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The Electroweak mixing angle

Casted by Weinberg (1967) in Quantifies relative strengths
the full EW theory* of electromagnetism and

the weak force + ...

SU2); x U(1)y + Higgs \

.. + governs the Z-boson
couplings to fermions

First appearance of a mixing The Electroweak

angle between EW boson MiXing angle
fields due to Glashow (1961)
\ Can be used to probe the structure of the EW theory
Fundamental parameter ) ,
of the Standard Model . 5 B gi My
sin“ Oy, = =] -—
2 4 o2 m2
81 T & 7

*renormalizability of the theory proved by ‘tHooft (1971)
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sin” 6, beyond LO

The following relation is valid at tree level

2 2
81 T 85 mz

When considering EW radiative corrections — include dependence on renorm.
scheme + input param. — several possible definitions...

ON-SHELL RENORMALISATION RUNNING COUPLING CONSTANT
. 2 nf . 9 MS, 2 ﬂaEM(qz)
sin” 0% = Kk,sIn” Oy, smH (g°) =
eff. f 2MS 9
(g°)
EW corrections absorbed into Pr and Ky correction In the MS scheme — a “running”
factors quantity (see arXiv:hep-ph/0409169v2)
Yy Ol .

K~ 1 + p,/tan’ Oy, and pr~1+p m?

Can be related to the on-shell definition

Definition used in measurements at the Z-boson
peak (e.g. at colliders)

Simy) = sp, + e Ap),
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https://arxiv.org/abs/hep-ph/0409169

Measurements of sin’ «9({ « around the Z pole

Template fit procedure to measure sin® 6/

App(my, |y 1) , MG samples with different , Measured value = MC sample

data values of sin” 6{ o which best fit the data

Measurements of A around the Z pole
at lepton (hadron) colliders — relative
orecision on sin? Qé}f of 0.1(0.2) % g I

arXiv:1408.5016

CDF | e

arXiv:1605.02719

Combination | e n
FERMILAB-CONF-16-295-E : b :
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Measurements at the LHC has already reached | A8 i

the same precision as the Tevatron — Ao tom | —
expected big improvement in the nearly future: 8 5w | ==meme= | — o

Ao lLED ——— =
RUER)., i — .
E I o Measurément

» More statistics available (from Run 3 and RO L
hep-ex/0508008 P ommens at. Unc.
HL-LHC) : T 1 T

A% + A (LEP . . :
he‘p-:x/oéo(goos ) & .. 1

: ] ' ' World Average
A (SLD i § .
helpgex/050)9008 I on : \:l Relative IUnC.

) o e, ! l
» Improved analysis techniques and PDF . . it I

constraining methods sincel,  Rel. Unc. [%]

LEP + SLD + Hadron coll. = 0.23151 = 0.00014

arXiv:1902.05142v2
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Available measurements of sin” 0,

—~ 0.245 Energy dependence on the electroweak mixing angle arXiv:1902.05142v2
L W I g |
Running inthe MS =% Hiosut lones
renorm. scheme <& |
(arXiv:heD_Dh/ 7)) 024 s T A ......................................................................................
0409169v2) / l\
\/ ®
0235 L Y ...............................................................
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® Q,(APV)  V eDIS

mQ * NuTeV

005 A Qe . OLEPISLDY o /

Ll !
107°
Many (and planned) measurements

at low Q2 (atomic parity violation, e-

DIS, ...) and at Q* = m2 or slightly _
above m,, (HERA, LHC, LHeC, No experimental results on

EIC...) the running of the EW mixing
angle at high energy
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https://arxiv.org/abs/hep-ph/0409169
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Test the running of sin” 6, @ the LHC

Recently published a study where we Probing the weak mixing angle
investigated the sensitivity of NCDY at high energies at the LHC and HL-LHC
measu rements a't the I_HC 'to the Simone Amoroso®, Mauro Chiesa®, Clara Lavinia Del Pio™¢, Katerina

Lipka®f, Fulvio Piccinini®, Federico Vazzoler®, Alessandro Vicini®*
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} FUII N LO- EW calcu_lation With an EW IBergische Universitit Wuppertal, Gaufstrassse 20, Wuppertal, Germany
scheme with sin? GIV\V/IS(qz) as input
parameter dbatract

Measurements of neutral current Drell-Yan production at large invariant
dilepton masses can be used to test the energy scale dependence (running)
of the electroweak mixing angle. In this work, we make use of a novel imple-

) P Se u d O d a-t a U Sed to ext raC-t expected mentation of the full next-to-leading order electroweak radiative corrections

to the Drell-Yan process using the MS renormalization scheme for the elec-

Sensitivities a‘t the LHC Run 3 and troweak mixing angle. The potential of future analyses using proton-proton

collisions at /s = 13.6 TeV in the Run 3 and High-Luminosity phases of the

H L-LHC Scen arlos LHC is explored. In this way, the Standard Model predictions for the MS

running at TeV scales can be probed.

1. Introduction

» Carefully studied relevant theoretical N |
’ \ . \ The electroweak mixing angle, Oy, is one of the fundamental parameters
uncerta|nt|es (PDFS + m|SS|ng HO QCD of the Standard Model (SM) of particle physics. In the electroweak (EW)
SM Lagrangian it is defined as
and EW terms)

2 9%
sin GW = 55, (1)
9+ g

Preprint submitted to Physics Letters B February 27, 2023

arXiv:2302.10/82 (submitted to PLB)
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https://arxiv.org/abs/2302.10782

Test the running of sin” 6, @ the LHC

How

» Inour work, 4 = my; is used as the dynamic energy scale

» Extract the expected sensitivity to sin” 9%(173”) in several mass bin

» Use one billion events calculated @ NLOQCD + NLOEW (only virtual weak) with POWHEG-BOX, showered with

PYTHIAS8 to perform a template fit

» Used hybrid scheme (aM_S(,u), my, sin? 9?(/4)) where a and sin? @y are running quantities while m is

treated as an on-shell quantity

» Templates generated by varying sin’ 9?(11%”) + 0.01

N

mk‘; [GeV] m?é [GeV] ﬁlge [GGV] (a%ﬁl\%(rﬁa))_l Sin2 H%S(ﬁlgg)
66 116 my, 127.951 0.23122
116 150 133 127.838 0.23323
150 200 175 127.752 0.23468
200 300 250 127.544 0.23648
300 000 400 127.269 0.23885
000 1500 1000 126.735 0.24350
1500 2000 3250 126.047 0.24954
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Test the running of sin” 6, @ the LHC

How

» The template fit is done using triple differential NCDY cross-sections:

- The absolute differential cross section is more suitable observable w.r.t. Az for the
extraction of sin HMS(qz) above m, (factor ~3 more sensitive, more in the backup)

- By considering fully differential information combine the sensitivity of the albsolute cross-section
and Agp

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

- Selection cuts and binning choices intended to reproduce a realistic measurement scenario:

pk>40(30) GeV 8& |5'| < 2.5
my, : [116, 150,200, 300, 500, 1500, 5000]
y; : [0.0,0.4,0.8,1.2,1.6,2.0,2.5]

cos 0. : [-1.0,0.0, 1.0]
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Test the running of sin” 6, @ the LHC -

How

The (expected) relative contribution of
different sources of uncertainties to the
3D cross section (HL-LHC extrapolations)

103 ——
1 This work: —s=— Stat.
|pp-Z*/y*»e*e~,vs=136TeV,L=3abl FL,‘;men syst.
107§ p¢ > 40 (30) GeV, |ne| <2.5 e Lumi
] d? —_—
— dmeedTYeel ! COSGCS > 0 QCD HO
° ) EW HO
IE' 10 _v—v—v—v—v—v\,_'_'_'_'__k_ _____ —y— sinZG\FiO.Ol
B vvvvvvv — 5 T
Q
..................................................................... Lrngungranganng i
100 4 . _ et e g g g g g
10_1?
1 7 13 19 25 31
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Test the running of sin” 6, @ the LHC

How

The (expected) relative contribution of
different sources of uncertainties to the
3D cross section (HL-LHC extrapolations)

Pre-fit impacts of 103 -
each uncertainty '
source on
do 102
d|y;|dmy -
for forward events & 10!-
: o '
(cos O-g > 0) in s
the ee¢ channel 0
\_/ 10 |
101

Statistical uncertainties
from reconstructed-level
expected number of events
(emulate realistic detector
efficiencies and resolutions
(from ATLAS) using RIVET
smearing)

Similar results for backward
(cos O-g < 0) events and for the

up channel

Expected PDF uncertainties using
aMCFast grids convoluted with the
NNPDF31_nnlo_as_0118_hessian PDF set
(reduced in the fitting procedure)

1 This work: —s— Stat,
|pp=Z7/y"—»ete~,Vs=13.6TeV,L=3 ab~ : IF:eD'T:ton syst. NLO EW
1pF>40 (30) GeV, |ne| <2.5 e Lumi adpplting m,, scale
] ddeley y c0SOcs > 0 —+— QCD HO var|at|oncs)f02f a factor
T EW HO
A e e s |l Sinzewi 0.01

...................................................................... .

—t 1 A

[~ Y
A

y ’ I
Lepton systematic

13 19
in=yl"N+6-

uncertainties from current
measurements projected @
Run 3 (reduced by factor 2)
and HL-LHC (reduced by
factor 4)

bin
my,

luminosity uncertainty at
HL-LHC 1% value used
(1.5% at Run 3)

N

Missing QCD higher
orders evaluated at N3LO
for do/dmy,, applied to the
(lyepl,myp, cos Qéf) bins
assumed uncorrelated

25 / 31
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Test the running of sin” 6, @ the LHC

How

1. Pseudo-data generated using the EW parameters values at the Z peak as inputs

2. Templates obtained by shifting up/down the expected input value of the EW mixing
angle by =0.01

3. The expected sensitivity O s1n HMS(mll) extracted by fitting the pseudo-data using
the xFitter fitting tool (arXiv:1410.4412) using linear approximation for 6 sin QMS(m”)

do * { = pseudodata stat. + syst. unc.
E { __ =Theory up/down template (prefit)
I I Include experimental f; ., and PDF unc. fy, in the
I fit:
N exp exp _ th _ th 2
data (0 + Z F iexp — Oi Zk Fikﬂk th)
I Zz(ﬁexp’ :Bth) 7 ’
i=1 A;
> 2 2
\ Y/ + Z 'Bj’eXP T z 'Bk,th
. . J k

Constrained post-fit <«
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http://arxiv.org/abs/1410.4412

Test the running of sin” 6, @ the LHC

RESULTS

0.27
The expected Sensi’[ivi’[y —— Running of sin26y, in the MS scheme
Is defined as the post-fit ® sin20l'S(my), PDG (2022)
uncertainty on 0-261 This work:
sin2 ea]/ls(m”) SDoZ Y ol 1 VE = 13.6 TeV Run3  HL-LHC
- NPDF31 nnlo_as 0118 hessian
2. ¥ i L=300 fb?
f:z + L=3ab!
B
SENSITIVITY 024
Run 3: 1% - 7%
0.231 Inner bars = stat. + syst. only
HL-LHGC: 1% - 3% Outer bars = stat. + syst. + PDFs
' 102 103
1 =my [GeV]
= Run 3 HL-LHC
2 [GeV]  sin2 AMS (1
thee [GeV] sin® 037 (her) —522 ONS () (%] | 0sin? O3S ()  [%)
133 0.23323 0.00216 0.9 0.00159 0.7
175 0.23468 0.00271 1.2 0.00202 0.9
250 0.23648 0.00339 1.4 0.00260 1.1
400 0.23885 0.00434 1.8 0.00345 1.4
1000 0.24350 0.00569 2.3 0.00468 1.9
3250 0.24954 0.01640 6.6 0.00870 3.5
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Test the running of sin” 6, @ the LHC

RESULTS

0.27
The expeCted Sensi’[ivi’[y —— Running of sin28y, in the MS scheme
Is defined as the post-fit ® sin20l'S(my), PDG (2022)
uncertainty on 0-261 This work:
sin’ Q%S(m”) PP-Z' Iy L * 4=, VS = 13.6 TeV Runs — HLAHC
- NPDF31 nnlo_as 0118 hessian
\ 3 025_ .
SENSITIVITY €= @ L=300fb
N + L=3ab?!
£
n
Run3: 1% - 7% 0.24
HL-LHC: 1% - 3%
0.23 Inner bars = stat. + syst. only
Contribution of the PDF uncertainty — _ Ouer ba.rs.:fgit' + syst. + PDFs
in the HL-LHC scenario L= my [GeV]
S tiige [GeV] dsin’ O3 (i) (7
Impact of PDFs uncertainties is not “ NNPDF31 NNPDF40 MSHT20 CTI18A ABMP16
negligible with the current — 5 133 0.5 0.3 0.6 0.9 05
knowledge of PFDs 175 0.6 0.4 0.8 1.0 0.6
250 0.8 0.5 0.9 1.2 0.7
, , 400 1.2 0.6 1.2 1.5 0.8
NNPDF31 uncertainty conservative 1000 1.6 0.8 16 18 1.0
3250 2.7 1.6 2.5 2.8 1.3
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Summary

0.27
—— Running of sin%8y in the MS scheme
® sin26M5(my), PDG (2022)
0-267 This work:
pp~Z"ly"=L*1~,Vs =13.6 TeV Run 3 AL-LHC
- NPDF31 nnlo_as 0118 hessian
5025] @ L=300 " T
== -
‘52 # L=3ab’! 1 i
0.24 - / -
0.231 Inner bars = stat. + syst. only
Outer bars = stat. + syst. + PDFs
T T R
H=my [GeV]
» First projections for the measurement of the » In principle possible to test the running
the running of sin’ Q%S(,u) at NLO at high already at the end of LHC Run 3

Masses
» Precision of few % up to ~ 3 TeV —

» NLO EW MC code with sin? 9?( 1) as input large uncertainty due to PDFs

parameter — direct (and consistent)
determination of this parameter at hadron
colliders
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Forward-Backward NC DY events

Presence of vector and axial-vector couplings leads to forward-backward
asymmetry of angular distribution of lepton pairs in DY events

] b Since A; «x Agg measurement of
o 1+ COS% O+ A, COS ) mmmmmmmmee——Bp-  fOrward/backward events can be

] used to determine sin® 6’/
9 At LO eff
App = g
8sir° 6, = £0.0004, £0.0008, £0.0012 .-+ 3
: NNPDF3.0 uncertainty g
0.005 _NNFiDF30repllcaS S
' “ ' ” & '55 }'t z HEHT >§
At hadron colliders “dilution effect” — 3 —
direction of incoming quarks not precisely AR
known: oo T
m;, (GeV) )

» Enhanced sensitivity of Az to the EW 1/ %
mixing angle at high | y;| // [ / :
» Collins-Soper reference frame used L ] <

Particle Rest Frame
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Why absolute cross sections instead of Ars

At LO the triple differential NCDY cross section can be expressed as

In the limit m,, > m,

_ Cyu(a;) = 85035 + 6ayas + 9as

do B T — Cilo :25(12 — by« +9a2

dMy, ~— 648 M3, ;Cq(ay,az,Mee) () oo

o ot d where sy, = ay/(a, + ay)
X/_mML; Y [z1fq(21) 2 fg(2)] (see 1602.03877)

At high m,, the 3D cross section is a more suitable observable for the extraction of
. 2 OMS
sin” 6y,° (1) then App

If we look at the logarithmic derivatives w.r.t. sin’ Hy(/,t) atm,, = 1TeV and
Vs = 13TeV

d3o - 2 nMS
0 dmy,dyeed cosOcs - 09 0 sin 9w (:U’)
d3o j - 2NMS
sin“ 6
dmyy,dyypd cosOc s p=1 TeV w (,U,)

0 Arp . § sin? OM5 (p)

in2 GMS
AFB =1 TeV S111 Hw (/L)
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https://arxiv.org/pdf/1602.03877.pdf

Implementation of sin? #)°(11) in POWHEG-BOX

The energy dependence of sin’ 0y, has recently been implemented into POWHEG-BOX
Z ew BMNNPV:

» Use an EW input scheme where the EW mixing angle is explicit (a(u), m,, sin? Oy (1))
» Within this "hybrid” scheme the m, value is renormalised to its On-Shell value while the fine
structure constant and the EW mixing angle are renormalised in the M.S scheme, i.e. depend

on the energy scale u

» Predictions used in this work are obtained at an improved LO and at full NLO with a(44) and
sin’ 0y, (1) as running parameters — the matrix element of the NC DY process is expressed as:

Y M) Z

/
Here the contributions from higher N\"@\

order expansion are resummed\_/

2
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https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=eprint=1302.4606

Predicted running at the EIC

0.25: 1 I T T T T I T T T T I 1 T T T I T 1 T T I T T T T I T T T T I 1 1 0_25_I 1 I T T 1 T | T T T T | T T T T I 1 T T T I 1 1 I I I 1 1 1 1 I 1 I

| —— ep:5GeVx 100 GeV 36.8 fb” | ———— eD:5GeV x 100 GeV/u 36.8 fb”
L —&— ep: 10 GeV x 100 GeV 44.8 fb”! Projection < - oD: 10 GeV x 100 GeViu 44.8 11" Projection .
- —F— ep:10GeV x 275 GeV 100 fo” EIC/ECCE Prelimina = - ' ' EIC/ECCE Prelimina B
0.245 4 op: 18 Gev x 275 Gev 15.415" = 0.245[ ——— eD:10GeVx 137 GeViu 100 ' 4 i
| —— YRref:100fb"'ep + 10 fb™" eD B | ——1— eD:18 GeV x 137 GeV/u 15.4 fb" B
oy B SLAC-E158 i - B SLAC-E158 B
G 0.24— — O 0.24 —
g B . ~ = EIC _
@; | APV Qweak il g - APV Qweak |
c 0.235— eDIS 1 s B K eDIS ¢ i
) L 2 %) - I” -
E LEP1 - E l\lf LEP1 i
i § LHC i K 1 § LHC 2
0'23__ I MOLLER SLC = B I MOLLER SLC i
- Ipo i SoLID Tevatron | n Ipo I SoLID Tevatron _
0.2257 1 | L1 11 l Ll 1 1 | L1l 1 1 l L1 11 | L1 1 1 I L1 1 1 I 1 1_ 0.2 _| 1 | L1 1 1 l L1 1 1 | L1 11 l L1 11 | L1 1 1 I L1 1 1 I 1 1_

-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
Log10 Q [GeV] Log Fs Q [GeV]
0.27
—— Running of sin?6y in the MS scheme
Boughezal et al. 2204.07557 # sircolFima). P0G 2022
n | ]
0-261 This work: Run 3 HL-LHC

0.23 1

Federico Vazzoler

pp-Z'/y* =1 *1~, Vs =13.6 TeV
NPDF31 nnlo_as 0118 hessian

fi L=300fb1
# L=3ab!

Inner bars = stat. + syst. only

102 103

1 =my [GeV]
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https://arxiv.org/pdf/2204.07557.pdf

Predicted running at the LHeC

0.24_— - LHeC-60b __ D. Britzger |ICHEP 2020

LHeC-50a : SENSITIVITY
B Run 3: 1% - 7%
0.23
2 B HL-LHC: 1% - 3%
NCD
g
D B
022
—— Running of sin?6y in the MS scheme
® sin26/5(my), PDG (2022)
- . | This work: Run 3 HL-LHC -
-7y =1+l ,Vs =13.6 TeV
0 . 2 1 | :‘;DF;I_nnlo_as_Ol18_hessian \ J }/
| | | | L 11 | | | | L1 1 E |I| L =300 fb_l
100 1000 | # t=3a07 |
> _ |
|Q? [GeV] / |
Per-mille uncertainties in o R "
nner bars = stat. + syst. only
25 < 0 < 700GeV — o
spacelike region =y [Gev]
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