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Introduction

® The Standard Model is the most successful theory we have in particle physics:

To a large extent this is known thanks to the Electroweak Precision Tests
(Comparison of SM with the so-called Electroweak Precision Observables)

¢ Electroweak Precision Observables (EWPO)

e Traditionally EWPO refers to a set of observables that, interpreted
within the SM, allows the determination of the Z & W properties

® Their measurements, mostly from LEP/SLD but also Tevatron/LHC, are
some of the most precise we have, in many cases at per mile level

e Enough to test the quantum structure of the SM to the 2-loop level!

® The importance of precision: The more we have, the farther we can go in
testing the limits of the Standard Model = Indirect search of New Physics

f H
v,Z/W v,Z/W Z/W Z/W ZIW Z/W
Z/\W

fir

Separate SM vs NP: Precision means both experimental and theoretical!
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Introduction

4 A
EW precision measurements as complement to high-energy collider searches
2012: All SM parameters are known

EWPO even more relevant after the Higgs discovery in the search of new physics
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Agreement/deviation with/wrt SM predictions gives information
. (constraints/evidence) about new physics y
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Electroweak Precision Observables
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Electroweak precision observables: Z-pole

e Z pole observables: mainly coming from the LEP/SLC era

Z-pole obs.
My, T 0 inZ @i°Pt. ppol A, A% RO (LII:;P/SLC)
Zy L7y O Sl Ugg » £ £ FB* f

had?
0.002-0(1)%
,%' AEEREEERE ) 0| >
I_,.é 40 __ ‘-’,’/E\\\ __
o) DELPHI i
I L3 1 3
30 I OPAL

LEP and SLD Collaborations,

20 | arXiv: 0509008 [hep-ex]

| @ measurements (error bars /
| increase d by factor 10) /
/

"‘/,‘
e

86 88 90 92 94
E_, [GeV]

Present and Future of Electroweak Precision Tests
September 17, 2024




Electroweak precision observables: Z-pole

e Z pole observables: mainly coming from the LEP/SLC era

, 0.7 Z-pole obs.
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Results depend on measuring precisely the integrated luminosity (L)
Obtained via low-angle Bhabha scattering (known to 0.06 % during LEP era)

e Recently revisited using updated (more accurate) prediction of Bhabha process:
v New corrections decrease the Bhabha cross section by 0.048%
(uncertainty 0037%) P. Janot, S. Jadach, Phys.Lett.B 803 (2020) 135319

OBhabha e ™= L . = Measured Ohad N
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Electroweak precision observables: Z-pole

e Z pole observables: mainly coming from the LEP/SLC era

, 0.7 Z-pole obs.
0 o 2 ept 1 ’ 0
0.002-0(1)%

4 , )
Z -lineshape observables

Observable Experimental

M, [GeV] 91.1875 £ 0.0021 91.1875 + 0.0021
'y [GeV] 2.4952 + 0.0023 2.4955 + 0.0023
o0 . [nb] 41.540 + 0.037 —Pp  41.4802 + 0.0325
R? 20.767 + 0.025 20.767 + 0.025
AL 0.0171 4 0.0010 0.0171 + 0.0010

(0.002% - 5% precision)

The updated results remove past tension with SM in
the value of the effective # of v : N,

__( 127R) 2 __ I'vo
R?nv_ ( h ]VIE%) —Rg_(3+57)_Nu(Fee)SM

O had

N, = 2.9840 + 0.0082 (~ 20) — N, = 2.9963 4 0.0074 (0.50)
. J
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Electroweak precision observables: Z-pole

e Z pole observables: Heavy flavor measurements from LEP/SLC

4 , Z-pole obs.
Mgz, Tz, o0 ,, sin? g, PPl A, A%l R} J (LEP/SLC)

had’
L ? 0.002-0(1)%
LEP/SLD combination Ry R? Ay A%S Ay A,
R} 0.21629 4= 0.00066 1.00
RY 0.1721 4+ 0.0030 —0.18 1.00 ( 0.3%, 2-5% Precision )

AdP 0.0996 +0.0016 |—0.10  0.04  1.00
AvS 0.0707 £ 0.0035 0.07 —0.06 0.15  1.00

Ay 0.923 == 0.020 —0.08 0.04 0.06 —0.02 1.00
A 0.670 = 0.027 0.04 —0.06 0.01 0.04 0.11 1.00
e Argb also revisited recently, including: D. D’Enterria, C. Yan, arXiv: 2011.00530 [hep-ph]

v Reassessment of QCD uncertainties using modern Parton showers (Pythia 8)

v NNLO (2-loop) massive b-quark corrections

A% — 0.0992 + 0.0016 — 0.0996 + 0.0016 (Stat dominated)

v New corrections tend to reduce the discrepancy with the SM
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Electroweak precision observables: Z-pole

e Effective weak mixing angle at hadron colliders:
v LEP/SLC determination from fermion asymmetries AdArs':
— 0.23151 + 0.00016 ( 0.07% Precision)

.2 plept
sin® 0 g

LEP++SLC
v Hadron colliders can measure same quantity via Arg in Drell-Yan for ete-

and u*u- final states, with invariant dilepton masses around Mz
— —_ .

LEP + SLD: Ay —e— 0.23221 = 0.00029

SLD: A, —e— 0.23098 = 0.00026

CDF 2 TeV — 0.23221+ 0.00046

DO 2 TeV —e— 0.23095 = 0.00040

ATLAS 7 TeV = o = 0.23080 = 0.00120

LHCb 7+8 TeV = o = 0.23142 = 0.00106

CMS 8 TeV — 0.23101= 0.00053

N ATLAS/CMS
CMS 13 TeV — 0.23157 = 0.00031 uncertainty comparable
proiminary A S to individual LEP/SLC
\_ 0.229 0.23 0.231 0.232 0.233 0.234 - i i
Sin2o) (+ consistent with each other)
eff
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Electroweak precision observables: Z-pole

e Effective weak mixing angle at hadron colliders:
v LEP/SLC determination from fermion asymmetries AdArs':
— 0.23151 + 0.00016 ( 0.07% Precision)

.2 plept
sin® 0 g

LEP++SLC
v Hadron colliders can measure same quantity via Arg in Drell-Yan for ete-

and u*u- final states, with invariant dilepton masses around Mz
— — .
LEP + SLD: A_. —e— 0.23221+ 0.00029
SLD: A, —e— 0.23098 = 0.00026
4 )
CDF 2 TeV — 0.23221+ 0.00046
DO 2 TeV —— 0.23095 + 0.00040
ATLAS 7 TeV = o = 0.23080 + 0.00120
LHCb 7+8 TeV = o = 0.23142 = 0.00106
CMS 8 TeV —— 0.23101+ 0.00053
ATLAS 8 TeV — e 0.23140 = 0.00036
Preliminary T D _____
CMS 13 TeV —— 0.23157 = 0.00031
Preliminary ! | ! | I | ! I !
\_ 0.229 0.23 0.231 0.232 0.233 0.234r . 2 plept
20’ sin” 0 g = 0.23146 = 0.00021
Sin off Had.Coll.
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Electroweak precision observables: W properties

® Experimental measurements of Mw and 'w:

To be updated with
CMS results in ~1h

( My, Tw, BRu_, &/J W obs. (LEP2/Hadron Coll.)

Overview of m, measurements

0.02-0(1)%

Overview of I", measurements

""""""" Tt [ T [ : I
EEP Combination ATLAS ‘.[, e = 3‘5%@55.047 (2006) 309 A.)g-LAS - o =
m,, = 80376 = 33 MeV : e : I, = 2404 « 173 MeV : y : :
{s=7TeV, 46" aE g V\s=7TeV,4.61b : :
------------------------------------------------ OPAL 5 m e mm
00 (un 2 pER— RIS | e
Phys. Rev. Lett. 108 (2012) 151804 | A — " : :
m,, = 80375 + 23 MeV : ! L3
Eur. Phys. J. C 47 (2006) 309 ; ;. ® -
r,, =2180 = 142 MeV 5 :
g:li:e)r!:ce(gg 2022%) 6589 @ ALEPH
m,, = 80434 = 9 MeV Eur. Phys. J. C 47 (2006) 309 : ;o o u
T, =2140 = 108 MeV :
L‘nggg (22(3222; 036 - (] - gm?sm F&i;??;izo(gms)ﬁg E @ =
m,, =80354 = 32 MeV : ____r_vv_f1_9?_t_f3£’:§/l_e>\_/ ______________ l—--——--———--——--———--——--~§ ___________________________________
IE)hO Rev. Lett. 103 (2009) 231802 " éO .
! . ys. Rev. Lett. : :
%TIE%;?%LQ;Z,\(/@US) 110 ® Measurement E- omm Ty =2028 = 72 MeV @® Measurement
DStat' Unc. &IyDSI.:Rev. Lett. 100 (2008) 071801 DStat' Unc. - ® m
ATLAS 2024 B Total Unc. ] : - r,-208%-72Mev W Total Unc. i\ i
e 280367 = 16 MoV I SM Prediction b el I ATLAS I SM Prediction
_________________________ i | -II:::/IS:VE%%(Zt47 MeV I I - i
80200 80300 80400 1500 2000 2500
See also Lidia Dell’Asta’s talk yesterday my, [MeV] 'y [MeV]
r A
2024 PDG Combination: CDF (adjusted to PDF CT18)
My = 80.360 £+ 0.012 GeV ~0.015% MSPF = 80.432 £ 0.016 GeV
I'vy = 2.136 £ 0.032 GeV  ~1.5% ~4 ¢ tension with other measurements
L See also S. Amoroso et al., arXiv: 2308.09417 [hep-ex]J
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Electroweak precision observables: W properties

e Experimental measurements of W Branching ratios: LEP2 vs CMS

Mw. Tw. BR JWobs. (LEP2/Hadron Coll.)
( wy Lw, W —Lv 0.02-0(11%

Similar systematics but CMS 3-10 times more precise statistically = 1.5 x better for e/y, similar for Tt
-1
35.9fb  (13TeV)

-1
CMS + CMS 15 35.9fb (13TeV
— W CMSLFU (68%,95% CL) ' CMS S
-~ \
W —ev, 1 - LEP 7 i
4 LEP LFU (68% CL) AP N
1.10- Rl r
w/ LFU s
B(W — &v) = (10.89 + 0.08)% S S
B(W —qq') = (67.32 £ 0.23)% /7 S
—h— _—~ 1.051 do R
Bp %_1 II ‘\_’,’//////
W — v, 11 .’
E E I\ ”/
(0.7-2% Precision) .
+ LEP
—h— 0.951 x SM
W 1v. - ATLAS
—— CMS
0-98 90 0.95 1.00 1.05 1.10 1.15
0.100 0.105 0.110 0.115 0.120 0.125 0.130 0.135 0.140 BW—1v,)
B(W — &v) B(W—ev,)

CMS not only more precise than LEP2 but
also no sign of tension in T channel
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EWPO: Status of SM predictions

e Standard Model inputs: a scheme

{GFa a(Mg)a as(Mg)a MZa MH? mt}

® Fermi constant (Gr) and a(0) known with much higher precision than any
EWPO such that their uncertainty can be neglected in EWV precision tests.
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EWPO: Status of SM predictions

e Standard Model inputs: a scheme

{GFa a(Mg)a as(Mé)a MZa MH? mt}

® Fermi constant (Gr) and a(0) known with much higher precision than any
EWPO such that their uncertainty can be neglected in EWV precision tests.

r N
Constrained by Aq%) (M2) = 0.02766 + 0.00010 0.4 % precisi
Low E had Data/Lattice haa (Mz) ' - ( -+ 7o precision ) g
e ~
Dominated by 2 _ 1 0 i
e aS(MZ)|PDG 2023 — 0-1180 = 0.0009 ( 0.8 % precision )
- y
e A
LEP Z pole Mz|igp = 91.1875 £ 0.0021 GeV ( 0.002 % precision )
9 y
e ~
Combination of ATLAS and CMS ..
e o o SV My = 125.10 £0.09 GeV (0.1 % precision )J
<
PDG combination: . .
| Tevatron, LHC Run 1/2 my = 172.61 £ 0.25|,, + 0.52];, GeV ( 0.3 % precision ) J

Comparison of EWPO with SM predictions (EW fit) is overconstrained
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EWPO: Status of SM predictions

e State-of-the-art of SM theory calculations of EWPO:
Y T'w :Only EW one loop

D.Y. Bardin, P.K. Khristova, O. Fedorenko, Nucl. Phys B197 (1982) 1-44
D.Y. Bardin, S. Riemann, T. Riemann, Z. Phys C32 (1986) 121-125

4 My Full EW 2-loop corr. + leading 3-loop & some 4-loop

M. Awramik, M. Czakon, A. Freitas, G. Weiglein, Phys. Rev D69 (2004) 053006

o« 2 . . .
v sin 9]{3& (light ferm): Full EW 2-loop corr. + leading higher order
M. Awramik, M. Czakon, A. Freitas, JHEP 0611 (2006) 048
M. Awramik, M. Czakon, A. Freitas, B.A. Kniehl, Nucl. Phys. B813 (2009) 174-187

4 I‘jz: : Full 2-loop EWV corr. + leading higher order

I. Dubovyk, A. Freitas, J. Gluza, T. Riemann, }J. Usovitsch, Phys. Lett. B 783 (2018) 86-94

v sin? H%ﬂ. : Full 2-loop EWV corr. + leading higher order

I. Dubovyk, A. Freitas, J. Gluza, T. Riemann, }J. Usovitsch, Phys. Lett. B 762 (2016) 184-189

v Leading 3-loop EWV fermionic corrections
L. Cheng, A. Freitas, JHEP 07 (2020) 210

e Experimental vs. Theoretical uncertainties:

0 - 2 0l
My Iy O 4 Ry Sin” 0,

Exp. error 15MeV 23MeV 37pb 6.6x107* 1.6x107*
Theory error 4MeV 05MeV 6pb 1.5x107* 0.5x107*

A. Freitas, PoS(LL2014)050 [arXiv: 1406.6980]
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The Standard Model Electroweak fit

Everything automatized | !
in several codes T e
in the “market" 1, s

X’ = Zij(Of P — OM(Osm, v))(V‘l)ij(Ofxp — O>M(Osm, v))
+ statistical framework

Global EW fit
Model parameters
Goodness-of-fit, Tensions,...
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The Standard Model EW fit

From*:
JB et al. , Phys. Rev. D 106, 033003 (2022)
JB, M. Pierini, L. Reina, L. Silvestrini, Phys. Rev. Lett. 129, 271801 (2022)

*Do not include a few of the latest updates discussed before but impact in the results is small
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The Standard Model Electroweak fit

e Reported here using the observables assuming Lepton Flavor Universality

Global SM EW fit (standard scenario)

Measurement Posterior Individual Prediction 1D Pull fjnD Pull T’ s ap?s :
s (M%) 0.1177 £0.0010  0.11792 & 0.00094 | 0.1198 4 0.0028 —0.7 Posterior™: The full fit results
Aa® (M2)  0.02766 £ 0.00010 0.027627 + 0.000096] 0.02717 £ 0.00037 1.3
Mz [GeV] 91.1875 4 0.0021  91.1883 4+ 0.0021 | 91.2047 +0.0088  —1.9
my [GeV] 172.58 4 0.45 172.75 + 0.44 176.2 £ 2.0 —1.8
mu [GeV] 125.21 + 0.12 125.21 + 0.12 108.3 4+ 11.7 1.3 “Indirect/Prediction”:
My [GeV] 80.379 £0.012  80.3591 £0.0052 | 80.3545 & 0.0057 1.8
Ty [GeV] 2.085+£0.042  2.08827 £ 0.00055 | 2.08829 +0.00056  —0.1 Drop each (set of c?rrelatec_l)
BRuw 0, 0.10860 = 0.00090 0.108381 = 0.000022] 0.108380 £ 0.000022 0.2 observable(s) at a time — fit
sin? 0°P*(QRy!)  0.2324 +0.0012  0.231509 =+ 0.000056f 0.231506 + 0.000056 0.7 — predict the removed observable
PPl = A, 0.1465 + 0.0033  0.14712 £ 0.00044 | 0.147134+0.00045  —0.2

0.14625,0.14799] | [0.14626,0.14801]

Tz [GeV] 2.4955 +0.0023  2.49443 + 0.00065 | 2.49423 £ 0.00069 0.5
o9 [nb] 41.480 +0.033  41.4908 £0.0076 | 41.4927+0.0079  —0.4 | 1.0 “D pull’:
I 20.767 +0.025  20.7493 £ 0.0080 | 20.7462 =+ 0.0087 0.8 Individual pull for each observable
AL 0.0171 4 0.0010 0.016234 =+ 0.000098f 0.016225 4 0.000097 0.9
A, (SLD) 0.1513 £0.0021  0.14712 £ 0.00044 | 0.14713 £ 0.00046 1.9
I 0.21629 £ 0.00066 0.215878 4+ 0.000100] 0.21587 + 0.00010 0.6
R? 0.1721 +0.0030 0.172205 =+ 0.000054} 0.172206 + 0.000053 0.0 «“nD pull”:
A% 0.0996 + 0.0016  0.10314 +0.00031 | 0.10315+0.00033 —22 | 13 nw putl™:
AXS 0.0707 4 0.0035  0.07369 + 0.00023 | 0.07370 & 0.00024  —0.9 Global pull for sets
Asp 0.923 4+ 0.020  0.934738 + 0.000040| 0.934739 + 0.000040 —0.6
A 0.670 +0.027  0.66782 %+ 0.00022 | 0.66783 £ 0.00022 0.0 of correlated observables
As 0.895+0.091  0.935651 & 0.000040f 0.935651 £ 0.000040  —0.4
sin? 0 °P* (HC) 0.23143 + 0.00025 0.231509 =+ 0.000056f 0.231512 4 0.000057  —0.3
Ruc 0.1660 + 0.0090 0.172227 £ 0.000032f 0.172228 &+ 0.000032 —0.7

(Excluding MwCDF)
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The Standard Model Electroweak fit

e Tensions in the Standard Model electroweak fit (Excluding the Mw<PF):

r

Individual Predictions

-3

-2

-1 0 1

as (Mz)

Aayy (M3)

BRw _¢5,

2 plept r qhad
sin® O (Qrp

pol
P‘l’

« 2 plept
sin” 0

Ruc

(HC)

"Jlfit

-1 0 1

Pull (standard scenario)

2

3

~

W,
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The only persistent “anomaly”
(>20) in the EWV fit is ArgP

Interesting? Maybe... (3rd family)

o
o] 0.06
©

B al
RS
A%
B A

0.04

0.02

-0.02

1 1 | 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
-0.02 0 0.02 0.04 0.06

8 gﬁ
Statistically significant? Not so much...

r

.

Global p-value of the fit
p-value: 0.53 (0.6 o)
Excellent overall agreement of data

with SM predictions to the level of
2-loop corrections

~

Wy,




The Standard Model Electroweak fit

e Tensions in the Standard Model electroweak fit:

r

Individual Predictions

~

o, (M7)
Aa(5) (Mz)
had VA

BRW—)ZD,;
+ 2 plept had
sin” 0. (Qpp

pol
P‘T

. !
sin? O;Ft (HC)
R'LLC

-4

-3

-2

-1 01 2 3 4

Pull (standard scenario)

5 6

J
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Impact of Mw
on indirect
determination
of
SM inputs

Including the MwCPF in the analysis

68% and 95% probability contours
Fit without M, m, andim

[T__T] Fit without M, and m,

[T Fun Fit

D:D Experimental measyrements

H

_ '%

m; [GeV]

80.3 80.4
My [GeV]

80.5

-
~7 o discrepancy between

CDF value and SM prediction
(excluding it from the fit)

Global p-value: 2.5x10-5
Overall tension in the SM fit: 4.2 o

-

J




Oblique STU Electroweak fit

e New physics contributing only to gauge boson self-energies. Typically referred as
“oblique” corrections (S, 7, U)
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. .. - D
Explained by positive S,T (U=0) 0.5 -
— : Or large U
0.5 L_Jal ” = with §;T compatible with 0}
- M (GeV] y =~ E il *
- [l asymmetries .
- Wl (Gey—— P o[ HE
B / . I ~051
u i -0.5 0 0.5
0 : I -
| | O_ D
: o5 EEn
U=O E o [ | I 0
_05 . : -0.5 0 0.5 B
PRI .
-0.5 0 0.5 . I
S " 051
r _ : N\ 05 0 05
Result Correlation Result Correlation S
(ICsT/ICsm = 25.0/80.2) (ICsTu/ICsm = 25.3/80.2)
o , S10.100 £ 0.073]1.00 0.005 + 0.096] 1.00
(IC = —2log L + 4010gg) T10.202 & 0.056(0.93  1.00{0.040 + 0.120| 0.91  1.00
U _ _ —10.134 4 0.087| —0.65 —0.88 1.00




Oblique STU Electroweak fit

e New physics contributing only to gauge boson self-energies. Typically referred as
“oblique” corrections (S, 7, U)

This would only explain the average value of the W value,
combining all measurements

But not the ~4 o tension between the different measurements,
which needs to be understood
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The SMEFT global fit
e Example: CP-even + U(3)> flavor symmetric fit (Ignoring CDF W mass)

> Fit to EWPO+diBoson+Higgs+Top — Closed fit with 32 operators (VWarsaw)

1.0:- 68% prob. igterval EWPO operators O CRGE A1 TeV)

I Global -|U(3)°

o5p -

0.0 = 3

CilN*[TeVE
@
@
®
@+
——i
L ®
——
]
——i
@+
®
-

3 e
[ | In general, if NP enters in EWPO — NP interaction scale > | TeV ArgP
Ce Cw Cw Cm Ca €G] _Cy Cm O c Cm
10F T 3
68% prob. interval ]
W Global - U(3)° (RGE A=1 TGV) !
. .,
3
< l
Se—e—eo—0 o 5 ¢ $—o ¢ ¢ . 2 $
| ® .
N Preliminary |
Ci W Ce Cly CH Cuw cf) ¢ c® ¢ ¢ Cu Ca Ce Cu Ca Co
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At Future Colliders
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EW precision at future ete- colliders

e Future collider projects: The Intensity/Energy frontier

Energy Frontier

Direct Production
of new particles

Accuracy/Intensity Frontier
Indirect sensitivity to new physics
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EW precision at future ete- colliders

Nz L [ab-1]

Mz 2Mw 250 350 500 1
GeV GeV GeV TeV
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EW precision at future ete- colliders

Runs of major relevance for
EW precision measurements

--------------------------------------------------------------------------------------------------

Intensity

= N
——

10

----------------------------------------------------------------------------------------

350 500 1 1.5
GeV GeV TeV TeV
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EW precision at future ete- colliders

® More than Higgs factories: Future e*e- colliders will also help us improve
our knowledge of the EWV interactions:

~10° , , RN , , S
® |Improved Z pole run: ‘@ Z
> LEP/SLC:~107 Z = O(0.1-1%) o'ehadrons
> FCCee/CEPC: 1012 Z _
> ILC (GigaZ): 10° Z (with polarization) Lo
r Z-pole EWPO: \ EEFMN S_iC e
| Mz, Tz, Opagr sin®Ogr, PP Agy Appy Ry | e s e

Centre-of-mass energy (GeV)

e /-pole measurements are also possible during the Higgs factory phase
(\/s ~250 GeV) via radiative return to the Z resonance

ete™ = ~vZ

ILC 250 with 2 ab-1: 77 (12) million hadronic (leptonic) Zs
5 (100) times more statistics than LEP (SLC)!

K. Fuji et al. , arXiv: 1908.11299 [hep-ex]
T. Mizuno, K. Fuji, ). Tian, arXiv: 2203.07944 [hep-ph]
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EW precision at future ete- colliders

® More than Higgs factories: Future e*e- colliders will also help us improve
our knowledge of the EWV interactions:

v WW production at 16| GeV and above:W mass and width, BRs,aTGCs, ...

ot et i

ete = WHIW-

AMy : 12 MeV —< 1 MeV

v 350/365 GeV: Clean production of top pairs around threshold
— Multipoint scan ~350 GeV to determine m

[ T I T T T T I T T T T _]
— tt threshold - 1S mass 174.0 GeV —

Q
er t £2:0.8
S - — TOPPIK NNLO + ILC350 LS + ISR
B | I simulated data: 10 fo"V/point |
8 06 - top mass = 200 MeV =
+po- —) @ s :
ere [ 2
o

Q)
|
o
N

Am;: ~ 400 MeV —~ 20 MeV

0.2

Il | Il
350

Il | Il Il
355

\'s [GeV]

— 365 GeV: Top interactions
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ILC-GigaZ

FCC-ece?Ps

CEPC

EW precision at future ete- colliders: Experiment

CLIC380

3.8 (1.2)
0.25 (0.3)
0.004 (0.1)

17.8"
0.35 (0.3)
0.005 (0.1)

2.5 (2)
1.2 (0.3)
0.004 (0.025)

5.9
1.8 (0.9)
0.005 (0.025)

3.0 (1.8)
1.2 (6.9)

0.004 (0.3)
0.003 (0.05)
0.003 (0.1)
0.0014 (< 0.3)
0.015 (1.5)

Improvement ranges from 1 to 2 orders of magnitude for the
most relevant observables of the EW fit

Snowmass 2021
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AFZ .

AMW .

A sin? 0% (x108) :
AAYL(%x10%) :

Example: FCCee (4 IPs)

2300 KeV — 25 KeV  (4(stat) @ 25(sys))
15 MeV — 0.5 MeV (0.25(stat) @ 0.3(sys))
160 — 3 (2(stat) @ 2.4(sys))
16 — 1-3 (0.02(stat) @ 1-3(sys))

Tera Z: Typically Stats < Sys

Improvement ranges from 1 to 2 orders of magnitude for the

most relevant observables of the EW fit
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EW precision at future ete- colliders: Experiment

e Consistency tests of the EW sector: HL-LHC vs. Giga Z vs.Tera Z

180} 68% and 95% prob. regions

| <> HL-LHC
| @ HL+ILC,5

| O HL+ILC250 (N0 Thyyy)
Exp. projections

180

m¢ [GeV]

175F

170F

68% and 95% prob. regions

| <O HL-LHC

| @D HL+ILC2s50,Gigaz

| O HL+ILC350,Gigaz (N0 Thyntr)
Exp. projections

165L,

175}
> .
[
S,
3
170
HEP[T
Higgs@FC WG
! Scptember 2018
16O
80.32 80.34 80.36 80.38 80.40
My [GeV]
180} 68% and 95% prob. regions
| @ HL-LHC
i @ HL+FCC-ee
| < HL+FCC-ee (no Thyny) Leett
Exp. projections °
175f
S
() f
2 r .............................................
3
170} el
HEP[T
Higgs@FC WG
L September 2019
165 .

80.32 80.34

80.38

Present and Future of Electroweak Precision Tests

80.40

September 17, 2024

-+ Gige HEP[T
L Higgs@FC WG
September 2019

80.32 80.34 80.36 80.38 80.40

My [GeV]

JB et al., JHEP 01 (2020) 139



Theory Challenges at the precision frontier

e Proper interpretation of precision measurements require precision theory

> The goal of improved precision measurements is to learn about new physics
= We need to distinguish between new physics (signal) and SM (background)

® We need to have very good control of the background so its uncertainties do
not affect the new physics interpretation

experimental accuracy intrinsic th. unc. parametric unc.

current ILC JFCC-ee ||current] prospect |prospect |source
AMz[MeV] 2.1 —
ATl z[MeV] 2.3 1 0.4 0.15 : Qs
Asin? 054[107°]| 23 1.3 4.5 1.5 AN
ARL[1077] 66 14 11 5 Qs
AR, [1077] 25 3 6 1.5 . Qs

A. Freitas et al., arXiv: 1906.05379 [hep-ph]

® Theory challenges: Future projections assume full EW & QCD-EW 3-loop +
leading 4 loop (Y: enhanced) are computed by the time of future ete-

v Enough only to lower theory uncertainty to the experimental level
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Theory Challenges at the precision frontier

® Precision Experiment vs. Theory: Impact of SM theory uncertainties

0.04 Y ¥ T T T T | T T T | T T T | T T " 1 n L
| 2-oregion (no Thyy) JB et al., JHEP 01 (2020) 139
| @ HL+CLIC330,6igaz
| @D HL+ILCy50,Gigaz TN

0.02k < HL+CEPC Bes : _
7| @ HL+FcC,, ot /
Including Thy,¢
. ," HL+CL|C380,GigaZ
» 0.00F HL+ILC 50 Gigaz -
HL+CEPC
= -~ HL+FCC,
B 7
-0.02} | T :
_ \i--——F HEP[T:
Higgs@FC WG
L September 2019 o
_0-04 ", 2 2 2 2 2 2 2 2 2 2 2 2 2 z 2 2 2 z 2 g
-0.04 -0.02 0.00 0.02 0.04
T

e Even accounting for future progress, SM theory uncertainties will have an impact
on BSM interpretation of EWPO

® Parametric uncertainties expected to have similar effect (0em — A;— S par.)
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Global SMEFT constraints at Future Colliders
e Example: SMEFT at HL-LHC vs FCCee: Sensitivity improvement

Vff couplings

Vff couplings

Modifications of SM interactions
precision reach on effective couplings from SMEFT global fit

B HL-LHC S2 + LEP/SLD l CEPC Z,00/WWg/240GeV, [l CLIC 380GeV; Il MuC 3TeV I w/FCC-ee
(combined in all lepton collider scenarios) | [ll CEPC +360GeV B ILC +350GeV,,+500GeV, | M CLIC +1.5TeV, 5 Bl MuC 10TeV 4
Free H Width BIC+1TeV,  “wGiga-z | MCLIC +3TeVs B MuC 125GeV, ,+10TeV 1
no H exotic decav V4 1Ps subscripts denote luminosity in ab™'. Z & WW denote Z-pole & WW threshold -
2 a2
10 . : 10 <
- - =R
1073 = —1073 3
= = C
: . . j=i
1074 = -10* 3
= 3 7
107° : ee ee ev uu o, T T : 107°
6971 097 R elyy 69z, 697 &g 697 697 o9
101 5 imposed U(2) in 1&2 gen quarks| 210_1 <
E ] =R
2 102 Q
10 = . 10 8
n ] j=i
-3 -3 5
109 1107 3
B ] n
107 L L 107
dd dd b
69z, 097 R 697, 097 R 69 gz,
i M _9%cenl” = 197eenl”
Effective Mz ( _|_ ‘g ) A gZee L gZee R
. Z—ete™ — ) Zee Rl ) e .
EW couplings 6sin” 0,, cos? b, - 9L + 195k R

Snowmass 2021: JB et al., arXiv: 2206.08326
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Global SMEFT constraints at Future Colliders

Any future e*e- factory can solve the puzzles of the current EWV fit

Forward-Backward Asymmetry Future ete- improves LEP/SLD EW
Bottom quark precision typically by a factor ~10

Tera Z/Giga Z/Rad. returnzso: Enough to
clarify current tensions in EW fit: AggP

Future 7
ete
~

107"

LN
<
N

1072

LEP/SLD

— —
S 39
N w

1073

%
o
=
a
2
Q
O
=
>

LEP/SLD

1074

—
<
(@)

og gt,)R

0.02

0.04  0.06 But in general clear advantage for Tera Z:
0 gE Sensitivity to 0(0.01%) BSM effects in several couplings
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Global SMEFT constraints at Future Colliders

Future e*e- EW measurements: What can we learn with this precision?

Strong constraints on new particles even if these do not correct EWPO at LO

B Universal couplings M Third-gen. only M Flavourless couplings : A £<p—SM — Acp (901- ¢) ( ¢T ¢)

[ tree-level | one-loop (LL RGE) 1 one-loop
|

:matching E _Acpf (ye(’OTéRlL _l_ yd(PTd_RqL —|— yuQOTio'zq"II;UR) —|— h.C.

None of these contribute at | . 2
tree level to EWPO | _

. . | J | 95% prob. region
- Constraints via loop effects - . [ @ Global —
| .-~ Fut. Higgs

3 / \ : L _—~ Fut. EWPO

= El Eg*) S Sl 82 C H1 H7 T 2 d w1 Ql Wa QQ Wy Q4 @1 @3

N I tributing to d6 SMEFT at t level . Agf .
ew scalars confributing fo atfreefeve Complementarity between EWPO & Higgs

L. Allwicher, M. McCullough, S. Renner, arXiv:2408.03992 [hep-ph] . JB, PRELIMINARY
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Electroweak Precision Test at High-E Future Colliders

e Continuing with the interpretation within the EFT, the sensitivity to BSM effects
benefits not only from experimental precision but also from access to high-E:

g E-const effects Sensitivity benefits from: A
AO ‘ o v Accuracy
[O;] =d O lce A? (L, low sys., low TH. unc.)
E-growing effects
AO ‘ -~ E? Accuracy and High Energy
O lcg A2
\. J

o : HL- — '
ExamPIe- HL LHC 2 2 fermlon PFOCGSSES G. Panico, L. Ricci, A. Wulzer, JHEP 07 (2021) 086

8 —m T A P s s s e rq T T T T Vi ST T T T T T T T T T
1 =N -~ Y p)
s

I | Dol TR 1 750K i
j 1 ™l B HL-LHC Fully Diff. |
6+ i Lol \ U Nk
2 Y4 : i { b\ _ . 0.2¢ Bl HL-LHC Single Diff. 4
al 0 S '> § 2, EWPT
* i | -1 0 1 (b
| il =
>" 2 [ - Charged E i HL-LHC z
—_ [ % — Neutral i/"\i 95% CL ~ 0.1
wl ¢3 — H ! b -
o mm Combined ;’ 'i. §
2 | Solid: E N E
& ~Y E— —21 Fully differential : i
| Dashed: | | 0. S — ' ' :
In NC and CC DY _4f Single differential i E | —0.3 —0.2 —0.1 0. 0.1
6 4 2 0 2 4 gy /M [TeV™]

Minimal Z’ models
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Electroweak Precision Test at High-E Future Colliders

e WWithin the context of Future Lepton Colliders, this is of special relevance for

high-energy (multi-TeV) muon colliders
S. Chen et al., JHEP 05 (2022) 180

4 )
W & Y parameters in 2—2 fermion processes | /HLLHCxOO1
Oopy = (DMW’LW’G)Q JZ,MJIQJ,/L Jza,u _ %Zf ffy,uo-af +
— i i B i L 95%CL
O2p = (0,B")° Fydvu Ty =2 Vi 4 :
- '.
Induce 4-fermion operators: )
Contribution to cross section for ~ % SNy
-1 —-0.5 0 O‘E:l 1
\- W x 10° Y
; ; N
s Vector bosons and Higgs production o
(Zh, WW Wh, WZ) 10} 95% CL |
30TeV |
! | ll10 Tev
ig FEN 92 PR - % :ZlesoTev N
Ow = —(H'o" D, H) D" W, T (D0 H)(Liyo* L) +... LR
ig/ peg » - , =,
Op = T(HT D“H)a B'wj _gz(H”ﬁuH)(LLV“LL) —%(HU%LH)(Z_RW“ZR) +... (% —5F  mm Tree level
Induce VHff operators: 2 T j
Contribution to cross section ~ = T T
L Cp[107* TeV 2] y
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Summary

e EW precision tests have been traditionally a powerful tool to validate the SM
description of electroweak interactions and constrain new physics

e Current precision established the need for precision calculations, testing the
SM to the level of quantum corrections (2-loops)

®* While the SM global EVV fit is “dominated” by measurements at previous

lepton colliders (LEP/SLD), it also receives important information from hadron
colliders (Tevatron, LHC):

v Some input parameters can only be measured there (Top and Higgs masses)
v In some cases better precision: W mass

v Plus some measurements of the neutral current are starting to compete
with the LEP/SLC precision

e (If we ignore Mw from CDF) No statistically significant deviation in the SM EW
fit, though interesting tensions still present (Arsb)

v Strong constraints on new physics affecting the EVV sector!!!
(Sensitivity to new physics ~few TeV, depending on new physics couplings)
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Summary

e Future ete colliders like any of the proposed Higgs factories would be capable
of significantly improving our knowledge of the EVV sector

v Different ways of improving the precision of EWPQO:
> Run at Z-pole (Tera Z/Giga 7))
> Measurements at Higgs factory run (250 GeV) via radiative return to Z

v Higgs factory runs (250 and 350 GeV) — Improvement in W and Top-quark
mass precision

e Typically, one order of magnitude improvement in sensitivity to new physics...

e ...But requires a substantial improvement in SM theory calculations to match
the expected experimental precision of EWPO

v Challenging but needed so SM theory is not a bottleneck for new physics
Interpretations

e High Energy Future Colliders (e.g. Muon colliders) also benefit of the high-E
reach to provide other interesting EVWW measurements beyond EWPO, and
strong BSM sensitivity without relying crucially on EXP precision
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Electroweak precision observables at the HL-LHC

, CMS Phase-2 Simulation Preliminary 14Tev
5107 £ ' T T T T ' L R 3 10 ATLAS /s = 8 TeV ATLAS /s = 14 TeV  ATLAS /s = 14 TeV
i L] 20 3000 3000
D 55 i S i S S A S A PDF set MMHT14 CT14 PDF4LHCI5,; 1mo
.o | sin® 5P [x107°] 23140 23153 23153
= Stat. +21 +4 +4
- = TEmseT PDFs + 24 +16 +13
_____________________ Experimental Syst. £+ 9 +38 +6
CMS 13 TeV stat Te- o T~ T Other Syst. +13 - -
10 ® T~ — 10 Total + 36 +18 +15
- mu+mu (eta<2.4) .
— e (eta<2.5) + e (eta<4.36) ‘o —
B l < 2.4 ml < 2.8 e ]
- - [SN - " .
- —e— Statistical —o— Statistical . Final precision at the LEP/SLD level
| —o— NNPDF3.0 nominal —6— NNPDF3.0 nominal _ . .
—e— NNPDF3.0 constrained —6— NNPDF3.0 constrained (Dependlng agaln on PDFS)
1 I 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 L I L 1
10 102 103 _1
L Ling (f07) Snowmass 2021: ATLAS-PHYS-PUB-2022-018/CMS PAS FTR-22-001

o Effective weak mixing angle at HL-LHC

é )
= 20 ]
® w mass at HL'LHC g - ATLAS |Simula’[ion Fl’reliminary| — AT]_,IAS 2024 -
= 185_‘E=14Tev’<“|>=2 [l stat. © PDF 200 pb"
ATLAS 2024 (CT18): mw = 80366.5 + 9.8 (stat.) = 12.5 (syst.) MeV § O muiommr&pn i<t Ellse oPoF 11
14 [ PoF =
C mmm ATLAS 2024 7
Unc. [MeV ] | Total ~Stat. Syst. (PDF \Ai Backe. EW ¢ u wr Lumi Ty PS 1213 CT18 E
Pt 162 1.1 18) 49 |35 17 56 59 54 09 11 01 15 10F E
mr 244 114 216 117 |47 41 49 67 60 114 25 02 70 8 =
Combined | 159 98 125\ 57 )37 20 54 60 54 23 13 01 23 6F =
4 -
HLLHC will benefit from improved lepton acceptance o =
Final precision will largely depend on PDFs and amount of data ok ]
CT10 CT14 MMHT2014 HL-LHC LHeC
. .
( )

CMS 2024:  sinf6%, = 0.23157 £ 0.00010 (stat) £ 0.00015 (exp) = 0.00009 (theo)(== 0.00027 (PD@

Present and Future of Electroweak Precision Tests

September 17, 2024



Electroweak precision observables at the HL-LHC

e EWPO at HL-LHC: Impact on EWPO fit

-

\-

arXiv: 1902.04070

SM EW fit %I 190 | 68% and 95% prob. contours% ﬁ E'% | 68% and 95% prob. contours ﬁ |
(O] | [TJ HL-LHC projections NGCD 0.233 ,_[]:[] HL-LHC projections |
: b @ [, s,
Including expected HLLHC S | [T Full Fit (HL-LHC) 0.2305 [T P (o Ve
improvements on: 180 - i [T Full Fit (HL-LHO)
-W mass I -
- Effectiveange | 20 Tr
- Top Quark mass CEELL e NG
170 I 0.2315 =
Only small effect compared to Fetdemeaones T
2016 SM EW fit : 0.231 j iMW=80.37910,007GeV
PRI SR N R N N N I R R T o e e
80.3 80.35 80.4 80.45 80.25 80.3 80.35 80.4
arXiv: 1902.04070 Mw [GeV] Mw [GeV]
\_ _J
( _ )
Oblique parameters STU 04 Al
L B Mw )
" [ Asymmetries 7
Result Correlation Matrix Precision at HL-LHC 0.2 -1
S 0.04 +£0.10 1.00 0.09 i
T 0.08 £0.12 0.90 1.00 0.12 0
U 0.00£0.09 -0.62 —-0.84 1.00 0.08
S 0.04 £+ 0.08 1.00 0.06
T 0.084+0.06 0.90  1.00 0.05 -02
(U =0)
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