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Outline

 [he Standard Model of Particle Physics

* The global electroweak fit : where do we stand ?
* Mw, SIN20w, Mtop

o Ols

 Going beyond the SM with EFT
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* electromagnetic force —
photon y

= 1 Y . weak interaction — Z, W+
-|-L-yﬂ iau_gzt_%_gIEBu>L ://Vvea INnteraction , ,

+ RyH id, — g" ZB#) R * strong interaction — 3

2 gluons
1 Y 2 Higgs b :
0 —a=1-W. — g — » Higgs boson — confers
" (la" 92" =9 ZB“)¢ mass to the other particles

—V(¢) — (GiLpR + G,Lp R + h.c.) , discovered in 2012 by

3 o1 ATLAS and CMS
—9g(qy*Taq)G — ZGpra

e —> See Anne-Catherine’s talk
and Higgs session

e (Gravitational interaction —
not described by the SM
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The Standard Model (SM)

* electromagna’ \force —
photon q

d\\g\\% on—Z, W+,

.ong interaction — 8
gluons

* Higgs boson — confers
mass to the other particles

, discovered in 2012 by
ATLAS and CMS

e —> See Anne-Catherine’s talk
and Higgs session

e (Gravitational interaction —
not described by the SM
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=
Looking for deviations to the SM via the Global electroweak fits
2 Tt ree
* Electroweak theory (true at all orders, need to Mw = V2GS0 Oy pree

remove (‘tree’)) (1)
e Also, one has (2)

« After solving the 2nd order equation in mw?2 one
gets (3)

 Where radiative corrections to the W boson
propagator (dominated by top and Higgs
contributions) can be expressed as :

cos? Oy

Ar = Ao — Ap 4+ Arpes,

sin2 GW

e Top quark mass dependence

dominated by :
2
167

G. Burgers and F. Jegerlehner

. 10.5170/CERN-1989-008-V-1.55
 Higgs boson mass dependence

dominated by : Relationship between W mass,

top mass and Higgs mass (and
EW parameters) !
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The global EW fit .

* |dea of electroweak fits

* Measure many different observables in experiments

e (Calculate the relations between all observables in
the Standard Model

* Probe the consistency of the SM by predicting
observables

A (LEP)
_ A (SLD)
* |nput for the gobal electroweak fit mostly from sin?6°"(Q_)
eff ‘g’ | !
c 2 _‘Iept
 LEP: Z boson observables (e.g. sin26w) Sin‘Oy (Tev+LHC) |

* Tevatron: W boson, top quark mass
* LHC: Higgs boson, W boson, top quark mass

* When not including the latest CDFIl mW measurement,
overall good consistency between indirect
determination (i.e. physics parameter left free) and the
direct measurements

* p-value : 0.34


https://arxiv.org/abs/2211.07665
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The global EW fit

Test the consistency of the Standard Model arXiv:2211. 07665
* e.9. predict mw, provided all other input B T Eovnvenifememens
measurements New CMS m,, TOP-20-008
. . SMfit w/o M, and M, measurements
needs 6 MeV precision on my to compete with '-._ §| - LHC.LER Average
: :' - CDF Il

indirect determination from theory fit (104 relative
uncertainty!)

Electroweak precision measurements also sensitive
to several new physics scenarios

—>Mmw Mmeasurement needs very accurate prediction
for W production and kinematics of decay products :

experimental errors 68% CL

° W p-l— and rapldlty Spectrum M,,: LEP2/Tevatron/LHC

m,: Tevatron/LHC

* polarisation (spin correlations)

* high order EW (NLO) g
Proton PDFs are an essential ingredient for this
It also needs detector calibration at the same level of sM|M, = 125.00 +0.48 GeV
precision! Heiameyr, ol Siadkingr Wi, 3o 16

More on this measurement in Eram’s talk !
[S. Heinemeyer, W. Hollik, G. Weiglein, L. Zeune ’18]
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The weak mixing angle, sin26w

e Weak mixing angle is an SM parameter of
paramount importance

CMS Preliminary 59 fb™ (2018, 13 TeV)

/"1“ o COS 9”' sin 9”" Fit (CT182)
Z/L — sin Ay cos Oy V: '

e The main parameter of electroweak
ve =T, — 2041 + Ax)sin* 6y,

unification

» At leading order, defines the ratio of Gy = T§

the W and Z masses
- 2 2 2
sin ngf = (1 — m,/m2)x’

e and the parity-violating vector coupling
of the Z to the fermions

lyl-m bin

LEP + SLD: Ay 0.23221 + 0.00029

 Radiative corrections in the SM SLo:A, | e 0.23098 = 0.00026

CDF 2 TeV 0.23221 + 0.00046

* Best (preliminary) result of WMA in a Joe ey S S 023095 = 0.00040
hadron collider released by CMS last ATLAS 7 TeV 0.23080  0.00120
Winter LHCb 7+8 TeV 0.23142 = 0.00106
CMS 8 TeV 0.23101 = 0.00053

* Measure sin?6, et through forward- R I 023140 + 0.00008
backward asymmetry (Ars) of leptons e —— 0.23146 = 0.00039

in Z events, in mass and rapidity bins GNSoe 0.23192 + 0.00042
CMS e O 0.23252 + 0.00060

Preliminari

CMS eh O 0.23126 = 0.00046

Preliminary

e See also Qiang’s talk

CMS 13 TeV 0.23157 = 0.00031

Preliminary

0.231 0.232 0.233 0.234

App = 2L Sin“f CMS-SMP-22-010

op+op



https://cds.cern.ch/record/2893842?ln=en
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sin2Bw : low/high energy perspective

* New particles or interactions influence sin26w and its energy dependence

* New generation of experiments will allow to probe these with better precision!

arxiV:1507.00352

IIIIIIIIIIIIIIIIIIIIII

0240 i Qweak (first) Maark z = 15 GeV

~0.0010 < &6' < —0.0003 -
|€d'| > 0.0008 (light color) -

APV(Ra") Moller )

Qweak

"Anticipated sensitivities"

,—1 ; K
Log,, Q [GeV]
(a)


https://arxiv.org/abs/1507.00352
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The top quark mass

Important role in the SM electroweak fit

Also key parameter for vacuum stability

Picture could change radically when top quark mass (and os) are measured in
future colliders at the ttbar production threshold! (e.g. FCC-ee, muon colliders)

0.03 | I I I | I
Now : 50 bands for
I M, =172.6 + 0.5 GeV (red) ]
002+ @3(My) = 0.1179 + 0.0009 (blue) -
’:0 ~ M, = 125.10 + 0.17 GeV (green)
z -
=y
=
o 0.01 I~
(&]
W
80 [
.20 i
T 0.00
2 »
&
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.
_002 I | 1 1 | L ‘\ | e 1 L 1 | L
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RGE scale ug in GeV

Higgs potential shape: VAU IEIEERIMIL S

Potential stability depends on the sign of A(u), quartic coupling

Quartic Higgs coupling A
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arxiV:1707.08124

Absolute stability

0.03 —
002"

001"

I I | I I

Future : 5¢ bands for
M, at + 0.050 GeV (red)
a3(Mz) at + 0.00009 (blue)
My at + 0.020 GeV

0.00!

1010 A ‘ 1015
RGE scale g in GeV

; 1620
arxiVv:2203.1/197


https://arxiv.org/abs/1707.08124
https://arxiv.org/abs/2203.17197
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The top quark mass

Legacy Run1 measurements ATLAS+CMS Preliminary Miep SUMMary, s = 1.96-13 TeV  April 2024
LHCIopWG
Latest combination reaches exquisite LHC comb. (Feb 2024), 748 TeV Liciopwa [1] ol st
P o statistical uncertainty total stat
p = total uncertainty _ m,,,,  total (stat £ syst = recoil) [Ge\.f] L dt
LHC comb. (Feb 2024), 7+8 TeV H*H 172.52 +0.33 (0.14 = 0.30) 50
A _ [ World comb. (Mar 2014), 1.9+7 TeV ++—H 173.34 = 0.76 (0.36 = 0.67)
172.52+-0.33 GeV! ATLAS, l+jets, 7 TeV ——=— 172.33 £ 1.27 (0.75 £ 1.02)
ATLAS, dilepton, 7 TeV =t 173.79 = 1.42 (0.54 = 1.31)
Domin _i n rtainti ATLAS, all jets, 7 TeV ——a——— 1751+ 1.8 (1.4 +1.2)
ated by b Jet uncertainties ATLAS, dilepton, 8 TeV = 172.99 £ 0.84 (0.41£0.74)
ATLAS, all jets, 8 TeV ——— 173.72 £1.15 (0.55 £ 1.02)
More progress being made in the tOpiC ATLAS, l+jets, 8 TeV =+ 172.08 £ 0.91 (0.39 £ 0.82)
ATLAS comb. (Feb 2024) 7+8 TeV I-E-'-H 172.71 + 0.48 (0.25 + 0.41)
ATLAS, leptonic inv. mass, 13 TeV [ | 174.41+ 0.81 (0.39 + 0.66 = 0.25)
Indirect measurements (from Cross- ATLAS, dilepton (*), 13 TeV £ 172,21+ 0.80 (0.20 £ 0.67 + 0.39)
. . : : : : CMS, l+jets, 7 TeV | aman o 173.49 = 1.07 (0.43 £ 0.98)
section) : avoid ambiguity on ‘MC mass CMS, dilepton, 7 TeV —— - — 172516 (0.4%15)
VS po|e mass’ CMS, all jets, 7 TeV 173.49 £ 1.39 (0.69 = 1.21)
CMS, l+jets, 8 TeV 172.35 + 0.51 (0.16 £ 0.48)
CMS, dilepton, 8 TeV 172.22 175 (018 ”‘“}
Improvements on modeling with e.g. CMS, all jets, 8 TeV 172.32 %064 (0.25 = 0.59)
‘bb4l . CMS, single top, 8 TeV 17295 £1.22(0.77 )
4 generator: CMS comb. (Feb 2024), 7+8 TeV 17252 £ 0.42 (0.14 = 0.39)
CMS, all jets, 13 TeV : 172.34 £ 0.73 (0.20 “‘“,
- CMS, dilepton, 13 TeV E 172.33 £ 0.70 (0.14 £ 0.69)
e correct treatment of tt/tW CMS. Ijets, 13 TeV 171772057

interference at NLO CMS, single top, 13 TeV j 17213 2% 0
CMS, boosted, 13 TeV :

o off-shell effects accurate at NLO

* Preliminary

e top decay description at NLO

» exact spin correlations at NLO

 See also Harish’ talk 10
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s

The only QCD free parameter (except for guark masses)

arxiV:2309.12986

-@- Hadron Colliders
ATLAS -@- Category Averages PDG 2022
Preliminary -@- Lattice Average FLAG 2021

e The least precisely known of the SM couplings (~0.8%) g ot erege G 202
« Best results typically obtained with lattice QCD w2 e o 118 001t
e SRt
* Recent measurement has competitive precision using Z 00 bound st o101 20007
differential cross-section measurement ( Z prt) compared to s ol andsaes 011710008
theory accurate at NSLO+N4LL 0,184 £ 0.0008

World average 0.1179 £ 0.0009
ATLAS Z P, 8 TeV

e Running is typically tested using highly
energetic jets at LHC arxiV: 2404.16082

Azimuthal correlations among jets s OMSR,7TeV:EPJC732604 (2019

CMS 3-Jet mass 7TeV : EPJC 15:186 (2015)
CMS incl. jets 7 TeV : EPJC 15:288 (2015)
. . . * CMS incl. jets 8 TeV : JHEP 03:156 (2017)
e Energy correlators inside jets \ «  ATLASTEECSTeV : EPJC 77:872(2017)
. P8 ¢ ATLAS R,, 8 TeV : PRD 98:092004 (2018)
) CMS R,, 13 TeV
PDG 2023: og(m,) = 0.1180+0.0009

« Jet cross-sections and their ratios (e.g.
3-jet to 2-jet cross-section ratio)

e —> Simultaneous determination of PDFs

DO : Phys. ReV. D 80:111107 (2009)

DO : PLB 718:56 (2012)
H1 : EPJC 75:65 (2015)

» Different beta function in BSM physics, | o ZEUS Nuk Prys. B 561 2012
affect the running!


https://arxiv.org/abs/2309.12986
https://arxiv.org/abs/2404.16082
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Going beyond the SM : SM EFT

Courtesy of M. Owen

arxiv:2402.05742

ATLAS
V/s=13 TeV, 139 fb~', my, = 125.09 GeV SMEFT A=1TeV
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 New physics could be at such a high v
energy scale that we cannot see the new « Example : Combined Higgs fit
resonances at the LHC, but still impact
Observables at |O\Ner energ|es —> i p—Va|Ue Of Compatlbl|lty between data and SM IS
Parametrise with operators of dimension n, SR8

Wilson coetticients and energy scale of NP 12 * See also Anne-Catherine’s and Tevong's talks



https://arxiv.org/abs/2402.05742
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d|m6 d|m8

Lsmerr = Lsm + Z ¥ ———Qfm 4 Z e ———Q™ 4

» Effect of operators typically growing with (E/A\)" —> measure in energy tails —> cf Dario’s talk!

 Anomalous triple gauge couplings (aTGCs): Dibosons (WW, WZ, Wy) and VBF production
(Zjj, Wij)

* Neutral triple gauge couplings (nTGCs): ZZ and Zy

e Anomalous quartic gauge couplings (aQGCs): Triboson, VBS production of boson pairs,
exclusive WW

* VBS: provides a direct probe of the triple and quartic gauge boson couplings.

e Scattering amplitude is expected to increase with centre of mass energy. Violation of unitarity
Is avoided thanks to contribution of Higgs exchanges in the s- and t-channels

* Modification of Higgs coupling to vector bosons will change this - more visible in
longitudinally polarized boson scattering amplitudes

e More on this in Zhen'’s talk! .
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Concluding remarks

e Standard Model: several loopholes, need to hunt for deviations

e Ball is in the camp of experimentalists, but strong theory input is required!

» Precise measurements help tracking these and improve knowledge of QCD/EW physics

i i Status: October 2023
Standard Model Production Cross Section Measurements e e
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