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Weak mixing angle

The weak mixing angle
« A fundamental parameter in the Standard model

» Related to the unification of the electromagnetic and weak forces
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- Effective leptonic mixing angle

1
sin? Geff 4(1—5—‘/)
A

* Includes loop corrections
 Reflects the effective couplings of the Z boson to leptons

« Measurement of the weak mixing angle
» Provides a consistency check of the Standard Model
« Serves as a powerful tool for searching for new phenomena
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Measurements of

* Electron-positron collision
- LEP: 0.23221 4 0.00029
- SLD: 0.23098 + 0.00026

 CMS 13 TeV Phys. Lett. B 866 (2025) 139526
« sin® @l = 0.23152 4 0.00031

* Improved analysis of CMS 13 TeV
(THIS TALK) arXiv:2508.18022
« sin? 0 = 0.23156 + 0.00024

« Additional PDF constraint from W
charge asymmetry and W/Z xsec ratio
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0.23110 = 0.00010 2HDM

LEP A%
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CDF 1.96 TeV
DO 1.96 TeV
ATLAS 7 TeV
LHCb 7+8 TeV
CMS 8 TeV
LHCb 13 TeV
CMS 13 TeV

This analysis 13 TeV
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0.23095 + 0.00040
0.23080 = 0.00120
0.23142 + 0.00106
0.23101 = 0.00053
0.23147 = 0.00050
0.23152 * 0.00031

0.23156 += 0.00024
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. The CMS experiment at CERN
C M S 1 3 TeV Ana |yS|S measures a key parameter of the

arXiv:2408.07622 Standard Model
With this measurement the LHC is again demonstrating its ability to provide very high-
sin2 Héff — 0.23152 i 0.00031 (CT18Z) precision measurements and bringing new insights into an old mystery
3 APRIL, 2024

Precision comparable to that of electron coIIider_|—>

CERN Press Release, April 2024

PDF profiling to constrain PDF uncertainty
- Still, PDF gives the largest uncertainty (0.00027)

A, (=8/3 Apg) measurements are also published
« For future reinterpretation with better understanding on PDF

CTI8X | e
However, possible systematic difference between ctiez| T == - Ay
PDFs remained an open question cTi8| o %= - Ag(no-prof)
« Both NNPDF and MSHT are lower than CT18 MSHT20 |~  —e—
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023 0.231 0232 0233 0234
sin@’ 4


https://arxiv.org/abs/2408.07622

New analysis

* Investigation on the source of the difference between PDFs
« With 19 PDF sets: NNPDF40 (8), CT18 (6), MSHT20 (4) and PDF4LHC21 (1)
« CT18Z is chosen as nominal PDF, following the original CMS paper

« We found that the difference comes from
« Down-type valence quark distribution
« Size of the strange quark content

 We extracted new value of sin? 8., based on 4, measurements of CMS 13 TeV

« But with additional constraint on PDF using published CMS W 44y, and W/Z cross section
ratio

e With xFitter framework



Reproducing original CMS result using published A,

< 150 — data
- — pre-fit
1— — post-fit

« CMS A, measurements at 13 TeV

0'5; « 63 data points in bins of mass and rapidity
O/L/L/LHH * Mass from 54 to 150 GeV
: * Rapidity < 3.4
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- CT18ZNNLO
- profiling with A,+W g, +W/Z

* Prediction from MiINNLO+Pythia8

« PHOTOS for QED FSR
« POWHEG Z _ew for weak NLO correction

pred. - data
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sin? 0. results with A4, profiling

-No profiling 63 data points A4 63 data points
i CT182023166+000056 | o« NNPDF40 o NNPDF40 variants
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* Profiling with A, significantly reduces PDF uncertainties and differences across sets

Sin Qeff

- CT18 family tends to yield a bit larger sin? 8. (consistent with the original CMS paper)




W-decay lepton charge asymmetry (W,sym)
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profiling with A,+W__ _+W/Z

asym

« W asymmetry can help constrain d/u PDF and reduce

uncertainty of sin? 8l

« Eur. Phy. J. C76 (2016) 115

« CMS W charge asymmetry measurements at 13 TeV
« Phys. Rev. D 102 (2020) 092012
« 18 data points in bins of lepton pseudorapidity |n;]
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e Prediction from MCFM (NNLO)
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D-D ratio wrt CT18ZNNLO

Impact on down-type quarks
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* Examine D —D =(d +s+b) — (d + 5+ b), rather than d, =d — d
 For fair comparison across PDFs with different assumptions on (a)symmetric sea-

quark momentum distributions

 Adding Wsym, further constrains the down-type quarks
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sin? f¢gr results with Wygyy, profiling

» Adding Wjsym brings the extracted values of sin? 8. even closer
« MSHT20 shows a lower sin? 8. than the others

« Two of CT18 family (CT18 and CT18X) are within 1o band, but gives slightly higher values
- CT18 and CT18X PDFs have smaller strange-quark distributions — higher sin 8’
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I |« NNPDF40 o NNPDF40 variants
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W/Z cross section ratio
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W/Z cross section ratio

« The W/Z ratio is strongly anti-
correlated with the strange-quark
content

« CMS W/Z ratio (2 data points)

- JHEP 04 (2025) 162
12.505 + 0.037a¢ £ 0.032y; (5.02 TeV)

12.078 + 0.0285¢ £ 0.032y; (13 TeV)

e Prediction from DYTurbo
(NNLO+NNLL)
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Impact on strange quark

tio wrt CT18ZNNLO
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sin? B¢ results with W /Z profiling

T [A#W, 81 data points As+W,, +W/Z 83 data points
N I -« NNPDF40 o NNPDF40 variants
< » CT18 o CT18 variants

e MSHT20 o MSHT20 variants

CT1820.23161% 0.00025 ||

PDF4LHC21e CT18Z

CT18Z 0.23156 + 0.00024
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After adding W/Z cross section ratio Sin” B4

« CT18 and CT18X get closer to others
* Only one MSHT20 PDF remains outside 1¢ band
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Result

-(A) No profiling 63 data points

i CT18Z 0.23166 = 0.00056
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Sin® B

sin? 0L = 0.23156 + 0.00024 (CT18Z)

Most extracted sin . values lie within

CT18Z uncertainty after profiling with A,,

Wasym: and the W/Z cross section ratio

« Robust against different PDF
parameterizations and assumptions

MSHT?20 alone remains outside the CT18Z

uncertainty band

* a slightly higher y? may imply limited

flexibility
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Conclusion

0.23110 + 0.00010 2HDM

’ LEP A%
sin? @, = 0.23156 + 0.00024
€ SLD A%
« Improved extraction of sin? 8, from CMS 4, CDF 1.96 Tev
measurements at 13 TeV

. - ' DO 1.96 TeV

- with additional PDF constraints from W,s,, and W/Z
cross section ratio ATLAS 7 Tev
* Uncertainty improved LHCb 7+8 TeV
0.00031 (CMS 13 TeV) — 0.00024 (This analysis) CMS 8 TeV
 More consistent results across various PDFs LHCb 13 TeV
CMS 13 TeV
« World'’s best single measurement of sin? 6. This analysis 13 TeV

 Surpasses the SLD result (2001) after 24 years

« arXiv:2508.18022 (to be published to Physics Reports)
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0.23098 + 0.00026
0.23221 = 0.00046
0.23095 = 0.00040
0.23080 = 0.00120
0.23142 + 0.00106
0.23101 + 0.00053
0.23147 = 0.00050
0.23152 + 0.00031

0.23156 += 0.00024
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A4 without profiling A4 profiling Ay + Wygym + W/Z profiling
PDF (63 data points) (63 data points) (83 data points)
in2 ot Daff. from 2 in2 gt Diff. from 9 in2 gt Dift. from 2
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MSHT2(ged_nnlo |24] 23055 + 59 -111 188 || 23124 + 31 -28 73 || 23145+ 27 -11 90
MSHT20an3lo_as118 |25] 23101 = 47 -65 138 || 23138 + 29 -14 69 || 23154 + 26 -2 79
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PDF4LHC21_40 |45] 23122 + 83 -44 80 23133 £33 -19 62 || 23143 +£27 -13 77
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Forward-backward asymmetry (Arp)

- Key observable for mixing angle extraction

0: Angle btw incoming and outgoing particles
cos@ > 0, forward event (F)

cos® < 0, backward event (B) q
Ng — Np
App =
Nr + Np

q
q ZIV
CM frame
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Forward-backward asymmetry (Arp)

E

<{ 02 /__/__z
dUDY oc(1+cos 9)+—(1—3cos 0)+A cos 6 _—
d cos @ * [ powsee |

3 . o« . I_ F- - :_".'.
Apg = §A4, directly related to the mixing of U(1) - ?,;":}EIFS Jﬁnf;a;;mm iﬂum, e

and SU(Z)L 0009 NNPDFSG replicas

_‘;_;J'-\.r'lﬂ-’ .

- =.Fii!'i£ii!;!! !.

App at Z peak q;E
« Sensitive to weak mixing angle and PDFs <
App In sideband region
« Small sensitivity to mixing angle AN s
« Large sensitive to PDFs R e A R
— Can be used to constrain PDFs




Challenge In hadron collision

« Forward axis = electron direction LEPP.| —— _| 0.23159 £ 0.00041

LEP ALY —— 0.23221+ 0.00029

LEP Ay - = | 0.23220+ 0.00081

M had

» Proton-antiproton (Tevatron) LEP Q| . _| 02324 £0.0012
F d 1 t d t SLD AER TP PP ST TP —] 0.23098 + 0.00026

orward axis = proton direction CDF 1.96 TeV A n 0.23221+ 0.00046
* Dilution of Apg DO 1.96 TeV . 0.23095 + 0.00040

— PDF uncertainty ATLAS 7 TeV B ; i 1 N 0.2308 +0.0012
LHCh 7+8 TeV L ' 2 | 0.23142 = 0.00106

CMSBTEV_””””” '—0—* ] 0.23101+ 0.00053
o _ . CMS 13 TeV e 0.23152 + 0.00031

Proton-Proton (LHC): 0229 023 0231 0232 0233 0234
« Forward axis ~ dilepton rapidity direction sinzegﬁ,

 Stronger dilution of Agp
— Larger PDF uncertainty
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sin? O measurement of CMS 13 TeV

» Despite of the challenge in pp collision, CMS
achieved a precision comparable to LEP and SLD
sin? Bl = 0.23152 + 0.00031
PDF profiling Eur. Phy. J. C 76 (2016) 115

Angular event reweighting technique Eur. Phys. J. C 67 (2010) 321

Utilizing forward electrons

Large statistics

» The most precise measurement at hadron collider

e Published in Phys. Lett. B 866 (2025) 139526

» The uncertainty is dominated by PDF uncertainty
(0.00027)

« A, measurements (rapidity & mass bins) are also
published for future reinterpretation

LEP A% e | | 0.23009 = 0.00053
LEP P, N 0.23159 £ 0.00041
LEP A" . | 0.23221+ 0.00029
LEP ALS | 0.23220 + 0.00081

LEP Q' 0.2324 +0.0012
SWOAG| e N | 0:23008 + 0.00026
CDF 1.96 TeV — 0.23221+ 0.00046
DO 1.96 TeV . | 0.23095 + 0.00040

ATLAS 7 TeV o— | 0.2308 +0.0012
LHCb 7+8 TeV o | 0.23142. 0.00108
cmMsgTev| s T | 0.23101+ 0.00053
CMS13TeV| e , 0.23152 + 0.00031

0229 023 0231 0232 0233 0234
N
Sin°e.
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Investigated 19 PDF sets

NNPDF40 (8)

Neural network base
Asymmetric strange

MSHTZ20 (4)

Polynomial parameterization
Asymmetric strange

NNPDF40 nnlo NNPDF40 an3lo MSHT20nnlo_as118 MSHT20an3lo as118
NNPDF40_nnlo_ged NNPDF40_an3lo_qged MSHT20ged_nnlo MSHT20qged_an3lo
NNPDF40 _nnlo_mhou NNPDF40_an3lo_mhou

NNPDF40_nnlo_ged_mhou NNPDF40_an3lo_ged_mhou

CT18 (6)

Polynomial parameterization
Symmetric strange

PDF4LHC21 (1)

Combination of CT18+MSHT20+NNPDF31
Asymmetric strange

CT18XNNLO: alternative scale choice

CT18ANNLO: including ATLAS 7 TeV W/Z measurement
CT18ZNNLO: A+X (Nominal PDF)

CT18qged_proton

CT18As_LatNNLO: asymmetric strange

PDF4LHC21_40

“ged”: photon PDF and QED evolution
“an3lo”; approximate N3LO QCD
“mhou”: missing higher order uncertainty 23




D-D ratio wrt CT18ZNNLO

down-type quarks
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D-D ratio wrt CT18ZNNLO
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up-type quarks
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tio wrt CT18ZNNLO

s+Sra

1

0.8

20

strange quarks
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Ad+W /7

Xx2/ndf

-(A) A, 63 data points
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