(xy,Q)J
N 2ra Kinematics
6 2 _ 2
a, = E(zg e 8Av) 0O = 1.085 GeV
Q = 1.901 GeV2
=g eh-sl) —
. sin” 0" (M ( ) = o 2299 + o 0043
—
= NuTeV Collaboration @ Fermilab Tevatron r= GEMX, _g
NuTev Collaboration, arXiv:hep-ex/0110059, 2003 A _*f
| | . o(WN — vX) , 5
DIS of (anti)neutrinos on protons = = &7 T+ TI8p
G(I/N — =X)

3

Fsm 6’05 () 2277 + () 0016 30 tension with the SM
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determinations: electron Mgller scattering

Erler, J., Su, S., arXiv:1303.5522 [hep-ph], 2013
SLAC E158 Collaboration, arXiv:hep-ex/0504049, 2005

A — GF E 1 —4 9 Fee 2 ,
py = ——=—m,E, sin®6,,(Q) | F (y, 0, ) y=(E —E)/E
2\/ 27T —

Kinematics + radlatlon, Yy and yZ box corrections

=% SLAC E158 experiment
Scattering of polarised ¢ beams on liquid hydrogen (electron)

0? = 0.026 GeV? y = 0.6

APV_( 131 + 14 (stat.) £ 10 (syst.)) - 107

P e S T T I R e s

sin” 0, (Q = 0.16 GeV) = 0.2397 % 0.0013

sin? 0" (M) = 0.2330 £ 0.0015
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ffaround the Z pole J

e pton Ic colliders LEP/SLD Collaboration, arXiv:hep-ex/0509008v3, 2006

Direct determination of sin” 6’5

At the Z pole:

Alinked to sin ¢/ ' sin?67, = 0.23153 + 0.00016

- LEP: eTe™ — ff at \/E =M,

— SLC: same process with e~ with polarisation P,

A ZGL_GR 1 ﬁA
o o+ og (| P,.|)

€
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determinations: LEP and SLD

MEASURED QUANTITIES

O — Op

AFB —
UF + UB

A, =
e o+ og (| P.|)

Y — (0p —0g)L —(0p—0p)p 1
LRFB (6F+GB)L+(GF+GB)R<|P6|>

0, — Oy

P, =
< f> o, + 0

pol _ (GI’ o GZ)F o (61" o GZ)B
FB (6,4 0)p+ (0, + 0)p

LEP/SLD Collaboration, arXiv:hep-ex/0509008v3, 2006

PSEUDO-OBSERVABLES

3
0./ —
Ay = 4AeAf

Al(,)R — Ae
AV, = 3A
LRFB 4 f
<Pg> — _AT
3
0,pol __
App = = S A,

eff

sin? 0%, = 0.23153 + 0.00016




determinations: hadronic colliders

At LO

dp dyd cos Odgb dp dy |

A A
(1 + cos®#) - 20(1—300529)+A1 sin 26 cos ¢ - 22

sin® 6 cos 2¢

+Assin@ cos¢ + Aygcos + Assin® 6 sin 2¢ + Ag sin 20 sin ¢ + A7 sin 0 sin qb]

ngAg VgA /

(04 7y2 -~
_( v) +(84)° ( v) D7 S~ A, = 4{cos )
| cos Odo(cos 0, ¢)d cos Odep
(cos ) =

—» Tevatron J do(cos 0, ¢)d cos Odgp

CDF and D@ Collaborations, arXiv:1801.06283 [hep-ex], 2018

sin® 97, = 0.23148 % 0.00033 ’
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