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The more important fundamental laws and facts of Physical Science have all been
discovered and these are now so firmly established that the possibility of their ever
being supplanted in consequence of new discoveries is exceedingly remote...

Our future discoveries must be looked for in the sixth place of decimals.
A Michelson (1894)



BPAO KPATKA UCTOPUJA EKCITTEPUMEHTA ATAAC
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1984  Workshop on a Large Hadron Collider in the LEP tunnel, Lausanne, Switzerland.

1987  Workshop on the Physics at Future Accelerators, La Thuile, Italy. The Rubbia
“Long-Range Planning Committee” recommends the Large Hadron Collider as
the right choice for CERN'’s future.

1990 LHC Workshop, Aachen, Germany (discussion of physics, technologies and
detector design concepts).

1992  General Meeting on LHC Physics and Detectors, Evian-les-Bains, France (with
four general-purpose experiment Expressions of Interest presented).

1993 Three Letters of Intent evaluated by the CERN peer review committee LHCC.
ATLAS and CMS selected to proceed to a detailed technical proposal.

1994 The LHC accelerator approved for construction, initially in two stages.

1995 LHC Conceptual Design Report.

1996 ATLAS and CMS Technical Proposals approved.

1996  Approval for the construction of the 14 TeV LHC, to be completed in 2005.

1997 Formal approval for ATLAS and CMS to move to construction (materials cost
ceiling of 475 MCHF).

1997  Construction of the experiments commences (after approval of detailed Technical
Design Reports of detector subsystems).

2000  Assembly of experiments commences at CERN. The LEP accelerator is closed
down to make way for the LHC.

2008 LHC experiments ready for pp collisions. LHC starts operation. An incident
stops the LHC operation.

2009 LHC restarts operation, first pp collisions at 900 GeV recorded by the LHC
detectors.

2010 LHC collides protons at high energy (centre of mass energy of 7 TeV).

2012 LHC operates at 8 TeV: announcement of the discovery of a Higgs-like boson.

2015  After a shutdown in 2013-2014 the LHC operates at 13 TeV for Run-2.

2018 : end of Run-2, start to LS2
2021: start of Run-3
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Fig. 3.1. First ATLAS Collaboration Week meeting outside CERN in Dubna, June 2000.
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CPBUJA N ATAAC 4

® MO je ayro umao koHTakte ca ATAAC korabopauujoMm, NpekmaaHe TOKOM nepuoaa Hajpehux
Kpu3a y Haloj 3eM/iU.

@Y jyHy 2001. LUEPH je noTnucao onwtn cnopasym o capaawu ca Cpbujom.

@ Y jaHyapy 2003. lNpoTokoA o xapaBepckom ponpuHocy ATAAC ekcnepumeHTy, NOTMMCAH je
oA ctpaHe LIEPH-a, ATAAC-a u MuHucTapctea Hayke Cpbuije.

® Tume je UMD noctao yaaH ATAAC koaabopauuje.

@ Haw aonpuHoc petektopy ATAAC cy YUMHMAM 3alUTUTHU AUCKOBU U NMPEAHM HOCAYU
anckoBa. OBU AeA0BM Yy UMaAn OCHOBHY BpeaHocT oA 300 kCHFE

® Y $ebpyapy 2003. UD Tnm Ha veay ca AparaHom [Nonoeuhem nmao je 6 pusmyapa ca
AOKTOPATOM U 3 cTyAeHTa. Y To BpeMe HeKU YAaHOBM TUMa cy Beh 6uan aktueHn ATAAC-y

® Tokom AparaHoBor pykoBohemwa rpynom (2003-2015.) oabparseHe cy
® 3 AOKTOpCKe AMcepTauMje n 3 Marmctapcka paaa (M HEKOAMKO AMMAOMCKUX PAaAOBA)
@® 3 HaUMOHAaAHa MpojeKTa, (PYKOBOAMAAL, 2)
® N3roxbe, npeaaBarba

® AaHac rpyna 6poju 6 AookTopa Hayka U 2 CTYAEHTa.
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HALLA TPYT1A 2006. ;
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APAI'AH U LLEPH ;
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TEST OF THE ELECTROWEAK THEORY ;

HIGGS BOSON
properties

Electroweak precision Gauge interactions

observables {—} at high energies
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W BOSON AND ITS PROPERTIES
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@ Large steps, slow progress!
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ELECTROWEAK

11

PRECISION OBSERVABLES

® SM is overconstrained: W-boson mass, top quark mass and the Higgs mass
@ mw is the the prime SM consistency test!
@ ... and a probe of BSM physics
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W-BOSON MASS "

@ EWK sector has 3 free parameters (+ Higgs mass) Gr=1.16637 (1) 10->GeV-2
® Three most precise measured values Gr, a, mz o =1/1370359999679
® At LO mw can be expressed as: mz = 91.1876 (21) GeV

® This leads to : 80939 + 3 MeV which is ~370 from the measurement !!!
@ls SM (so) wrong?
® No, it is not because we measure renormalised mass, i.e:

® Mmw receives contributions from radiative corrections
@ incorporates higher-order corrections from the SM and beyond
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QUANTUM CORRECTIONS 'S

® Higher-order corrections, dominantly W and y self-energies
@ Mass depends on m?2,,; and In(mp)

| RN - =

2 2 7 s 2
Ar = Aa— tan’0,Ap = ~0059 — SCeMwiMopy 20 [y Mu 5],
v sV |, o | s

L' o(0) ~ 1/137.. - a(m;) ~ 1/128.9

@ mw depends also on any new particle with weak charge

W W
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HOW TO MEASURE W-BOSON MASS (HAD.COL.) ™

u
u .
d B Py W v
xl’ p + 0 l+
W (Z ) e ——
u (d) E ,t:?fy A W
I - &7 \ RN
: L
d () i
! W Px
| -
l |
® Exploit leptonic channels (e and M) ' ..:f.:,;,
@® Many components needed for my measurement: |
a very complex measurement N
@ Three observables: lepton pt,neutrino pt, transverse mass

mr = /2951 — cos Ag).

N. Vranjes Precision measurements at the LHC
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HOW TO MEASURE W-BOSON MASS (HAD.COL.) *

¢ Mw . S S .
pr = =551 0, pt?= Zsin29 = 2(1 — cos®0) § = (P} +ph)* = sz17>.
do  do dcosf 8§ =miy,
dp%  dcosf dpt
—1/2 2 2 ~
dcosf  4pf 4pk / 5(8) o Grmiy S
- = 1 — \/— (A_ 2)2_ 2 172
dpt. 5 5 2 § My )" — Myl

PhD Thesis of Aleksandra Dimitrievska, (FF, 2017): https://cds.cern.ch/record/2293638/
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STRONG INTERACTION 16

2.0 |l B 1 T T
CT18 at 100 GeV X1,2 = m/Vs exp(ty)
S
15} —gs
Tevatron Vs~ 2TeV pp 0<y<2 x;»~ 10-2— |O-!
o
Z10f ATLAS Vs~ 7TeV pp 0<y<3 xj2 ~ 10-3 — 10-!
%
o LHCb Vs~13TeV pp y~4 x2~ 10-4— 10-!
0.0 Lt =
10° 10* 10° 10 . 10! 02 05 09
Transverse momentum distribution:
u V,

@ Initial state radiation involves large corrections, in part non-
perturbative.W events are only partly measured (neutrino)

@ Adjust model parameters using Z events, which are close to
W’s and can be measured precisely; extrapolate to W
d et production
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ATLAS DETECTOR
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Muon chambers

End-cap semiconductor fracker

@ Inner detector: electrons,
muons (kinematics)

Toroid magnets
Solenoid magnet | Transition radiation fracker

Semiconductor tracker

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic p
end-cap (EMEC)

LAr electromagnetic

barrel N
NP LAr forward (FCal)

@ ECAL, HCAL: electrons,
hadronic recoil

Tile calorimeters

' \ LAr hadronic end-cap and resource s’
forward calorimeters
Pixel detector '

+ Trigger,
computing

software
infrastructure...

Thin-gap chambers (TGC)

LAr eleciromagnetic calorimeters

Cathode strip chambers (CSC)

Barrel toroid

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

@ Muon Systems:
muons (identif.)

N. Vranjes Precision measurements at the LHC

IPB, 27. mart 2025



HOW TO MEASURE W-BOSON MASS (HAD.COL.)
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p7[GeV] mr [GeV]
do m?
Am . m2 — N2 & AT 2
m  (m”—mj)” +mly,/mg,
Decay channel W — ev W — uv
Kinematic distributions pL, mr pL, mr
Charge categories W+, W~ W, W~

|ne| categories [0,0.6], [0.6,1.2], [1.8,2.4] [O,0.8], [0.8,1.4], [1.4,2.0], [2.0,2.4]

® Parameter of interest (W-boson mass) obtained via minimisation X2 minimisation

® Complementarity and gain in sensitivity

® pt1 Vs mT (theory), e vs U (experimental)
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SYSTEMATICS, SYSTEMATICS, SYSTEMATICS !

@ Experimental

® Leptons : electrons (e) and muons (|1)

® Calibration: momentum scale and resolution,
most critical dm/da ~ 800 MeV/%, dm/d3~8 MeV/%

® Reconstruction, identification and trigger efficiency (most relevant vs pr)
® Hadronic recoil calibration: affects ptmiss => mr
® Background : multijet production (poor prediction on rate, but also the shape) + others
® Modeling (Vector boson production and decay)
® Electroweak : QED ISR, QED FSR, pure week and ISF and FSR interference
® QCD:

@ Rapidity and transverse momentum distributions : fixed order predictions and parton
shower. Parton distribution functions (PDFs)

® Angular distributions
@ Plus statistical uncertainty

@ Still not negligible

N. Vranjes Precision measurements at the LHC IPB, 27. mart 2025



LEPTON CALIBRATION (MUONS) 70

® Find which distortion to apply on MC to match data (for instance a scale Q) using template
method

® X2 test performed between data and each of the template distribution which gives a X2 ‘valley’,
fitting parabola (or pol") gives d and da.

® We are fitting invariant mass distribution e.g. J/Y, Y, Z = uu
® A problem: resolution is biasing the scale, cf. backup.

@ As a solution 2D fits are performed (templates produced varying scale and
resolution).

® Get parameters from X2 comparisons of data and references (2D plot on next page).
® No bias in a and additional smearing obtained.
@ In each category, e.g. (N, N;) calculate mass and get @; and [3j;

® Solve system of equations to get scale factor (and residual smearing) for each bin (n, pT, phi,
charge...)

N. Vranjes Precision measurements at the LHC IPB, 27. mart 2025
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LEPTON CALIBRATION (MUONS)
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ultiple scattering :

(a/pt)smear = (q/Pt)ini + Bmurt X g X (A4/pt)ini

B intrinsic (‘curvature’) :

(q/ pt)smear = (q/ pt)ini + ﬁcurv X g’

IPB, 27. mart 2025
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RADIAL BIAS &

® ID kinematics used for the W — v analysis, biased by resolution and position of the ID elements,
magnetic field and material distribution

@ Radial scale along N (deformations along trajectory), intrinsic resolution
® Correction parametrisation :

® a and Bcurv obtained from Z = Ul
® Extrapolation Z to W by fitting vs <I/pt>, uncer = max (pi, piuncertainty)
® Dominated by statistical uncertainty (+ exatrpolayion for [n|>2.0)

:\ 20 _I LI I LU I LU I LU I LI I LI I | I LILELELI I LLELL | LI | LI I_ 5 1 005__ ' ! I | ' ' ! _:
o 1sF- ATLAS muon momentum 3 w VU ATLAS E
- E p scale uncertainty 1.004F \s=7TeV. 4.1 b —
;16_— \E=7T€V,4.1 fb — = , =
7S} - Total 3 1-0035_ =
14 = 1.002F =

= Stat Only . - -

B i : o I E
105 = | ol A —— B i e
8E = 0.999= E

65— _f 0.998F —

= A 0.997F g 0.0<n|<0.8, slope = -0.031+ 0.023 =
0.996F- -®- 0.8<[n|<1.4, slope = -0.043 + 0.033 =

2 UTE 1.4<[n|<2.0, slope = 0.086 + 0.041 -

0 0.995F -¥- 2.0<Mn|<2.4, slope = 0.103 + 0.085 —

I I | I I I -

0.016 0.018 002 0022 0024 0.026 0028
N 1/ <p_(u)> [GeV']
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SAGITTA BIAS

23

® Twists and curls along z-axis : sagitta bias
® Unlike radial scale - charge dependent very important mw+, mw. consistency check
® Correction parametrisation :

data
pdata,cofl' - pT ..........
T 1+q-6(n.9): ps

S ATLAS E
= 0155 (s =7 Tev, 4.1 1" -
“ 0.1 +Y ¢—
Y ]

. Y =
o i e
¢ ]

s -

+
—4&

—¥— Combined

(=)
IIII|IIII|IIII|IIIIIIII|IIII|IIII|IIII

—0.05 * —
—0.1 E/p method E
\o~ R _0.{5E —® Z—uu + global sagitta =
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MUON MOMENTUM CALIBRATION - RESULTS *

20000
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17¢| range [0.0,0.8] (0.8, 1.4] [1.4,2.0] 2.0, 2.4] Combined
Kinematic distribution pL mr pL mr pL mr ph mr pL mr
5mvv [1\»’16\/']
Momentum scale 8.9 9.3 142 156 274 292 111.0 1154 : 84 8.8
Momentum resolution 1.8 2.0 1.9 1.7 1.5 2.2 3.4 3.8 1.0 1.2
Sagitta bias 0.7 0.8 1.7 1.7 3.1 3.1 4.5 4.3 0.6 0.6
Reconstruction and
isolation efficiencies 4.0 3.6 5.1 3.7 4.7 3.5 6.4 5.5 2.7 2.2
Trigger efficiency 5.6 5.0 7.1 50 11.8 0.1 12.1 9.9 i 4.1 3.2
Total 114 114 169 17.0 304 31.0 112.0 116.1 9.8 9.7

N. Vranjes Precision measurements at the LHC IPB, 27. mart 2025



MEASUREMENT CONSISTENCY
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MEASUREMENT CONSISTENCY 7
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S 120 []Background 3 @ = [l Background "~
~ xildof=36/39 3 S 100 woldof = 48/59 3
w 100 —] S - =
T - L 80 —
g E £ -
= 40 E
E 20 E
-0102F_- 'd1_025—..lllll.‘l..llllll
D 4 O AEgisiieieeeeeeeeee g o T LT f B I | T T e p 4 LS
g O s ++-.|=.'l':l.-.+ -!-+-]L++ x4 +}++++++++ bbb ++++++++ # H-# #Jf
S ggg A Ty =+ ; = 8358; TR TR T L T |
T 30 a2 34 36 38 40 42 44 46 48 50 8 60 70 80 90 100 110 120
P [GeV] my [GeV]
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FIRST ATLAS RESULT T

mw = 80371 + 7(stat.) £ 11(exp. syst.) + 14(mod. syst.) MeV
80371 + 19 MeV,

ALEEH] ATLASInternal
DELPHI &
L3 @
OPAL @
CDF =
DO —@—
ATLAS W* @
® Measurement 8
RALAS W = Stat. Uncertainty
ATLAS Wi ll_l Flu"l lJlr]Cle'l-ta.IirTfy 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 | 1 |
80250 80300 80350 80400 80450 80500
m,, [MeV]
my+ —my- = =293+ 12.8 MeV(stat.) + 5.4 MeV(exp. sys.) +£23.9 MeV(mod. sys.)
= =29.3 +27.6 MeV,
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SAME ALLA LITTLE BIT DIFFERENT 28

® Profile likelihood fit

® The present analysis performs a simultaneous optimisation of POl and of huisance
parameters describing systematic uncertainties, through a global profile likelihood fit in
all event categories for a given kinematic distribution.

N M
L(z, 5) = H Poisson (ni, vi(H, 5)) X H Gaus(0;)
i=1 i=1

K M
o~ o (5 3(S) - s;wfm) 30 (0 (87— spom) +
Jj=1 J=1

M
B’porm + Z (Oj > (Biej var Blporm))
Jj=1

® POIl: y (mass, or width of the W-boson)
@ NPS: O (100) for each pT and mT distributions.

@ Systematic uncertainties that yield differences smaller than 0.02% in the normalised
distribution distribution are removed: factor of 2 reducing the number of shape systematic
variations while central values change by less than 0.1 MeV. |% in total uncertainty.

@® PCA used to transform variations in to a set of uncorrelated two-sided uncertainties,
preserving the total uncertainty. This approach is used for the statistical uncertainties of the
electron and muon efficiencies,

N. Vranjes Precision measurements at the LHC IPB, 27. mart 2025



VALIDATION OF THE METHOD

29

| I I I | [ I I | I T
Vs=7TeV, 4.6/4.1fb™", e-/u-channel, single- and multi-p -fits

== PLH, total unc. === x?, total unc.

i, n<0.8, g=—1 80431%] 8042775
1, M|<0.8, g=+1 8030975 8032675,
i, 0.8<m|<1.4, g=—1 80378%;; 80398%;
i, 0.8<m|<1.4, g=+1 s 80341741 8035774
1, 1.4<m|<2.0, g=—1 o 803944 80378'C!
1 4 _ %‘j: —— +44 +50
‘ll, . <m|<20, q—+1 //;;‘ r—— 80463_44 80447,50
A
u, 2.0<m|<2.4, g=—1 g 80334157 8031315
Yoo
i, 2.0<m|<2.4, g=+1 —~ 8031212 80332*/21
A
e, m|<0.6, gq=—1 '—5*4*_“_ 80353, 8036075
e, <0.6, q=+1 '—:-ﬁé* 80300"% 803362
)
e, 0.6<Mn|<1.2, g=—1 . 803067 80323"%
)
e, 0.6<Mn|<1.2, g=+1 ,%zr:' 80375% 80359740
e, 1.8<In|<2.4, q=—1 T, 804077 80417°%
A
e, 1.8<|<2.4, q=+1 'i 803317, 8034579
-------------------- el e e e e e s e
Combination| | h.r‘"l o 80:|357T’1§ 8|037(I3T11§
80200 80400 80600
1%] I L L L L B I
S 140-aTLAS —e— Pseudo-experiments | mW [MeV]
£ oon 5=7TeV,4.6/4.11" — Gaussian fit 1
:& C RMS = 16 MeV
@ 100}~ -
3 - ]
o 80 -
8 - ]
© 60j ]
o C
-g 40:— -
> L
Z 20— ¢ I
0 T 0 2040 50
Am,, [MeV]

@ Improvements
® Electroweak corrections

® Systematic estimated on reco-level instead of
particle-level

@® MJ background

® Re-evaluated both normalisation and shape
calibration (20% increase of the MJ background
in the electron channel)

® Update the shape extrapolation, uncertainty
reduced

® Impact: central value shifted by 2.4 MeV (0.120 of
the published result)

@ Conisistency: mw PLH fitting result: 80357 +16 MeV

and 80388 +24 MeV m.shifted by -16 MeV and +3 MeV
respectively

@ Total uncertainty reduced by about 3 MeV as expected

® Within |sigma
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IMPACT DUE TO NEW PDFS

30

pi fit mr fit
PDF set mwy Ot Oppr  x2/n.d.f. myy Ot OpDF  Xx2/n.df.
CT14 80358.3 *i6) 4.6 543.3/558 | 80401.3 *313  11.6 557.4/558
CT18 80362.0 *162 49  529.7/558 | 80394.9 *:1 117 549.2/558
CT18A 80353.2 1% 48  525.3/558 | 80384.8 *Z5 109 548.4/558
MMHT2014 | 80361.6 *%% 45 539.8/558 | 80399.1 *3% 10.0 561.5/558
MSHT20 80359.0 18 43 550.2/558 | 80391.4 *36 10.0 557.3/558
ATLASpdf21 | 80362.1 *&9 42  526.9/558 | 80405.5 *2}2 13.2 544.9/558
NNPDF3.1 | 80347.5 *32 48 523.1/558 | 80368.9 *31 9.7 556.6/558
NNPDF4.0 | 80343.7 *0 42 539.2/558 | 80363.1 *5,9 7.7 558.8/558
ATLAS | e @ Span a range of about 18 MeV for the pt fits and about

Vs =7TeV, 4.6/4.1 fb™

P?Ef” 42 MeV for the mr fits
- * Dominated by the NNPDF3.1 and NNPDF4.0 fits
* The range spanned by the other sets: 9 MeV for pr

Oppr X 1

e —
- -
= ATLASpdf21
-~ MSHT20 - 3 * T and 21| MeV for mt
~+CT18 — ,
+ CTi8A Oror X2 === ® The new baseline result: CT 18
NP ] * the most conservative uncertainty
Gpor % 3 - * the ATLAS 7 TeV precision W /Z data not included
I | |
~100 ~50 0

Am,, [MeV]
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RESULTS

31

Shift in m, [MeV]

| I I I | T I I | I o ~
ATLAS 0
Vs=7TeV, 4.6/4.1fb™", e-/u-channel, single- and multi-fits - Shift —T ,_‘P O, I — |O — T 1|O —TT
—— p%, total unc. my unc.
o ATLAS
u, ml<0.8, g=—1 80434 ;1 Vs=7TeV, 4.6/4.1fb™", e-/u-channel, combined mr-fit
11, |<0.8, g=+1 80302 40
u, 0.8<n|<1.4, g=—1 80370 *42 CT18 PDFEV T -
_ +40 Muon extrapolation '
1, 0.8<In<1.4, g=+1 80342 % 0o o2.4 —fo— -
H, 1.4<n|<2.0, g=—1 80376 "5 Electron scale - |
1, 1.4<<2.0, q=+1 804784 L2 gain : ,
1, 2.0<n/<2.4, 1 80328 *12 CT18 PDF EV 2 ———
i, 2.0<n|<2.4, g=+1 80360 {7 EW FSR lepton pairs -
e, m|<0.6, g=—1 80342 *48 -
e, m/<0.6, g=+1 80291 +2g MJ backg. e* 1.8<n|<2.4 . .l—|0—|
e, 0.6<n|<1.2, g=—1 80310 %2 CT18 PDF EV 6 |—0—| .
e, 0.6<m|<1.2, g=+1 80379 43 i - .
PDF EV : —————
e, 1.8<m|<2.4, g=—1 80378 25 cTis 3 | . '
e, 1.8<in<2.4, g=+1 80351 *2? AiEV 1 _._._
o /Ay 6] | -
Combination L T |8O?162 16 CT18 PDE EV 29 | | i |
80200 80400 80600 | I_2I 1 1 I_1I 1 1| OI 1 1 1 1I 1 1 I2I |
m,, [MeV] 0
Unc. [MeV ] | Total Stat. Syst. | PDF A; Backg. EW e u ur Lumi Iy PS
p% 16.2 11.1 11.8 | 49 3.5 1.7 56 59 54 09 1.1 01 1.5
mr 244 114 21.6 | 11.7 4.7 4.1 49 6.7 6.0 114 25 02 7.0
Combined 159 98 125 | 5.7 3. 2.0 54 60 54 23 1.3 0.1 23
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RESULTS i

Overview of m, measurements

""""""" oot | ,[: | L B T T | T [ T T T T [ T T T T [ T ]

I 5*552%?%%?‘3%?‘% ATLAS = o m % . ATLAS = m,, =80366.5 + 15.9 MeV ]

W N E =7 TeV, 4.6 fb-1 | (D — = m,=172.52 £ 0.33 GeV ]

N ARRREREEE o SRRt Sk I_gl - . - m, =125.11%0.11 GeV -

Phys.(Rel;J/hLett). 1%'; (5012) 151804 E-. @ mm: E B s 68/95% CL of m,, and m; T

m,, = 80375 + 23 Me : — -

: s 451 —

80.45] .

CDF : . : B .

Science (gg?zozzg) 6589 : v : 101 | |

m,, = 80434 £ 9 MeV : 1 H - —

80.4— —

LHCb 2021 : il = =

JHEP 01 (2022) 036 : - @ - L i _

m,, = 80354 + 32 MeV : ] R = 55 (s .

80.35

ATLAS 2017 : N : B i

Eur. Phys. J. G 78 (2018) 110 @ Measurement - B _

[Jstat. Unc. 80.3 - W 68/95% CL of Electroweak ]

ATLAS 2024 [l Total Unc. : , e I Fit w/o m,, and m, i

Inhvivszwg(r)geu 16 MeV .SM Prediction E- :. - B (Bur. Phys. . © 74 (2014) 3046) i

_________________________ i i | 80 25 [ P R R NN TR T S T NN I R T T TR T A TR ST SN | |
80200 80300 80400 ' 165 170 175 180 185

m,, [MeV] m; [GeV]

mwy = 80366.5 + 9.8 (stat.) + 12.5 (syst.) MeV = 80366.5 + 15.9 MeV

@ Total uncertainty improved by 20% comparing to the previous measurement

@ Increase in statistical uncertainty reflects larger number of parameters determined from the same d
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BONUS: MEASUREMENT OF THEWIDTH .

Overview of I', measurements
_________________________ l [

QFIEE;'; L C 47 (2006) 309 A TLAS - L : -
(s+7TeV,4.61fb" ' f

| l |
ATLAS A Bestfit p=-0.30
Vs=7TeV, 4.6 fb" X SM prediction

r, =2404+173 MeV

OPAL
Eur. Phys. J. C 47 (2006) 309
T, = 1996 + 140 MeV

L3
Eur. Phys. J. C 47 (2006) 309
T, =2180+ 142 MeV

ALEPH : :
Eur. Phys. J. C 47 (2006) 309 : ;. L4 n
T, = 2140 + 108 MeV = =

Combination §
Phys. Rep. 532 (2013) 119 : = 0 = : 2200 —
r, = 2195+ 83 MeV : :

DO

Phys. Rev. Lett. 103 (2009) 231802 :
Ly =202872MeV @ Measurement

CDF []stat. Unc.

Phys. Rev. Lett. 100 (2008) 071801
I, =2032+72MeV .Total Unc

S Sl Rt S 2100 B
| : 80355, 2088
I ATLAS I SM Prediction 5 . ( |

I, = 2202 + 47 MeV

95% CL

i ' | | | | |
1500 2000 2500 80320 80340 80360 80380 80400
T, [MeV] m,, [MeV]

['w = 2202 £32(stat.) £34(syst.) MeV = 2202 +47 MeV
The most accurate measurement of the W-boson width to date!

Within ~2 standard deviations from SM prediction.
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CURRENT EXPERIMENTAL STATUS 4

ATLAS 2024 mw = 80366.5 + 9.8 (stat.) + 8.8 (exp.) % 6.9 (theory) % 5.7 (PDF)
LHCb 2021 mw = 80354 + 23 (stat.) £ 10 (exp.) £ |17 (theory) = 9 (PDF)
CDF 2022 mw = 80433.5 + 6.4 (stat.) 4.5 (exp.) £ 3.5 (theory) * 3.9 (PDF)

CMS 2024 mw = 80360 + 6.0 (stat.) 2.8 (exp) * 3.5 (theory) + 2.8 (PDF)

CMS
| I I l I |
_ my in MeV All experiments (4 d.o.f.)
FI)EPI{%CIroweak fit I 80353 + 6 PDF set mw oppr X° p(X%,n)
LEP1 g’éﬁgé“iﬁ’;&g ABMP16 80392.7£7.5 3.2 29 0.0008%
S S e [ oy mmsozins T 0
DO . . . .0/0
PRL 108 (2012) 151804 | 057> %23 = MMHT2014 80398.04+9.2 58 17 0.2%
CDF | 80433.5 + 9 4 —— MSHT20 80395.1£9.3 5.8 16 0.3%
iﬁgg% (2022) 6589 NNPDF3.1  80403.0+8.7 5.3 23 0.1%
RSS! 2022) 036 80354 + 32 — : NNPDF4.0 80403.1+89 5.3 28  0.001%
ATLAS
arXiv:2403.15085 80366.5+ 15.9 ==
CMS N =
This work 60360.2% 9.9 | arXiv:2 308094 17
| | | | | | | |
80300 80350 80400 80450
my (MeV)
arXiv:2412.13872
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https://arxiv.org/pdf/2412.13872
https://arxiv.org/pdf/2308.09417

MORE PRECISION MEASUREMENTS >

Mess

Direct

Dererminations

Total uncenainty

Statistical uncenainty

LEP and SLD combhination
Phys. Rept 427 (2006) 257
el

&

Q

e

10
¥

0!
AIH
P
P,

A, (SLD)

Ay
A,

20

ATLAS 7 TeV
JHEP 09 (2015) 049
LHCbH 7 and 8 TeV

JHEP 11 (2015) 190
Tevatron combination

PRD 97 (2018) 1 12007
CMS 8TeV

EPIC 78 (2018) 701
ATLAS 8 TeV preliminary

ATLAS-CONF-2018-037
CMS 13 TeV

arXiv:2408 07622
LHCH 13 TeV
LHCB-PAPER-2024-028

Electroweak Fit (). Haller eral) =
EPIC 78 (2018) 675
Electroweak Fit (). de Blas eral)
PRD 106 {2022) 033003 -
| 1 l 1 |
0.229 0.23 0.231 0.232 0.233

ATLAS-CONF-2018-037
CMS PAS SMP-22-010

LHCb-PAPER-2024-028
LHCb-PAPER-2025-008

A'Tl'.AS Ergliming(y _

LEP-1 and SLD: Z-pole I-‘-l ' 0.23152 + 0.00016
LEP-1 and SLD: Ag'; —e—i | 0.23221 + 0.00029
SLD: AI —e—i 0.23098 + 0.00026
Tevatron B — | 0.23148 = 0.00033
LHCb: 7+8 TeV B | 0.23142 + 0.00106
CMS: 8 TeV —e—i 0.23101 = 0.00053
ATLAS: 7 TeV —: ® N 0.23080 + 0.00120
ATLAS: e€ocHIM —e—i 0.23119 + 0.00049
ATLAS: €€cr —0— 0.23166 + 0.00043
ATLAS: 8 TeV —C— 0.23140 = 0.00036
" s 1 N " " " 1 " " " " 1 " "
0.23 0.231 0.232
s 20/
sin“0 4
—— Total uncertainty
Statistical uncertainty
LEP Combination
" Phys. Rept. 427 (2006) 257
g CDF
3 2 Science 376 (2022) 170
Az LHCDb Preliminary
LHCb-PAPER-2025-008
é Electroweak Fit (J. de Blas et al)) ~
g g PRD 106 (2022) 033003
E g | | |

91160 91180

91200 91220
m, [MeV]
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NEXT STEPS

36

® Measure prw: arXiv:2404.06204

@ Measure using hadronic recoil not Etmiss, Ut
@ Method sensitive to additional pile-up (u) hadronic

energy

@ Measure using special dedicated low (uyy ~ 2 runs

Recorded Luminosity [pb "0.1]

@ mw measurement, stat uncertainty ~10 MeV

A m, [MeV]

\s=

N T T T
- ATLAS Simulation Preliminary

- my, from m &p|
- CT10 PDF

h\|<2.4 h\l<4
14 TeV

h‘||<2'4

- Vs=14&27 TeV, 200 pb™, <> =2

27 TeV

B stat. @ POF |
[ stat.
BlroF

lllllllllllllllllllllllll

h\l<4 h\|<4

14827 TeV

® Extended tracker for HL-LHC can improve
sensitivity

600

500

400

300

200

100

IIII|||II|II|||IIII|IIII|IIIIL

ATLAS Online, 13 TeV

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
det=1 46.9 fo !

2015: <u> =134
2016: <u> = 25.1
2017: <u> = 37.8
2018: <> = 36.1
Total: <u> = 33.7

HEEMD

IlII|IIIl|l||||lIlI|IIlIlIIIIT

10

20 30 40 50 60 70
Mean Number of Interactions per Crossing

80

> 30 B T T T T I T T T T I T T T T I T T T T T ]
[0 - ATLAS Simulation Preliminary ]
O b 1s=13TeVZo o
=l - 00 ]
. - 00—0—'(} N
© - o =
201 _00_0-0- :
B o n
B _0_-00 7
15— o ~
- o0 -
L o ]
10 o —
L o _
g T 7
5 _t++ —6— High-u Calorimeter settings ]
- —®— Low-u Calorimeter settings ]
: 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 L I 1 1 1 L :

0 5 10 15 20 25 30
<u>

ATL-PHYS-PUB-2017-021
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SM GLOBAL FITS (CONCEPT) *

expt
OFP* =

If there are n free parameters of the theory, and m computable
and measurable observables, then we have m — n predictions:

01,0, -

which can be computed from the n parameters P;:

ONP, P, ..., P

the problem can be inverted and calculate param. from the obser.

, On

: P; = F;(OF, 05 ..., O=PY)

the remaining observables have the unambiguous predictions (based on other observables):

o = o

n+;j n+J

(A0

2 07" — OP(P))’
Z( (P))

(F} (O FR(OPY) ... E,(O%))

Test the predictions via chi2-minimisation

In the SM:

—

— {mHa mg, g, ¢, .. }

expt A A (5)
O, {seff, mw, Fl, My, G, Aoy /s ..}
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PROSPECTS

39

>

mwy = 80371 +7¢stat.) + 11(exp. syst)) + 14(mod. syst.) MeV
"‘ ‘0 ;‘ 80.46 | T T T T I T I T T I T T 3 i l T T I I T T T T ]
O(I '2) MeV o R 8 — 68% and 95% CL fit contours m, = 1o el fitter|suf 7
R ..o’ = 80.44 |— w/o M, and m measurements —
Run- I +20 I 5+20 I 6’ ”0" ‘.o' E . Present SM fit E
.” Ra¢ 80.42 — [ Prospects for LHC o
negllglble' o ‘0‘. ~ [Hl Prospects for ILC/GlgaZ .
80.4 [ .
O(I10M) of Z’s, long way’ e — L E
.’0 80.38 — precision T
achievable, BT :
’ 80.36 "™ * -
could be negligible - .
Depends on Theory lmprovem’ents. 80.34 [— ~
PDFs and pt¥ (can we directly measure pt¥) 8032 [ =
g x N ] L Lo ]
(electroweak and polarisation expected to 803 pres peos pes s a5
‘shrink’) m, [GeV]
+ CMS, experimental uncertainties uncorrelated
prosses s : LH LH 11, g B S SR aM ot
AMy [MeV] LHC i C C C/Giga C C C SM prediction
) * s [TeV 14 14 0.091 : 0.161  0.161 0.250 | 0.161 -
Vs ['E‘elV] 8 14 14 L[fb 1] 300 3000 100 480 500 | 3000x4 -
£ | B S0 0 TAMy MV |8 5 | - 4143 2399 28 [ <13 | 4200)
PDF 105 3 Asin?6% [107°] | 36 21 1.3 - - - 0.3 3.0(2.6)
QED rad 4 3 2 Table 1-12. Target accuracies for the measurement of My, and sin®6%;; at the LHC, ILC and TLEP,
DT (W) model 2 1 1 also including estimated future theoretical uncertainties due to missing higher-order corrections, and theory
uncertainties of their SM predictions. The uncertainties on the SM predictions are provzded for Am,; =
other systematics | 10 9 3 0.5(0.1) GeV (see Table|1-3 for detaz]s) At present the measured values for My, and sin® 0%y are: My =
fods 80.385 £ 0.015 GeV [112] and sin® 6% = (23153 + 16) x 107° [3] compared to their current SM predictions
}ff Stlatlsmcs 1020 of Section|1.2.1; My = 80.360 = 0. 008 GoV’ and sin 2045 = (23127 £7.3) x 107°.
ota 15 8 i5i

N. Vranjes

Precision measurements at the LHC

IPB,

27. mart 2025



From the
Gfitter
Group,
EPJC 72,
2205
(2012)

Left: full fit
incl. M,

Middle: not

Incl. M,

Right: fit
incl M,

not the row

ELECTROWEAK FITS

Parameter Input value Free Fit Result Fit without Fi.t with.out- exp-
in fit M measurements input in line
My [GeV]° 125.7+04 yes 125.7+04 94.7+23 94.7%25
My [GeV] 80.385 + 0.015 - 80.367 F0 00 80.367 0 00s 80.360 & 0.011
Tw [GeV] 2.085 + 0.042 - 2.091 + 0.001 2.091 + 0.001 2.091 + 0.001
My [GeV] 91.187540.0021  yes | 91.1878+0.0021 | | 91.1878 +0.0021 | | 91.1978 +0.0114
T'z [GeV] 2.4952 + 0.0023 = 2.4954 + 0.0014 | | 2.4954+0.0014 || 2.4950 %+ 0.0017
o . [nb] 41.540 + 0.037 = 41.479+0.014 41.479 4 0.014 41.471 4 0.015
RY 20.767 + 0.025 - 20.740 + 0.017 20.740 + 0.017 20.715 + 0.026
AL 0.0171 £ 0.0010 - 0.01626 X-0003 0.01626 70:000% || 0.01624 + 0.0002
A ™) 0.1499 + 0.0018 - 0.1472 4+ 0.0007 | | 0.1472+ 0.0007 =
sin¥’; (Qrp) 0.2324 £ 0.0012 - 0.23149 *3-00010 0.23149 F0-00032 | | 0.23150 + 0.00009
A, 0.670 £ 0.027 - 0.6679 T 00058 0.6679 1000053 0.6680 %+ 0.00031
Ap 0.923 + 0.020 - 0.93464 * 500005 0.93464 "5 0000s | | 0.93463 + 0.00006
ApS 0.0707 + 0.0035 = 0.0738 £ 0.0004 | | 0.0738+0.0004 || 0.0737 + 0.0004
AYD 0.0992 + 0.0016 = 0.1032 4 0.0005 | | 0.1032+0.0005 || 0.1034 =+ 0.0003
RY 0.1721 + 0.0030 — 10.17223 £ 0.00006 | | 0.17223 + 0.00006{ | 0.17223 + 0.00006
RY 0.21629 + 0.00066  — | 0.21548 4 0.00005 | |0.21548 + 0.00005| | 0.21547 + 0.00005
e [GeV] 1.27 007 yes 1.27 1097 1.27 1997 -
My [GeV] 4201587 yes 4201987 4201547 -
my [GeV] 173.20 + 0.87 yes 173.53 + 0.82 173.53 4+ 0.82 176.11 7252
Aol (M2) (12) 2757 + 10 yes 2755 + 11 2755 + 11 2718149
as(M2) - yes 0.1190 +-002% 0.1190 F-002% 0.1190 + 0.0027
denMw [MeV] [—4, 4]theo yes 4 4 -
Sen sin®l (1) [—4.7,4.7)theo yes —0.6 —0.5 -
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SM TESTS

mm Global EW fit
Bl Indirect determination
- Measurement

= Full EW 2-loop
=3 Z-partial widths at 1-loop

M ”!Im!ml!””lmlllHooﬂmf R L R N L R L
. (Eliter®) 0.0 (0 m, | ! R

M,, -1.4 (-1.: M,
Tw 0.2 (0. r,
M, 0.2 (0. M,
I, 0.0 (0. r,
Ggad -1.5(-1.1 6:ad
RI‘LP -1.0(-1. R::ap
Alg’é -0.8 (-0. A(I}IIB
A (LEP) 0.2 (0. A (LEP)
A,(SLD) -2.0(-21  A(SLD)
sin"0,7(Q_) 0.7 (-0.sin*07'@_)
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Y2 PROTON PDF AND W,Z PRODUCTION 12

@ Main production at LHC : ud— W+ du— W- ; cs— W ~25%; x from 10-3 to 10-1
@ Similar for Wand Z BUT

® The charm quark contribution significant to W production (~ (Vcs+Vcd+c.c.), smaller
for Z production(~ cC) and vice versa for the b-quark content, contributes to Z
production (~ bb), negligible to W production (~ (Vcb +c.c.))

® Strange and charm production ~several times lager then in pp in Tevatron

@ Preliminary : 7-9 MeV uncertainty (including experimental effects)

p— c C
'% 10" =—Pp — W \s=7TeV % 1.6}
O n e c B
= 2 1.4
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e o [
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e D ¥
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CMS

ner-=>»

PDF EFFECTS ON LEPTON PT AND W MT

43

@ PDF uncertainties on Mw are dominated by the valence/sea ratio, and by 2nd generation

@ Transverse momentum distribution uncertainties due to uncertainties in the ptW

@ Contributions from distribution heavy quark PDFs (+non-perturbative parameters)

® Valence/sea PDF uncertainties

@ Determine the rapidity distribution => acceptance effects

@ Valence PDFs polarize the W decay along z-direction

@ Uncertainty~10 MeV, differences between sets 20-30 MeV

arXiv:1501.05587v2 [hep-ph]
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Figure 4: Summary of the PDF uncertainty on my computed with different PDF sets, colliders
and final states. The basic acceptance criteria have been usad in the left plot, while in the nght

plot an additional cut pf < 15 GeV has been applied.
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RAPIDITY DISTRIBUTIONS “

AT R T B
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* ABM12 + o .
g CT14 % ]
O HERAPDF2.0 + _
O JR14 . ﬁ
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Theory/Data
o
O
o1

® Recent ATLAS results on W and Z cross section measurements arXiv:1612.03016

® Integrated and differential measurements with sub-% precision.

® High sensitivity to PDFs; critical to validate the predictions used for the mw analysis.
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PTV R(W/Z) UNCERTAINTY *

~ 1.03

< [ ATLAS Simulation 8 " ATLAS Simulation
B + < —
° 102 V5=7 TeV, pp—> WX, pp—> Z+X 6 1035 (527 TeV, pp—s WEX, pp—s Z+X
- 1.02
101_ i | |
e . 1,01
_ 1 | ' =

]P
RRANRRRRNRRRRNRRn

= | I TN ]
0.99F | 0.99 —
; 985 0.98F
.Jo[~ — Pythia 8 AZ Light quarks—»W,Z — cC—Z - N N
B = . = -~ u_ ---LOPDFW — Total W
. bb—Z —cd,cs—>W Total 0,97: mFC LO PDE W — Total W
0.97IIIIIIIII|IIIIIIIIII'IIIIIIIIIIIII'IIII :llIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIII
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RESOLUTION BIAS ON THE SCALE b
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s = 900
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BACKGROUNDS i

I ® Simulation : Z—22,W— TV, top, dibosons

S ofamas T L
® Multijet (M)) : data-driven, same procedure PRI e Al - o B
for W—evandW— I,IV L%) 10° [  + single top

® Template fits to pt™iss,mt, pr/pr™iss in FRI 133

(no pt™miss and mt cuts) and FR2 (= FRI + e
no ut cut) using MJ templates obtained for 10
several ranges of “anti-isolation” var.

lllIl]Jl| IIIIM llllllll] Illllllll Illlllll| Ilt';

TR S— o — H ______________________ -
® The level of MJ corrected for different S ogs "“++++¢+Hll o
efficiencies in the signal region o 05 115225 S
. T T
® Systematlcs. 1/2 of the Iargest IS 40000;—' ATLAS Internal | | = 300003_' ATLAS Intenal
. > - . > L
difference between the results E 50007 E=7Tev. 461 1 2 oo BTTVATRY
extrapolated to the signal region 7 a0 3z, F :
. S - ¥y——r] 5 - -
® Corrections to the MJ shape gz‘c’mg RPN e S 1B o | e B‘R?’N‘\
. . . = 20000 ) & o me (PR Fit to m; (FR2 4 3 :_ Fit to m; (FR1 Fit to my (FR2 '-:
® Parametrisation of the correction =2 15000;_1 m’,fl,())I Fnto:;L,(FLQ, ENE 10000:_1 "‘T;())I mli()) E
between signal and control region, o N Oy = N 20 ] o N2 Ot = M 20
100000 2 4 6 8 10 0 005 01 015 02 025 03 035 04
extrapolated P [GeV] pieeg!

® Uncertainty dominated by the statistical
uncertainty, propagated to mw

® Normalisation uncertainty correlated,
shapes uncorrelated between e/, W*/W-
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BACKGROUNDS (2) .

—

(&4
ﬁ W — pv

g Category | W—omwv Z—>up Z —717 Top Dibosons Multijet
O Wwroo<|p<08]| 1.04 2.83 0.12  0.16  0.08 0.72
- W*08<|n <14 1.01 4.44 0.11  0.12 0.07 0.57
g Wt 14<|n <20 | 099 6.78 0.11  0.07 0.06 0.51
S W*20<|p <24 | 100 8.50 0.10 004  0.05 0.50
Y W all 7 bins 1.01 5.41 0.11 0.10 0.06 0.58
g ] W all n bins 0.99 4.80 0.10 0.09 0.06 0.51
g W™ all n bins 1.04 6.28 0.14 0.12 0.08 0.68
o) W — ev

%o Category | W st Z—ee Z—717 Top Dibosons Multijet
% W+ 0.0 < |n <06 1.02 3.34 0.13  0.15 0.08 0.59

W+ 0.6 < < 1.2 1.00 3.48 0.12 0.13 0.08 0.76
\] U
0 wris<|p <24 | 0097 3.23 0.11  0.05  0.05 1.74
W all 7 bins 1.00 3.37 0.12 0.12 0.07 1.00
W all n bins 0.98 2.92 0.10 0.11 0.06 0.84

—_— W™ all n bins 1.04 3.98 0.14 0.13 0.08 1.21
> 3

@ Kinematic distribution p m
> ! !
r— Decay channel Woev W puv W — ev W — uv
¢ W-boson charge w* w- wt w- Wt W Wt W
2 omy [MeV]
= W — tv (fraction, shape) 0.2 02 02 02 02 02 02 02
C Z — ee (fraction, shape) 5 5 - — 5 5 — —
Y Z — pp (fraction, shape) — - 20 20 - - 20 20
g Z — 71 (fraction,shape) 05 05 05 05 05 05 05 05
.S WW,WZ, ZZ (fraction) 02 02 02 02 02 02 02 02
S ...Top(fraction) .. .. ...03.03 03 03 03 03 03 03
8 :  Multijet (fraction) 33 41 23 31 82 87 36 47
bo Multijet (shape) 56 73 21 28 8 11.4 25 3.5
g Total 6.6 84 38 47 115 144 49 6.2
o0
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Mw+ - Mw.

49

Channel | my+ — my - | Stat. Muon Elec. Recoil Bckg. QCD EW PDF | Total

(MeV] Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. | Unc.

W — ev —29.7 17.5 0.0 4.9 0.9 5.4 0.5 0.0 24.1 | 30.7

W — uv —28.6 16.3 11.7 0.0 1.1 5.0 0.4 0.0 26.0 | 33.2

Combined —29.2 12.8 3.3 4.1 1.0 4.5 0.4 0.0 23.9 | 28.0

Improvement wrt PDG (£0.6 GeV)

N. Vranjes

Precision measurements at the LHC
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28 CATEGORIES

50

Channel mw Stat. Muon Elec. |Recoil | Bckg. | QCD | EW | PDF|| Total
mr-Fit [MeV] | Unc. Unc. Unc. | Unc. | Unc. | Unc. |Unc. | Unc.}]| Unc.
W+ — uv,|n| < 0.8 80371.3 | 29.2 12.4 0.0 15.2 8.1 9.9 3.4 ) 284| 47.1
W+ — ur,08 < |n| < 1.4 | 80354.1 | 32.1 19.3 0.0 13.0 6.8 9.6 3.4 1 23.3|| 47.6
W+ — uv, 1.4 < |n| < 2.0 | 80426.3 | 30.2 35.1 0.0 14.3 7.2 9.3 3.4 ) 27.2f| 56.9
W+ — uv,2.0 < |n| <2.4 | 80334.6 | 40.9 1124 0.0 14.4 9.0 8.4 3.4 ) 32.8|| 125.5
W= — pv,|n| < 0.8 80375.5 | 30.6 11.6 0.0 13.1 8.5 9.5 3.4 1 30.6f| 48.5
W= — ur,0.8 <|n| < 1.4 | 80417.5 | 364 18.5 0.0 12.2 7.7 9.7 3.4 1 22.2|| 49.7
W= — v, 1.4 <|n| <2.0 | 80379.4 | 35.6 33.9 0.0 10.5 8.1 9.7 3.4 1 23.1 56.9
W= = ur,2.0<|n| <24 | 80334.2 | 524 123.7 0.0 11.6 10.2 9.9 3.4 ) 34.1}| 139.9
W+ —ev, |n| <0.6 80352.9 | 29.4 0.0 19.5 13.1 15.3 9.9 3.4 1 28.5|| 50.8
W+ —er,0.6 <|n| <1.2 | 80381.5 | 30.4 0.0 214 15.1 13.2 9.6 3.4 1 23.5|| 494
W+ —erv,1,8<|n| <24 | 80352.4 | 32.4 0.0 26.6 16.4 32.8 8.4 3.4 ) 27.3|| 62.6
W= —ev,|n| < 0.6 80415.8 | 31.3 0.0 164 11.8 15.5 9.5 3.4 1 31.3|| 52.1
W~ = er,06 <|n| <1.2 | 80297.5 | 33.0 0.0 18.7 11.2 12.8 9.7 3.4 1 23.9|| 49.0
W~ > ev,1.8<|n| <24 | 80423.8 | 42.8 0.0 33.2 12.8 35.1 9.9 3.4 1 28.1 72.3
pT—Fit

W+ — uv,|n| < 0.8 80327.7 | 22.1 12.2 0.0 2.6 5.1 9.0 6.0 | 24.7f| 37.3
W+ — uv,0.8 < |n| < 1.4 | 80357.3 | 25.1 19.1 0.0 2.5 4.7 8.9 6.0 | 20.6f| 39.5
W+ — uv,1.4 < |n| < 2.0 | 80446.9 | 23.9 33.1 0.0 2.5 4.9 8.2 6.0 | 25.2|| 49.3
W+ — ur,2.0 < |n| <24 | 80334.1 | 34.5 110.1 0.0 2.5 6.4 6.7 6.0 | 31.8}| 120.2
W~ — uv,|n| < 0.8 80427.8 | 23.3 11.6 0.0 2.6 5.8 8.1 6.0 | 26.4|| 39.0
W= — ur,0.8 < |n| < 1.4 | 80395.6 | 27.9 18.3 0.0 2.5 5.6 8.0 6.0 | 19.8)| 40.5
W= — v, 1.4 < |n| < 2.0 | 80380.6 | 28.1 35.2 0.0 2.6 5.6 8.0 6.0 | 20.6f| 50.9
W= — ur,2.0<|n| <24 | 80315.2 | 455 116.1 0.0 2.6 7.6 8.3 6.0 | 32.7|| 129.6
W+ —ev,|n| <0.6 80336.5 | 22.2 0.0 20.1 2.5 6.4 9.0 5.3 | 24.5|| 40.7
W+ —er,0.6<|n <12 | 80345.8 | 22.8 0.0 214 2.6 6.7 8.9 5.3 | 20.5|| 394
Wt —er,1,8 <|n| <24 | 80344.7 | 24.0 0.0 30.8 2.6 11.9 6.7 5.3 | 24.1|| 48.2
W= —ev,|n| <0.6 80351.0 | 23.1 0.0 19.8 2.6 7.2 8.1 5.3 | 26.6f| 42.2
W= = er,06 <|n| <1.2 | 80309.8 | 24.9 0.0 19.7 2.7 7.3 8.0 5.3 1 20.9{| 399
W~ —>er,1.8<|n| <24 | 80413.4 | 30.1 0.0 30.7 2.7 11.5 8.3 5.3 | 22.7|| 51.0

Strongly Strongly In| comb. + ~14 MeV
correlated correlated W+/W- comb - ~8 MeV

N. Vranjes
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IMPACT OF MW ON MSSM

51
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https://arxiv.org/abs/1311.1663
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https://arxiv.org/pdf/2412.13872
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PLH VALIDATION

54
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https://arxiv.org/abs/2404.06204

Total uncertainty
Statistical uncertainty

LEP Combination
Phys. Rept. 427 (2006) 257

CDF
Science 376 (2022) 170

Measurements
@
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e o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e M e e e e e e e e e e e e e e e e e e e e

Electroweak Fit (J. de Blas et al))

PRD 106 (2022) 033003

Determinations

Indirect

| I I
91160 91180 91200 91220

m, [MeV]

N. Vranjes Precision measurements at the LHC IPB, 27. mart 2025.



WEAK MIXING ANGLE ¥

® The measurement of sin29W tests this relation: tree level, other EW parameters can be
expressed as

M

302 —
singg Oy =

® We measure effective weak mixing angle (leptonic one) - absorb radiative corrections

® It is proportional to the sin2 O w

® Indirect determination of mw and sin2 gef fW more precise then the experimental

measurement

® This call for a precise direct measurement Il Global EW Tit

@ Stringent test of the self consistency of the SM! & Measurement X fitter[..]°
ANRARRERRRRNRRRRRRRRRRRRRRNRRRRREE
w| e mmem
- 2~ lept '
SIN“Oer (Qpp) o l_ s 5 s
pelvvreberer brrre b berea brraa i

3 2 1 0 1 2 3
(O -0)/ G

indirect tot
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VECTOR BOSON PRODUCTION AND DECAY =

® Powheg+Pythia8 MC for W and Z is reweighted to include HO QCD corrections, EW
corrections, and according to measured distributions

® Agreement to data improved

® Physics corrections to the final state distributions are based on the ansatz of the factorisation
of the cross section

do-(m) )| doe ) W doror, y) (do () SRR <N P
dp]dpz [ j[ j[l:dmd)’ ( & )]]El-&-cos 9)+;A,(pr,y)P.(CosO,¢)D

BW parametrisation Perturbati CD fixed ord
[ P j[ Pythia 8 Parton Shower ] [ erturbative Q xeaor ej

(£ boson running Qgm) predictions (NNLO)

® Ancillary measurement of W and Z production used to validate and constrain the modelling

® W&Z cross section, arXiv: 1606.00689 [hep-ex], arXiv: 1211.6899 [hep-ex]. 1406.3660 [hep-ex] arXiv:
1108.6308 [hep-ex]

® Model applied through event-by-event reweighting | +cos?8+ 3, A’ Pi(cost,d)

W =

| +cos26+3; A; Pi(cosb,d)

@y rwgt based on NNLO —ptW rwgt to Py8 AZ (at given y) — Ai rwgt:
@ Validity of the procedure is tested by comparing Z and W cross sections vs yz and lepton eta

® The agreement between data and predictions yields ¥2/dof=45/34
@ Validity of Ai is tested by comparing prediction with Vs=8 TeV measurement
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PTV,V=ZW .

® Primary approach is to use the well-measured Z pt and extrapolate to W pr :uncertainties are
on possible differences between W and Z : Rw/z (pT)

® The optimal values QCD parameters in Pythia 8 from the ATLAS ptZ 7 TeV measurement

@ intrinsic pt of the colliding partons, as(Mz), ISR infrared cut-off = AZ tune
® W boson pt cannot rely on the fixed-order perturbative QCD - large logs need to be
resummed for low pt region
® Non-perturbative effects: Parton Shower or by analytical resummation

@ Predictions based on several state-of-the-art-programs (DYRES, RESBOS,
Powheg MinLo) predicted harder value of R (wrt data) and are excluded by
comparing u| distribution in W events, and discarded

~ 00811 -y 14— g
2 FATLAS Internal —4— Data 9.& 1 of ATLAS Internal —4— Data E
o 0.075—115 =7 TeV, pp—=Z v Pythia8 4C Tune o:g “E s=7TeV, pp—=W/Z %= Pythia8 AZ Tune-
~ 0.06[ —&— Pythia8 AZ Tun 1.2 =
g - | 7' 1.1 —E
_8 005'F o = ‘ -
: ' 1 -
2 004f -+ : E
o : . 0.9¢ E
0.035 - 0.8E ; =
- -, - -
0.02F - 0.7 4 R
0.01F ——_ = L
= ——_ 3 0.6E E
E L ] L ol | A | i 055 | | - | L L. 7

0 5 10 15 20 25 30 35 40 0 10 20 30 40 50 60 70
p! [GeV] P, [GeV]

N. Vranjes Vertical bars show the total experimental uncertainties.




QCD PREDICTIONS *

o) SR IR SR L LA IS I I I I ILAE I 5 (00—
= ATLAS Internal E = ATLAS Internal
= Vs=7TeV, pp—>Z ] = 6505 = 7 Tev, pp—W*
= 3 ¥ 600
© T ©
] 550
. E >00
. E 450
—— E 400
e —f 350 _g— Data (W) I ——
—4— Data . 300E-—#— Data (W)
20 g== DYNNLO (CT10nnlo) g== DYNNLO (CT10nnlo)
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIlIIlIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIlllllllll
0 02040608 1 12141618 2 22 24 25002040608 1 121471618 2 2204
Iy '
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CATLAS Internal  —— pata ] CATLAS Internal —— pata
1F/s=8TeV,203f" mm pYNNLO (CT10nNI0) — 1s=8TeV,203fb" s pYNNLO (CT10nnIo)
| pp—Z i | pp—Z
0.8 = 0.8
0.6 = 0.6
04 1 o :
02f - 02fF = -
Oﬁl 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 l OM 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1 I
0 20 40 60 80 100 0 20 40 60 80 100
pl [GeV] pl [GeV]

® do/dy and Ai are modelled with fixed-order perturbative QCD predictions at O(Q2s)
® The study is performed using DYNNLO program with CT10nnlo PDF
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PHYSICS MODELLING UNCERTAINTIES o

W-boson charge W W= éCombined
Kinematic distribution pf} m pf} mr pf} mo
5mvv [1\/’[6\/]
Fixed-order PDF uncertainty 13.1 149 12.0 142 80 8.7
AZ tune 30 34 30 34 30 34
Charm-quark mass 1.2 1.5 12 1.5 (12 1.5
Parton shower pp with heavy-flavour decorrelation 5.0 69 50 69 {50 6.9 :
Parton shower PDF uncertainty 3.6 40 26 24 1.0 1.6
Angular coefficients 58 53 58 5.3 58 5.3
Total 159 181 14.8 17.2 211.6 12.9 :

® The PDF uncertainties are the dominant uncertainties in the physics modelling.

® However they are strongly anticorrelated between W* and W+, and a significant reduction is
achieved from the combination of positive- and negative-charge categories.
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CTI18 PDFS
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Expenmental data in CT18 PDF analy3|s
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MASS SENSITIVE VARIABLES s
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PLH FITS 64
| ! ! I | ! | ! | [ [ | I I | I
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PLH FITS PULLS

65
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WEAK MIXING ANGLE METHODOLOGY o0

® The Drell-Yan production cross section as function of the scattering angle ©

do Ao [3
_ Z(A(1 2 B
dcos @ 3s [8( (14 cos 9)

@ Linear term gives rise to the non-vanishing Forward-Backward asymmetry

® Since the asymmetry depends directly on the vector and axial-vector couplings, it is sensitive
to
the weak mixing angle which relates the two.

cosB > 0: forward
cosB < 0: backward

Ncos HES >0 — Ncos HES <0

AFB = .
Q(g) ® N COS H*CS >0 T N COS HES <0
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COMPLICATION AT THE LHC o

® There is a complication at the LHC: as this is pp collider we don’t know what is te direction of
the antiquark

® This is called dilution and it is incorporated in our simulation (MC modelling)
® But of course with uncertainty!
@ Dilution is smaller if we go more forward

® HL-LHC - we extend our detector more forced so we measure we higher precision

o 1.2: @ 1.2:——
g@ 4 ATLAS g2 4 ATLAS
<< 08" s =7TeV, 4.8b" < 0.8b (s =7TeV, 4.8fb™
. E CC electron E CF electron
0.6 5 - 25 Gev 0.6 p >25GeV,Inj1<247 —
0.4 m<247 o0 0.4-25<h|<49 ¥ ? | %
0.2 o T ? """""""" | 0.2f +
i —~-0 Sttt 4o
000 - ata _0-2#:4: | ata
s & | PYTHIA, Ziy— ee - 5| PYTHIA, Ziy— ee
_0'4;_ POWHEG, Zi'— ee —0.4¢ | POWHEG, Z/'—ee
—0.65, |
3 oF
b ‘
O L : B g e e e ]
-1
—oF | [ |
70 10° 2x10? 10° 70 80 90102 2x10?

Mee [GEV] Mee [GEV]
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PROSPECTS FOR WEAK MIXING ANGLE °

;‘ 80.‘% _l | I | L I | L | | L I | I | L I | I | | | L l_
3 — 68% and95% CL fit contour si(B' Y+ 1o 7]
= 80.44 — wio M andsini{f ) measurements —]
E; — [ Present SM fit -
8042 — Prospect for LHC ]

— | Prospectfor ILC/GigaZ —

£0.4 [ Present measurement =
—-{LC-precision =

SRS [ LHC precision =

— +1¢c —

80.36 - Why -
80.34 [ —
80.32 [ —

-l L1 1 l L1 11 I L1 11 I L1 11 l L1 11 l L1 1 1 I L1 11 l L1 11 I L1 1 l—

0.2371 0.23711 0.2312 0.2313 0.2314 0.2315 0.2316 0.2317 0.2318 0.2319
sin‘(e...)
® With HL-LHC upgrade, and installation of new detector we expect signifiernt
improvement

@ LEP precisions (20 x 10”~-5) is achiavable
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Hardware Contribution

o IPB's in-kind contribution to the Shielding System are the Disk Shielding (J
and A-frame supports for the forward shielding (JF).

» Two stainless steel shielding disks, 87 tons each, were produced by Lola
Corporation, Zeleznik, Serbia. The disks and supports (produced by
Kryooprema, Belgrade) were transported to CERN in December 2004, and
successfully installed. The last peace was installed in February 2008.

» Together with forward muon chambers, shielding disks make the part of the

detector called the Small Wheel. The shielding disks are a part of the ATLAS muon spect
known as the “small wheels which were assembled on t

and then transported slowly to the ATLAS cavern at Poi
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Hardware Contribution: Lowering of the
Small Wheel to the ATLAS cavern
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April 2008: "ATLAS puts last piece in puzzie™




