A measurement of the W boson mass
at CMS

Lorenzo Bianchini
Universita e INFN Pisa

UNIVERSITA DI PISA  istituto Nazionale di Fisica Nucleare Eumpean';;;;;};h Council

Established by the European Commission

26.09.2024 Seminar, Pisa 26/09/2024 1



Overview

" First CMS measurement of my,, (CERN seminar)
* CMS-PAS-SMP-23-002

" Long-term involvement of CMS Pisa group in my,
* Main contribution to this work

" Highly intricate analysis (“The devil is in the details”)
* Today | won’t be exhaustive in all details ©
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https://indico.cern.ch/event/1441575
https://cds.cern.ch/record/2910372?ln=en

The SM prediction for my,
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See e.g. JHEP 05 (2015) 154

The SM prediction for my,
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See e.g. JHEP 05 (2015) 154

The SM prediction for my,

L U P = 22014 1 (1 + Ar)
my, = —— — - ~ r

my; = 911880 + 2.0 MeV
my = 125.20 + 0.11 GeV SM @ 2 loops my, = 80353 + 6 MeV (75 ppm)
m, = 172.57 + 0.29 GeV
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See e.g. JHEP 05 (2015) 154

The SM prediction for my,

5 m% 41 my; 41
my = —|1+ |1-— = — 1+ [1- (1+ Ar)

2 \ \/iGFm% 2 \/_GFmZ

my; = 911880 + 2.0 MeV
my = 125.20 + 0.11 GeV SM @ 2 loops my, = 80353>6 MeV (75 ppm)
BSM

m, = 172.57 + 0.29 GeV

T > % Higgs multiplets?
2

2
A = — 3Gpmy n 11Grmiy In ﬂ . Extra SU(2) doublets ?

81212 tan26y, 24212 Extra U(1)'?
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Two weeks ago

LEP combination
Phys. Rep. 532 (2013) 119

DO

PRL 108 (2012) 151804

CDF

Science 376 (2022) 6589

LHCDb

JHEP 01 (2022) 036

ATLAS

arxiv:2403.15085, subm. to EPJC

CMS
[
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1 | 1 I T 1
my in MeV I

— 80376 + 33 | : ® | ]
L 80375 + 23 F.—( .
| 80433.5+9.4 : ——
| 80354 + 32 |_+ﬁ _
— 80366.5 + 15.9 |-i—.—| —
- | —= EWfit |

J | J TR | J |
80300 80350 80400 80450
my (MeV)

L. Bianchini

= CDF in strong
disagreement with SM

= PDG-average (w/o CDF):
80369.2 + 13.3 MeV

=» This calls for a new
measurement



Events / 0.5 GeV

o
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Hadron colliders

10° Science 376 (2022) 6589

x2/dof = 50 / 48
P.=37%
P =98 %
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W — gq unfeasible
=>» focus on W — £v decay

A




Events / 0.5 GeV

o
o
|

Hadron colliders

10° Science 376 (2022) 6589

x2/dof = 50 / 48
P.=37%
P =98 %

CMS:Experiment at the LHC; CERN
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=> Benefits of m%” vastly reduced at the LHC
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—— Hadron colliders

108 Science 376 (2022) 6589 10 EPIC 78 (2018) 110
i 2 3 ATLAS eData
x*/dof = 50/ 48 o (s=7TeV, 4.1’ W iy
) [ ] Background
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=>» Less sensitive to my,
=> Sensitive to modeling of py

26.09.2024 L. Bianchini



—— Experimental accuracy on p%
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Phenomenology
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Phenomenology
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Parton Density !

Functions

qi(x' Q)
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Phenomenology

Parton Density
Functions

Qi(x' Q)

Intrinsic
quark pr
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Phenomenology

Soft/collinear
partonic radiation

Parton Density !

Functions

Qi(xi Q)

Intrinsic
quark pr
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Phenomenology

Soft/collinear

partonic radiation Hard g/q
9  radiation v
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SOE0000
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Phenomenology

Soft/collinear
partonic radiation Hard g/q
9  radiation
Sesestan

SEO000
Parton Density "R wr
Functions ‘

qi(x, Q) 7
& Initial-state
Y emission

~

Intrinsic
quark pr
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Phenomenology

Soft/collinear
partonic radiation Hard g/q
57 radiation
5773
0008
Parton Density "R wr

Functions

qi (x ) Q) d— ~ a:\\”\x\ <

g Initial-state

Intrinsic Y emission

uark
) or Virtual EWK

corrections

Final-state
Y emission
¥
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See e.g. JHEP11 (2017) 003

Phenomenology

lepton plane

Soft/collinear

partonic radiation Hard g/q
9  radiation v
Seossst <—
0 I
. U ....... W—|— ‘
Parton Density Final-state e
Functions y emission o
g R NN
Qi(xr Q) d Y N K
iS 7 i > o HH.UL
&, Initial-state y A Hv
L Y emission | 1
Intrlrk15|c oyr, X {(1 + cos® ) + AD§(1 — 3cos* ) + A; sin 20 cos ¢
quark pr : 1
Virtual EWK + /125 sin ¥ cos 2 + Agsinv cos ¢ + A4 cosV

corrections : . : .
+ A5 sin® 9 sin 2 4+ Ag sin 209 sin ¢ + A7 sin 9 sin qp}
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—— Model-dependent uncertainties

Angular Missing EWK
Coefficients corrections

Parton Density
Functions

py spectrum

5-9MeV  2-30MeV 2 —3 MeV 2 -5 MeV

> = 1/, of total uncertainty on my,, from modeling systematics
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PDFs

" Historically, top-ranked in modeling systematics

e But PDFs improve with time

= Several PDF sets available:

* Point of concern: spread of central values not always covered by PDF uncertainty

| i |
CTi18
ps it

|
ATLAS
s=7TeV, 46/4.11fb"

= ATLASpd21

- MSHT20

et
= NNPDF3.1
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PLB 845 (2023) 138125

pIIV'vV mOdeling do 1500 mrvmow

E my/4 < Moo e Q< m; 12< uR/uF, uH/Q, uF/Q <2
dpy’ . T — Tl i
. 1000 N N°LL+N*LO resummed
= Reminder: more relevant at the LHC g B L IN'LOs rosummed
* Recent progress in resummation not yet fully 5001
exploited |3
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E 1‘
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p7 modeling

= Reminder: more relevant at the LHC

* Recent progress in resummation not yet fully
exploited

= ALL 1}, measurements to date calibrate p¥’
with highly-precisely measured p% data

14.03.2024 L. Bianchini

PLB 845 (2023) 138125
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p7 modeling

: ATL-PHYS-PUB-2014-015
= Reminder: more relevant at the LHC

* Recent progress in resummation not yet fully % 0 075_ CuTe \I;JVI:O+NNLL
exploited S, 7 v
g 0.06; _EL
] w 8 0.05 —V:f,’
= ALL my;, measurements to date calibrate py o Vg
. . : 7 ~ 0.04f v,
with highly-precisely measured p7 data g c
0.03[}
. - . 0.02
" 7-to-W porting sensitive to different flavor
composition of initial state 0.01
« model-dependent assumptions on correlations O 9020 30 20 50
Py [GeV]
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—— The CMS paradigm

State-of-the-art
calculations

Smaller/reliable TH uncertainties

26.09.2024
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—— The CMS paradigm

State-of-the-art Z data ONLY as a

calculations validation sample

No ambiguity from Z-to-W

Smaller/reliable TH uncertainties )
extrapolation

26.09.2024 L. Bianchini
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—— The CMS paradigm

State-of-the-art Z data ONLY as a

calculations validation sample

No ambiguity from Z-to-W

Smaller/reliable TH uncertainties )
extrapolation

Full exploitation of the data
-> profiling of nuisance
parameters

26.09.2024 L. Bianchini
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—— The CMS paradigm

State-of-the-art

Z data ONLY as a

calculations

Smaller/reliable TH uncertainties

validation sample

No ambiguity from Z-to-W
extrapolation

Less constraining power.
Poorer pre-fit agreement

Full exploitation of the data
-> profiling of nuisance
parameters

Trust your correlation model!

26.09.2024
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High-statistics, high-granularity

» CMS: extract my;; from the muon momentum alone (= Pile-Up insensitive)
e Can use full LHC data samples
e Electron channel /m’?’ deferred to future work (loose mgy > 40 GeV for S/N)



+ High-statistics, high-granularity

» CMS: extract my;; from the muon momentum alone (= Pile-Up insensitive)
e Can use full LHC data samples
e Electron channel /m?’ deferred to future work (loose m?’ > 40 GeV for S/N)

= Split events in granular 3D space: pfi X 773 X charge

Y

Sensitive to: p.lvy, my, PDFs, A;

26.09.2024 L. Bianchini
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—— High-statistics, high-granularity

Events/GeV

Events/GeV

» CMS: extract my;; from the muon momentum alone (= Pile-Up robust)
e Can use full LHC data samples

e Electron channel /m deferred to future work (loose m V' > 40 GeV for S/N)

= Split events in granular 3D space: pT X 77 X charge — 2880 bins

x10%

16.8 fb™! (13 TeV)
T T | ]

CMS Preliminary

g i R dped o t Data BN Ziy* > pp/tt
3 o .‘ | | | | || || || || || || || Il\l H Il H I!Il H I‘-.l H ||||||I ’ [ | Wi—)p\) W* = 1v

b I ‘ || v ” : ] II 1) ) mm Nonprompt [ Rare ]
: i i

4— wlo1p M -
~ 60,000,000 W™ events

B 16.8 o' (13 TeV)

. ‘ . : —4

t{ Data mm Z/y* - ppitt

WS v W 5 v i

B Nonprompt Bl Rare

~ 46,000,000 W~ events
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—— The CMS detector

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 ym) ~1m?* ~66M channels
Overall length :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field  :3.8T

CRYSTAL

ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCA

Brass + Plastic scintillator ~7,000 channels

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chan

PRESHOWER
Silicon strips ~16m? ~137,000 ch:

\ FORWARD CALORIMETER
" Steel + Quartz fibres ~2,000 Channels

2016 (pp 13 TeV)

>0r EEE LHC Delivered: 41.58 fb ' | U 2nd f
- ems =veoaem e | (Jse 2N part o
o)
= 40|
z 2016 data set
2
>L =168fb"1
3 _ .
© 20t
g
C
< 10f
S
° 1' \ \)\. q' 9' <
AW AW Y AP 3% A O°
Date (UTC)
2000 : : 2000
CMS <p> =27
g
1500 {1500
P ¥ =80.0mb
o
Avg. number :
G
. 21000 11000
of Pile-Up ¢
2
(m) =27 ¢
T 500 1500
S
&
0 - - 0
d Y 20 Y Y o

Mean number of interactions per crossing
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Data recor ded: 2016-Oct-16 01:43:09.638976 GMT

CMS Exp he LHC, CERN
[ ) H :43:09.
M u O n S I n C |v| S ‘ Run / Event/ LS: 283307 / 557119493 / 306

= Two-stage reconstruction
* Tracker track matched with muon track
e Additional identification criteria

= Reco/ID efficiencies measured in data NS \.
USing Z H ”ﬂ eve nts CcMS Prellmmary 168fb (1’3;TeV_) CcMS Prellmmary . 1681“b (1?;TeV_)

5 fMrccdhorudion 1'7";4"'15 T g gl .'mpact‘pararuea;;‘os 'n a
* Careful factorization of each e - D
reconstruction/identification step >f+_ B BT R
g === B Tl
= Uncertainties propagated through 2 sl |E I\
0(31000) nuisance parameters Ew;: T ::::::::E = :: e :::::::::
* Impact on myy = ~3 MeV e ;»ﬁw e

Positive muon P, (GeV) Positive muon P; (GeV)
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The CMS tracker

JINST 9 (2014) P10009
\\\\\\\II//////
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= Silicon detector

= Up to ~17 points per track
* Single-hit resolution 9 — 50 um
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The CMS tracker

JINST 9 (2014) P10009
\\\\\\\II//////
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= Silicon detector

" Up to ~17 points per track
* Single-hit resolution 9 — 50 um

" Tracking efficiency > 99%
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Efficiency

—_
Y
o

1.051

1.00

0.95¢
0.90f
0.85]
0.805
0.75H
0.70———

16 b (13 TeV, 2016 Legacy)
T T T | T T T T | T T T T

T
- CMS .
= Preliminary B
2000 0-0-0—o . -
- All Tracks
—&— Data (new APV settings) B
C| I simulation E
| 1 1 1 1 | 1 1 1 1 | 1 1 1 1 %
o0 100 150 20
muon p_ (GeV)

Link
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/TrackingPOGResultsRun2Legacy

The CMS tracker

JINST 9 (2014) P10009

\\\\\\\u//////
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0 -3I00 -260 100 6 I 160 260 z:("g& )
= Silicon detector
" Up to ~17 points per track
 Single-hit resolution 9 — 50 um
U
" Tracking efficiency > 99%
= Up to 2 radiation lengths
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CMS simulation
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Momentum resolution

Ap/p

10"

102

103

CERN/LHCC 2006-001
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[ ‘ 1 [ | L1 [ [ 1] I|
10 107 10°
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CMS simulation JINST 9 (2014) P10009
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Momentum scale ey

U

5
= Target is % < 107 for ~40 GeV muons
T

=> [6s] < 600 nm

= Challenges:

 Relative alignment of all tracker modules
NOT known to this level

* Material only known within ~10% Vs
* A priori knowledge of B-field ~ 1073 v

CMS-TRK-10-003

L iy 0N
IL}’ !':’f.ly‘{'.f‘
o 9

o) U :
LI

RN

S}

~\ <
JINST 5:T03021,2010 L O

Symmetry 14 (2022) 169 o
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Momentum scale

U

5
= Target is % < 107 for ~40 GeV muons
T

=> [6s] < 600 nm

= Challenges:

 Relative alignment of all tracker modules
NOT known to this level

* Material only known within ~10%
e A priori knowledge of B-field ~ 1073

=» Calibration of momentum scale in data

b ]

J

%)

-
ey
e,
’ h\“‘i}d}} .‘_‘-‘C\H
CMS-TRK-10-003 \\»}?\: -_.;c\\} ;
JINST 5:T03021,2010 n, O ‘\_\\-{3‘\

Symmetry 14 (2022) 169 o



Muon momentum scale

Observation: Even for ideal MC, scale was NOT unity

x10~4 (13 TeV)
reco 1L BN BN R B
b\ _ 1 eof CMS i
D ;{en [ Simulation Preliminary 1
sol- H 1 . |
. ++ H 4 Kalman filter 1
_ t +++++ _23¢nP¢-2.2
40} .
i oo
20 | +++++ +++ HH' il
| + + ﬁ
ol |
I + Simulated muon data 1
—20j &= Calibration model Bl
| I L I il L L L I L L il \ I

L 1 il L L L L 1 L J L L L L L L L L

-150 -100 -50 0 50 100 150
v
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Muon momentum scale

trajectory

1. Tuning of parameters in CMS simulation real

Chord *

boundary 4-
g (13 TeV) f

o ] .
S so CMS ] estimated
w | Simulation Preliminary 1 intersection ',
60_—
Kalman filter t
1.3<n4<¢<1.4 1 CDI'r'f.'-C
m intersection
Default reco. >@
+H+++ :
or
-+— Simulated muon data
‘20__— Calibration model
11!5[5 - -'1|00' - '-Elol - IEIJI - '5|0' - |1[|JDI - I1EI:DI
qpr (GeV)
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Muon momentum scale

1. Tuning of parameters in CMS simulation

2. Track re-fit with improved B-field/material
treatment based on Geant4e (CVH refit)

10~ (13 TeV) <10~ (13 TeV)
© T e © A I A B S S A
[ r [ r
g go CMS g so- CMS
w | Simulation Preliminary = [ Simulation Preliminary

60 1 60

Kalman filter i L CVH refit

m} 1.3<n¥<1.4 _ 40:_ 1.3<n¥<1.4
Default reco.ly> J\ CVH-refit

— e LAl i 1
+ + et
0__ ] 0__ ‘M%WVM%W++#+ ]
I+ Simulated muon data b I+ Simulated muon data 1
_20__— Calibration model ] _20__— Calibration model

T AN AT AT S EE R I Ll b e b b L
-150 -100 -50 0 50 100 150 150 -100 -50 0 50 100 150
apr (GeV) apr (GeV)

14.03.2024 L. Bianchini 43



Muon momentum scale

1. Tuning of parameters in CMS simulation

Material

B-field

2. Track re-fit with improved B-field/material
treatment based on Geant4e (CVH refit)

3. Global correction of alignment/B-field/material at
the per-module level using J/¥ events

10~ (13 TeV) <10~ (13 TeV) 10— (13 TeV)

© T e © LA i o e S A © T e e
[ r [ r [ i T
g go CMS g gl CMS g s CMS i
w | Simulation Preliminary = [ Simulation Preliminary w Simulation Preliminary 1
ol ] ol ] g0l ]

Kalman filter i L CVH refit p L Global corrections

MY

1.3<n¥<¢1.4 J L 1.3<n¥<1.4 l L 1.3<n"< 1.4 J
Default reco. > \ C‘\/H-refrit> Global corr> E
L W ODaLES :

e + ot | I ‘._‘M i

0 ] i M%WVM%’WH 7 0 r W + .
I+ Simulated muon data b I+ Simulated muon data 1 I+ Simulated muon data b
—20 [ == Calibration model ] 20 [ == Calibration model ] _20__ == (Calibration model ]
vl v b v v by v by v by v g 1y el v b v b v v by v vy Iy el v by v b v v by v v vy by
-150 -100 -50 0 50 100 150 150 -100 -50 0 50 100 150 =150 -100 -50 0 50 100 150
ap} (GeV) apt (GeV) apt (Gev)
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Muon momentum scale

16.8 fo~' (13 TeV)

1. Tuning of parameters in CMS simulation ; E"ﬂ'ﬁy lllll Wﬂ IIIIII - é{wf;“”l Id_
. . . . . S 500 [ { Dat
2. Track re-fit with improved B-field/material D ) + \
treatment based on Geant4e (CVH refit) a00]- /f i
: *..
3. Global correction of alignment/B-field/material at "} doo

the per-module level using J/¥ events 100_..,,,,.,,,,,,,&,»/’/@ .

4. Residual scale bias measured on J/¥ eventsin a gf)‘j’h“] M.HM'HL' L M“i ||' | j' | ;
fine-grained 4D space (pF,n*, pr,n7) by fittinga 5, T ™ ™ T I |
parametric model 2.95 3.00 3.05 3.10 3.15 3.2‘(3nup ((Bégv)

OpT £
<_> = Ay =~ Mypr
Pt /4



ClosureonY and Z

* Parametric corrections from | /¥ applied to Y,Z — uu events
* Repeat Step 4. = derive residual scales for B-field and alignment

pY scale

26.09.2024

x1074
T

[ CMS Preliminary

16.8 fb™1
—

B-field
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e +

(13 TeV)

+  x2ndf=24.2/24 -
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+$+++Tr M

Z—upy

Yo pp
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Calibration uncertainty (scaled)

Calibration uncertainty
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"'T¥+T

-2 -1 0 1
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H Allgnment

L
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L
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e
“i;
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Calibration uncertainty
c

+++

-2 -1 0 1
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ClosureonY and Z

* Parametric corrections from | /¥ applied to Y,Z — uu events
* Repeat Step 4. = derive residual scales for B-field and alignment

= Compatibility with null scale
assessed through a y?-test
* Scaling of J /W stat. uncert. by

2.1 was needed to cover for
the largest y#/ndof

pY scale

[2] oo
T T

S
T T

x1074
T

[ CMS Preliminary

ﬁ%

16.8 fb-! (13 TeV)
e

—
+ x%ndf=24.2/24 |

B-field

T+T$++

-

Calibration uncertainty (scaled) B
Calibration uncertainty

-2 -1 0 1 2

curvarture bias (GeV")

>(10—6 16.8 fb_1 (13 TeV)
L L A B A T T T T
20 | CMS Preliminary + x%naf=51.1/24 |
-* Ali |gn ment
201 + .
0—#4‘» _V_ | | %i = | _+—+ + ]
| i RLRE]
, + n
~20- + Zoyup ]
i + Yo |
+ o py
_40- Calibration uncertainty (scaled)
Calibration uncertainty
c

-2 -1 0 1 2



ClosureonY and Z

* Parametric corrections from | /¥ applied to Y,Z — uu events
* Repeat Step 4. = derive residual scales for B-field and alignment

= Compatibility with null scale
assessed through a y?-test

* Scaling of J /W stat. uncert. by
2.1 was needed to cover for
the largest y#/ndof

Corollary:

Scale uncertainty not better than
uncertainty from closure.

pY scale

_8_ -

[2] oo
T T

S
T T

x1 0—4 168 fb_1 (1 3 TeV)
T T T T T T T T T T
[ CMS Preliminary + x%ndf=24.2/24 |
L B-field +
bt
- : :
T+T$*T T "*$+T
Z—upy
N + Y - py p
+ - pp 1
B Calibration uncertainty (scaled) B
Calibration uncertainty

Impact on my, 2 4.8 MeV

curvarture bias (GeV")

B
o

20—

-20

-40

x00 __16.8fb"" (13 TeV)
| CMS Preliminary + x2/ndf=51.1/24;
Allgnment
i + 1
iy h
[ | I%:*: _J._ =¥=| ‘+‘+ -+— |
LR AR L ]
t+
i + Z-pyp |
+ Yoy
+ I pp

Calibration uncertainty (scaled)
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Events/GeV

Data/Pred.

Closure test

T 16.8 fb~1 (13 TeV)
. i 1 1 1 1 | 1 T 1 1 T 1 | 1 1 T 1 | 1 1 1 T ]
i CMS + Data i
1.0 Preliminary B Z/y* - P/t
i B Other
0.8} Postfit .
[ x?/ndf
06} =15/24 (p =92%) -

1.01}

1.00}

14.03.2024

60 70 80 90

0 120
My (GeV)

100

= Validation of scale calibration by fitting the

(m““, n“_de) distribution

m; — myP% = -2.2 + 4.8 MeV

= —2.2 + 1.0 (stat) + 4.7 (syst) MeV

" Not an independent measurement of m,

L. Bianchini
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W and Z modeling

= State-of-the art calculations for production and decay of W, Z
* MiNNLO,¢+ Pythia8 + Photos (->NNLO )

* Reweighting of oy, to all-order resummed calculations from the SCETLib

matched to DYTurbo (=2 N3LL+NNLO)

= (p%,y? ) kept unblinded at all times to
help gauging the goodness of our model

= Residual < 10% disagreement at low p4

without tuning not unexpected

26.09.2024

x10°

16.8 ™" (13 TeV)
[ B B

- Preliminary

Events/GeV

' CMS

T

4 Data

MiNNLOpg

BN Z/y* > ppitt ,
Il Other

Data/Pred.

Fixed-order+matching
Resum. TNP

a

CS-Nonpert. 7
Nonpert.

0 10

L. Bianchini

20 30

40 I 50 |
P (GeV)
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W and Z modeling

>
, JHEP07(2022)129 O
" Non-perturbative Iz
* Inspired by non pert. TMD PDFs + heuristic z
model for intrinsic partonic momentum
= Resummation TNP
* Unknown coefficients of truncated expansion
fpredicted(a) — .fO _|_ .fl o _|_ .f2 a2 _|_ .f3(93) a3 8
o
* Fixed-order + matching 5

e Relevant at high p7.
Impact on my, 2> ~2 MeV

14.03.2024 L. Bianchini

105 16.8 fo-! (13 TeV)
- L L

L ]
- CMS ¢+ Data . Z/y* o ppltt
- Preliminary MINNLOpg Bl Other ]

' T i T I 1 1 T i
= i
__H_"":I—g.‘.'——.—
__'_r':-. = — e ————— -
:_I.' ________________________ ]
[ Fixed-order+matching CS-Nonpert.
[ Resum. TNP Nonpert.
i | 1 | L | Il | . 1 | 1 | 1 L | | . 1 | | L 1 | 1 | Il
0 10 20 30 40 50
H
pr" (GeV)
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%105 16.8 fo~' (13 TeV)
Ay P L B R BN NN
- CMS { Data

- Preliminary B Z/y* o pp/tt Other{

PDFs

Events/bin
(0]

"= n = 7 modern sets of PDFs have been
considered

S 110l . ppRaHo2t |
5 I —— MSHT20 --- CT18
. . . 2 1.05F —— NNPDF4.0 = CT18Z 10 |
= For each set, we determine inflation S T e

e

factors needed to cover the othern — 1

° |.e. |m$}|}t — mﬂ/om| < OPDF
PDF set Scale factor .Ir.np datiiiiargy (NiCN)
. Orlglnal UpDF Scaled O-PDF
= \We choose CT18Z as our nominal PDF CT18Z - 14
. . 7 CT18 = 4.6
* gives a good pre-fit agreementon y PDFALHC21 B 41
. o o o MSHT20 1.5 4.3 51
» covers other sets within its original unc. MSHT20aN3LO 15 s 49
NNPDEF3.1 3.0 3.2 53
NNPDF4.0 5.0 24 6.0

Impact on my, 2> ~4.4 MeV
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Model validation 16:8 fb-! (15 ToV)

6 x‘lIO? — — ‘
E CMS Pgstfit ¢ Data :
= Theory model validated by fitting 5 5 Preliminary 55/ . #8 Ziy" > pp/
(p%,¥%) spectrum e [ IR
« Agreement at the permille level 35 |
2L, L ]
= This gives us confidence (p},y") 1 ' '
will be equally well described from ;
the likelihood fit to W data ONLY o0 — : ' | '
E 10051 P+red. unc. B
= We want to prove itin a more W- & : ]
like configuration o 000* Mm M H * + | * \ \




—— Validation: W -like

" Select Z — uu events and treat one muon at the time as a neutrino

10t : : ‘ : : : : , , , , ‘ , . , ‘ . ' ‘ ‘ ! . 16817 (13 TeV)
6 CMS preliminary ; { Data
mm Z/y* o /it B Other

4

Events/GeV

ut in even-
numbered 2

events °
5 T T T +\
o 1.1 4 ¢ ;
o olidfas Lt tshin + MY _'._ \ A ,EC y i L -hi f |‘ "lf
-UH 1 AT nl Y ‘-” WYY o AN o Il
g 0.9f ‘ L t + to i
] ! ! ! | . L . . I . . . | . |
0 200 400 600 800 1000 1200 1400 1600
(o} . n") bin
10" 16.8 fo-! (13 TeV)
> 6 T T ]
[0
0] t Data
@ e Z/lyt o ppit B Other
& 4 i
>
u-inodd- ¢

numbered 2

0
events 3 | | ' | | '
@ 11pt T Pred. upc. ; 4 buto bl ko § 4 b ,,m ]
[ T A B l""""" Saniirhast s Bt A A A g AR A ot s P LM s A A W ittt A R b AR S T SNt L e Vit e s e ORI A
3 : A IR BAO RATRRN FEUM A a o ¢ ‘ ‘ Lk S LA KR [ g fuk i A
Yy + + t + LA !
T 0.9 1 i
a t | | | . . . | . . . I . . . I . t . | . . . |
0 200 400 600 800 1000 1200 1400 1600
(o} , n¥) bin
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W-like: p% modeling

Unfolded
(0%, ¥

x10' (13 TeV)
- -ttt L L L L
> [ CMS {  Unfolded data
% L Preliminary (p+", yHH)
2 | — mz (pt.n".q¥)
S 6" ", prefit 7]
© f -,
& L
w 4T - B
% I
O - o
\N e . N
0\ L | o | ) |
E Ty ’\ | [ ] [ [
O - " e -
Q 1.0 sttt SEE T Ca Sy S — o -
e %}
O ¢ ¢ (ot yH¥)
w© 090 . ' ]
o == myz (pT’r]P,qP) preflt
1 | 1 | 1 | | | | 1 | l | L
0 10 20 30 40 50
pf (GeV)
L. Bianchini
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W-like: p% modeling

x101 (13 TeV)
< -ttt AL L B
> | CMS {  Unfolded data
O 8__ P MH L pp ]
= Preliminary (p+", yHH)
e " — mz (pf.n¥q¥) -
cC | v . _]
i ", prefit
Unfolded £ | .
Z Iy 3 g
PT.Y°) 3 4 L :
o ™ -~
\N g - ]
pZ from model o\\ ' ' ' ' '
= I | [ [ | |
fit to (p%, y? (i et =
(ple ) 1.01 ..-*, _._._.-..+.-_+---+---—+-—-_._+_ ......... __*._._._—_
2N ,:{f .
o . 1 (p'li'Jp’y“p) .
C‘E 0'9'1 = msz (p#"’ripiq“) prefit i
T K T TS A NN R R S AR RS MRS S S SR
0 10 20 30 40 50
pf (GeV)
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W-like: p% modeling

—— _X1|O1\ T T T T T T T
s .[ CMS
B 8 .
= L Preliminary
O
o ey
S— r -
g 6" wﬁ
Unfolded = | i
Z ~Z S 0 .
PT.Y°) 3 4 _
O

1 1 I | I
¢ Unfolded data

(p7", yH¥)

— mz (p¥.n¥,q")

— prefit

(18 TeV)

pZ from model

fit to (p7, y%)

| >
I

tio to pfefit
.

0.9

T U == ’P 2 prefit
pZ from model / L omebentey T P
fit to (q, ﬂ, u 0 10 20 30 40 50
(q,p7.m") pZ (GeV)
14.03.2024 L. Bianchini
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— W -like:

results

_1 [} [
S o Tesh (9 Te = Total uncertainty on m is 13.5 MeV
8 s CMS Postfit { Data R
E : Preliminary {2_{’;%‘3(‘)_990/) e Z/y* s g/t E ¢ MUOn SCale (5.6), angUIar COEff. (4.9),
s 5f ) 7w Other 1 muon reco (3.8)
> N ]
- * m, kept blind until all checks completed
5 IR B I T
@ - === mzx14MeV Pred. unc. E
%1.005 }_ - +
p= 1.000 L 1y b R B G o 0 8 B B O I
8| \ + f
0.995 +
LI | | [ o 1 |
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— W -like:

results

N 16.8 fb! (13 TeV : .
s g 168k (8 TeV) = Total uncertainty on m, is 13.5 MeV
8 s CMS Postfit { Data R
s | Preliminary X100y ™= IV o puiT * Muon scale (5.6), angular coeff. (4.9),
s Of W= Other E muon reco (3.8)
L” * my kept blind until all checks completed
CMS Preliminary
I I I I T 1 1 I I I I I 1 1 I I I I
! == Myyp fit
: =< Nominal W-like mj fit
|~ W-like mz fit (even < odd)
— —et —:= PDG average -
. I I L I T " ] |
Emos; == mz+14MeV Pred. unc.* 1 i ] i
~ : * : I
c = pt L1 I I () I, O o ot ol B | & n
0995__‘ — l — — | — L | : —— | L — l —— . l : — ‘-: | | | i | | | | L | | | | L
30 35 40 45 50 pSHS(GeV?O 05 0 o5 50 75
i mz - m5PG (MeV)
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—— Moving to the W

- X105 . . . | | . | . | | . | | _16.8 b (13 Tev)
G t Data Bl Z/y* > upitT
£ mm W pv W= 5 1v
L% B Nonprompt [ Rare ]
o
g
o
1]
o
a
(or ., n*) bin
<108 16.8fb™' (13 TeV)
> ' i ! ' i ' ' i ! i ! ' i ! ' ! ' j f ! ' i I §
3 s Postfit t Data B Z/y* - Pu/tT A
@ X&at /ndf=2694.8/2879 (0=99%) mm W*  pv WE o TV
c -
5 ¢ Bl Nonprompt Il Rare
4
2
0
5 [ T T T T T T T T T T T T T T
é_‘_’ 1.025 Pred. unc. | | i
J . 4 dos it : » ol 25 e il . et T Sl T fr
~ 1.000 u -0 o p o l[!]" AT Al ! FAH Mg gt il ol i
3 ' L Y T o gt R B TRARTHR |||"':!'J
0 0.975E . . . I . . . ! . . . ! . . . ! . . . ! . . . ! . . . ] H
0 200 400 600 800 1000 1200 1400

(Pt . n¥) bin
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x104 16.8 fb~' (13 TeV)

> 40— L .

8 35 CMS Prefit { Data E

> ks Preliminary mm Nonprompt |
3.0

-1..2f‘ T rrr e T
g r Pred. unc. 1
o [ i

~ ¢
R R A F Y
o 3 +
: by
o8t . v 1
30 35 40 45 50 55
pt (GeV)

14.03.2024

Non-prompt background

" Mostly muons from B /C hadrons decay (¥85%)
» Data-driven estimation using an extrended ABCD

method based on iso : my

e Validated with QCD simulation and SV-sideband

Bl Prompt {

Events/GeV

Data/Pred.

104 16.8 fb~! (13 TeV)
IR L L
CMS Postfit t Data E
Preliminary B Nonprompt

Il Prompt ]

Pred. unc.

:_H = ¢

e

30 35

L. Bianchini

In each (n,pr) bin:

relative 4 } |
isolation ; |
A« A C
0.15 ---- R B
By B D = signal region
| - >
20 40 mr [GeV]
D=C AxB”
T A,A2

" Functional dependence of

each region on pr is
enforced:

fi(pr) o —(@ipF+bipr+cy)

Impact on my, 2> ~3 MeV
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—— Unblinding the W fit

o el 168 (13TeV) " Total uncertainty on my,, is 9.9 MeV
& ;L CMS  Postt t Data E * my, kept blinded until all check completed
P - m WE - pv 1
% 6 B Nonprompt -
1) 5f N Z/y* - pp/tt Impact
- W v ] Source of uncertainty Nominal
4 BE Rare : inmy; Inmy
3 Muon momentum scale 5.6 4.8
5 Muon reco. efficiency 3.8 3.0
W and Z angular coeffs. 4.9 3.3
1 Higher-order EW 22 2.0
0 — py modeling 7 2.0
ks 1_002:_ - l’nw +9.9 I\llleV Pred. |unc. l_: PDF 24 4.4
9\“_ i L + * ] Nonprompt background - 3.2
© 1.000 Integrated luminosity 0.3 0.1
a 0.90ak MC sample size 25 15
' Data sample size 6.9 24
Total uncertainty 13.5 99
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Results

LEP Combination CMS i
Phys. Rep. 532 (2013) 119 L .
mﬁ’ z Boespm +33 =t ® —

DO (Run 2)

Phys. Rev. Lett. 108 (2012) 151804 |
my = 80375 + 23 '

CDF (Run 2)

Science 376 (2022) 6589
My = 80434 + 9

|
|
|
|
!
|
LHCDb b
|
|

JHEP 01 (2022) 036 L
My = 80354 + 32

i e b o e ——r

My = 80367 + 16 |

PDG Average - e —
Eur.Phys.J.C 84 (2024) 5, 451 |
mw = 80369 + 13 |

CMS H——
This Work |
my = 80360.2 + 9.9 I |

I |
80260 80310 80360 80410 80460
mw (MeV)

my, = 80360.2 + 9.9 MeV
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Test of model dependence

CMS Preliminary 16.8 fb™' (13 TeV) CMS Preliminary | (13 TeV)
| ' l ' | T _ .
o N3*1LL+NNLO i Maln resut e 1B - [
440 | AOSXO.S,Agm x 1 )—r—(
N LL+NNLO 1 Ag,x0.5Ag,..x2 )_b_¢
- p¥ rwgt. : Ag, %0505, x5 +
~{ Combined p¥ fit | Helicity Fit I—I5—|
. I As. x 1A x 2 :
—= Nominal 0¥ med. : 0 ™ 1+E20aner =T
P F&Jﬁ% Doy x 1 Doy, x5 ey
i Doy x 2,86, 1 I—:-M
)—"IL'l—{ Ag, x 2,Ag,,,, %2 bL°—1
i AUE . 2’A00thers x5 |_:'._|
| . | . | A | i |
80280 80310 80340 80370 80260 80310 80360 80410 80460
mw (MeV) mw (MeV)
Different pJ. uncertainty models “Helicity fit”: loose priors on oy, ¢, 4
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PDF dependence

80300

! || | | T |
i —- CT18Z i —— CT18Z
= ENIIS o - CT18 — ENIIS o - CT18 —
reliminary : « NNPDF40 reliminary : <« NNPDF40
—ter = MSHT20an3lo = = MSHT20an3lo
| < NNPDF31 ! == NNPDF31
B H‘+'H MSHT20 B H+H MSHT20
| PDF4LHC21 o ! | PDF4LHC21
| i| i
i @ )
i i i
! !
! !
| o | | o |
80335 80370 80405 80440 80300 80335 80370 80405 80440
my (MeV) my (MeV)
WITHOUT INFLATION WITH INFLATION

Spread of central values within the
uncertainty of nominal PDF set

14.03.2024

Spread of central values within
the uncertainty of any PDF sets
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Comparison w/ ATLAS

arXiv:2403.15085

Unc. [MeV | | Total Stat. Syst. | PDF A; Backg. EW e pu  ug

Lumi I'wy PS

p 162 (11,1 ) 118 [49)35 17 (56)59 54 09 1.1 01 15
Impact (MeV)
Source of uncertainty Nominal Global
inm,; inmy Inmy; Inmy
Muon momentum scale 56 4.8 53 44
Muon reco. efficiency 3.8 3.0 3.0 25
W and Z angular coeffs. 4.9 3.3 4.5
“« " Higher-order EW 22 2.0 .
For glo_bal Impacts py modeling 1.7 2.0 1.0
see arXiv:2307.04007 PDF 24 m 19
Nonprompt background - 92 -
Integrated luminosity 0.3 0.1 0.2
MC sample size 2.5 1.5 3.6 . ¥
Data sample size 6.9 24 10.1 6.0
Total uncertainty 13.5 9.9 13.5 9.9 CMS-PAS-SMP-23-002
14.03.2024 L. Bianchini
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The EWK fit and direct CMS (m¢, my,)

CMS Preliminary

190 — 68% and 95% confidence level by it
| [0 cMS, CMS-PAS-SMP-23-002
[I11 CMS, Eur. Phys. J. C 83 (2023) 963
68%, 95%, 99% credibility regions

— 10 de Blas et al.,
Phys. Rev. Lett. 129 (2022) 27

180:— //7

m, (GeV)

170 —
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Conclusions

" First measurement of my, by CMS

LEP Combination | SIS 3
= Most precise measurement at the LHC °°‘“”"2’ S—— i e _
* Approaching the precision of CDF CDF(R(un2) ; o
LHCb i L |
I SR
I
= Good agreement with the SM i ek sk i et
prediction and with the PDG-average Pegﬁ\gggggg@ - —— -
(excluding CDF) oM o
This Work I
my = 80360.2 + 9.9 |
0

|
60 80410 80460
mw (MeV)

(do) =

|
80260 80310 8

" The first in a line of new precision EWK
measurements by CMS
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https://erc-asymow.github.io/
https://erc-asymow.github.io/

Grazie per l'attenzione!



—— Backup
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Towards the W boson

= E. Fermi (1934): a theory of B-decay
= R. Glashow (1961): a model of partial symmetries (y, W+, W=, Z%) e

= S. Weinberg (1967): a model of leptons Gr = 1.166 X 107> GeV~2
mé, = " _ = (40 GeV)?
V2Gr sin?6,,
T

ms =

> (80 GeV)?

V2GE sin20y, cos20yy,

my, € [60,80] GeV
my € [75,92] GeV

» GARGAMELLE (1973): sin?6,, € [0.3,0.4] :>

t my = 80.2 + 1.5 GeV

= C. Rubbia et al. (1976-1983): W, Z discovery m, =91.5 + 1.8 GeV
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The EWK fit in the post-Higgs era

= M.H.O. 2 4 MeV

" m,, 24MeV
" M, > 2.6MeV
" = 2.6 MeV

s A
h d924I\/IeV

14.03.2024

Eur. Phys. J. C78, 675 (2018)

;‘ T T T T | T T T T | T T T T | : : T T T I T T T T | T T,
8 ~ 68% and 95% CL contours b ™ ‘r’:m_bi ;;;’7 oV 7
—  80.5 — Fit w/o M,, and m_measurements | -~ =046 GeV P —
Eg L Fit w/o M,,, m and M, measurements || | — ¢ =046®0. 501.1% Gev -
B Direct M, and m, measurements _
80.45 — o —]
80.4 [ iy ~
B [ el A
e . f|:| ]
- = i
— M, comb. £ 1o p ; 7
80.35 — Mx =80.379 + 0.013 GeV g g al
80.3 i ]
n H R -
- =) 1. \@8’ . ]
80.25 — .~ 4 -
- @‘S\” - % f: : : —
o - N BT T BT

140 150 160 170 180 190
m, [GeV]
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M,y as a probe of NP Before CDF-Il  j1p15(2016)135

#

= Pivotal role in determination of
oblique parameters S,T,U

* bounds on universal new physics

A Vu
1—GpM%,5/2V2r
1
MI%V - MI%VO 5 ;
1 —GpM2,,(S+U)/2V2r of 0 05
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Workflow

Monte Carlo
pp = put +X

Detector

26.09.2024

A B
gData gData gData
— WMC X 2 X B X C X oo
EMC EMC EMC

Ji pvc — (1 + @)pmc

if( A & B && C .
B e W

L
E—

-

else{

FE o s W

}

C

umber of events

>

“Data analysis

L. Bianchini
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Norm. entries / 0.5 GeV

Measuring my,, at hadron colliders

* W — gq unfeasible =» focus on W — ¥v decay
e But: v’s cannot be reconstructed

T T 1 1 1 1 I 1 1 1 1 I 1
— Horace LO

1 T 1 I 1 T T 1 |
0.08 W —uv LHC = Lepton pg‘
Powheg QCD + Pythia QCD
0.07
0.06
0.05
0.04

0.03

0.02

0.01

N
(&3]
W
o

Breit-Wigner distribution

myy

* GOOD: enhancement at Jacobian peak
* BAD: very sensitive to W dynamics



Norm. entries / 0.5 GeV

Measuring my,, at hadron colliders

* W — gq unfeasible =» focus on W — ¥v decay
e But: v’s cannot be reconstructed

0.04

0.035

0.03

0.025

0.02

0.015

0.01

0.005

a

1 I | LI I LI L LI I LI LI I LI I LI | LI 1_]
E —_ Horace LO W — uv LHC 3
= Powheg QCD + Pythia QCD .
- Jacobian peak/ 4 =
- v =
— mT ~ mW : ]
- ;‘ : -
— g —
E_ e::;!f‘#;:}-::__ _E
ettt =
EI 1 I 1 L | L1 1 I 1 L | L1 1 I Ll L | L1l I-I-I-‘I--IZT'I'W'P-'- -I--'-\- 'E
0 55 60 65 70 75 80 85 90 95 10
Ll\ (GeV)

26.09.2024

Breit-Wigner distribution

myy

“Transverse mass’ mfy

miY = \/2(pf~|pr +p¥ | + pi? + ph - pY)

 GOOD: less sensitive to W dynamics

pl P 2

T

mtY = m¥ 1+0< T)
my,

* BAD: requires knowledge of p7/
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Measuring my,, at hadron colliders

= p ~ hadronic recoil (u;)

26.09.2024

" u; resolution degraded by Pile-Up

CMS:Experiment at the LHC; CERN
~Data recorded; 2016-Oct-14 09:56:16,733952 GMT
Run./ Event /LS 283171/ 142530805 /254,

R e ‘& L
~ = -~ Ny N »,_:‘\ ., SN R . X Y g, 4 “'r’ £X 2 . & - =
— —— S SN " o o > — e =
= - > 3 N e bl == = —
— ~ = , N o - -
- = 8= SRS L Nl ) o —wn—— R R al e >0 S

~ Pile-Up interactions

L. Bianchini

78



Experimental accuracy: p+

Impact of a 10 MeV
shift of M,,,on the plT
spectrum =2 0.1%

" This is unlike other mass
measurement which can rely
on neat mass peaks

* The full W production x

decay chain must be
modeled at the 1% level

26.09.2024

1.001

1.0005

1 k-

PRD 91 (2015) 113005

AMy = 2 MeV —
AMyy = 10 MeV
AMW = 20 MeV

]

0.9995 F
0.999
0.9985 ' LHC W 8 TeV

R — Mw=80.398
0.998 My i
09975 ] ] ] ] ] ] ] ]

25 30 35 40 45 50 %) 60 65 70
Py [GeV]
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Profiling

= Model uncertainties as Nuisance Parameters

* Already considered in LHCb and ATLAS re-analysis

= Clear advantage when model uncertainties can
be constrained by the data

26.09.2024 L. Bianchini

CMS-PAS-SMP-23-002

106 (13 TeV)
> T T T | T T T T | T T T T | T | T T T T | T T T T |_
8 g CMS Prefit WSy
5 Preliminary B Nonprompt
g 6 B Z/y* - pp/tt
LJ>J W - v 1

4 Bl Rare ]
2
0 L
_c- 1015 T T ]
& - === mw+100MeV
S 1010 — pdfcT18Z_13 Up g
21005 — WP Jf}d
U [ smr=e—m—— e ]
o [ b= ]
1.000[ Q_I_H =
| == — 1
N _l—|_.:.|_,—l—'_'_._ —
0.995| s eamametTT =
-
i o P
A R B | L |
0.990 30 35 40 45 50 55
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Muon isolation

= Special treatment of isolation efficiency
needed to remove potential bias 4000}

* Related to interplay with hadronic recoil 3000

Lot i ol kil fergt
o~ il i

Paced 1Y

B EDT
e o e, 153
i - bk T w8 %l PR T
s J
s S|
1 I =

26.09.2024

CMS-PAS-SMP-23-002

. 10° CMS Preliminary 16.8 fb'1(13 TeV
III|IIII| IIIIIIII |IIII|IIII|

—— No u; eff. corr. |

5000¢

Events

------ m,, - 100 MeV |

2000
1000
0

1.0
1.005}

.2 0.995
0.995-L-

Ratio to W—«v

Positive muon P (GeV)

Isolation efficiencies in 3D: pi» X n* X (P’ - uy)
= ~ 7 MeV bias, if neglected

L. Bianchini 81



— Track momentum = N ///
L i \
= B-field measured in 2006 at the surface of e = e
the cavern and with empty coil me ’ E;Qi
* Hall probes calibrated to 3 x 10™% | L
. % = —8 X 10™* between surfaceand in ~ “ = )=y -
situ NMR survey .
= Track fit uses a TOSCA map for B-field = RN “
« Differences up to 2 mT compared to in S| | A &
situ survey (with some z —dependence) 3 / “\\ o
g z
%3.&9 / ha“ 2@
3.75 / \.‘ “
B-field known a priori within < 1073 wl L L L 1 1 1 1 |,
Z (m)

JINST 5:T03021,2010

(b)
Symmetry 14 (2022) 169
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Muon momentum scale

4. Removal of residual data/MC scale bias using ] /¥ events in a fine-
grained 4D space (p7,n%,p7,n7)

16.8 fb' (13 TeV)

EBOO gN!IS % — Jopp

5 reliminar, Background . . . .

£ soof L = Fit a scale shift 2 in each 4D bin
0(10,000) T 400f b ; . 2 o
Mass spectra | b ] * Finally, do a y“ fit of (An’ Ens Mn)

from all bins

ot i 0 [ 2(2"2”“_(‘1’ pT]l+Mp“)(Al_%+M’p”‘) )2
AT th NSAAILL Y Var[Zfj

95 300 305 310 315 320 325
myy, (GeV)

P
2]



Parametrized scale corrections

= Scale correction in the range
(5+10) x 10~*

* Model suited for extrapolating
scale correction/uncertainty at

any value of pr

14.03.2024

£ (MeV)

M (GeV-1)

L. Bianchini

50[

-50

x10-3 16.8 fb~1 (13 TeV)
‘ me~w T L L L

B CMS Preliminary ]
: ++¢ _‘_’_ -+ _.__._-0--0—.- PPy _._-.-.- - _._4-0-_._ o o - :
| .+. + *> - A -}*-0-" +++ _
}++++ B-field #

¢
[ o o o ]

10—

7 L '+ ———T 7 T :
st oot ot
Energy loss + {

Lo R R R R T B
XTO_F L L I VLN
- Alignment +++++ ;
i + s . +* +
| "'-0-"‘--5 + +
+ 4 Ot e T T ++ i
++ + *, + ]
A v o+ i
k\ | l-+-+-\+l L l il L L il | L il 1 L‘“"‘J 1 L | il | \ﬁ
-2 -1 0 1 2
n“
84



— |Impact on my,

Source of uncertainty INILSANGE  UMcEttatnty
parameters in my (MeV)
J/¥ calibration stat. (scaled x2.1) 144 W §
Z closure stat. 48 1.0
Z closure (LEP measurement) 1 1.7
Resolution stat. (scaled x10) 72 14
Pixel multiplicity 49 0.7
Total 314 4.8
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— SUmmary

Overview of m,, Measurements

I LEP Combination | ATLAS Preliminary ™ @ =
_______________________ V—S_ =7Tev"}6fb1___L_ e

DO (Run 2) -

PRL 108, p151804 (2012) 1 :

CDF (Run 2 o

Science(376, 6582), p170 (2022 i ; 1en

LHCb 2022 : I

JHEgg,Og)G (2022) i - e mm

ATLAS 2017 o]

EPJ-C 78-2, p110 (2018) @ Measurement e —

[[]stat. Unc.
ATLAS 2023 Wi Total Unc. H]
{his work ' ISM Prediction ;- =

i i
80200 80300 80400

m,, [MeV]
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PDF

" Fitting simultaneously eta_mu and yZ

PDF set Nominal fit Without PDF+a, unc.  Without theory unc.
x?/ndf  p-val. (%) x?/ndf  p-val. (%) x*/ndf  p-val. (%)
CT18Z 100.7 /116 34 125.3/116 26 103.8/116 78
CT18 100.7 /116 84 153.2/116 1.0 105.7/116 74
PDF4LHC?21 97.7/116 89 105.5/116 75 104.1/116 78
MSHT?20 97.0/116 90 107.4/116 70 98.8/116 87
MSHT20aN3LO 99.0/116 87 122.8/116 31 101.9/116 82
NNPDE3.1 99.1/116 87 105.5/116 75 115.0/116 51
NNPDFA4.0 99.7/116 86 104.3/116 77 116.7/116 46

14.03.2024 L. Bianchini



Further checks

14.03.2024

Configuration

my, — my, (MeV)  Amy (MeV)

nominal

Alignment ~1 sigma up

LHE A; as nominal

A3z one sigma down

Alignment and A; shifted as above
Alignment ~ 3 sigma up

Configuration Amyy in MeV

57 + 30
38 £ 30
48 4+ 30
49 4+ 30
21+ 30
—5+30

Auxiliary parameter

26 < pr < 52GeV -0.75 £ 10.03
30 < py < 56GeV  -1.11+ 11.05
30 < pp < 52GeV  -2.15 + 11.17

W floating -047 £ 9.98 pw = 0.979 £0.026

Alt. veto efficiency 0.05 & 9.88 —

Hybrid smoothing -1.58 £ 9.88 —

Charge difference 034+ 9.89 mdff =56.96 4+ 30.30 MeV

n sign difference  -0.01 £ 9.88 miff =58 +12.4MeV

|n|range difference -0.61+ 9.90  m&if =153+ 14.7MeV
L. Bianchini

< 0.1
-0.5
0.4
0.1
0.6
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EWK uncertainties

" Photos++ is used for FSR modeling
at LL+MEC level + pair-production

e uncertainty from MEC on/off and
full Horace/Photos++ difference

" Uncertainty from missing virtual
EW corrections using

* ReneSANCe program (for W)
« POWHEG-BOX-V?2 (for Z)

=" Photon ISR from Pythia
e Uncertainty from QED PS on/off

14.03.2024

Events/GeV

Ratio to pred.

L. Bianchini

—

x10° (13 TeV)
_' Lot T et '_
157 CMé mm Z/y* -yt
[ Simulation Preliminary Bl Other ]
10E Prefit ]
05| -
0.0 ' L
: T T T | | ]
03 === mz+25MeV 3
- ISR off — FSR MEC off
Oz — FSRhorace = — EW virtual E
| | | | | | | | | | | | |

110 120
myy (GeV)



Non perturbative

= Relevant for pr < 5 GeV

" Empirical model inspired by TMD

PDFs

* NP-model for the Collins-Soper
kernel inspired/tuned on lattice data

(flavor-independent)

* Intrisic parton flavour inspired by

TMD-PDFs (x-dependent)

FP(Y) = [1+ AP () 03]% exp(—240) b}),

14.03.2024

Events/GeV

Data/Pred.

L. Bianchini

JHEP07(2022)129
%105 16.8 fb~! (13 TeV)
1T T T ]
sl CMS ¢ Data W Z/y* - pp/tr
- Preliminary--- MINNLOps W Other

= A S I
1 0 -_LL‘I_I.’o’_'_I_'-'_ru_':_.h_'—i—-— _________ R
[ ﬁ_l_,_,_ﬂ—"_': ___________________________
ool ’ Fixed-order+matching CS-Nonpert. 1
I Resum. TNP Nonpert.
| 1 | 1 | 1 L 1 1 ‘ 1 | 1 | | L 1 1 L | | 1 | 1 | |
0 10 20 30 40 50
pr" (GeV)
90



TNP al

| 50 x10 1fb' (13 TeV)
- S
= Relevant for 5 < pr < 20 GeV g | CMS =2y o
_ - | Simulation Preliminary
* Theory Nusiance Parameteres =» € 1,00}
Treat uknown numerical it

coefficients in series expansion
as uknown nuisance parameter

fpredicted(a) — .fO _|_ fl o + .f2 a2 + f3(93) 0£3

1 1 | I 1 1 I T I I | 1 T 1 1 | 1 I 1 1 ‘ I I T I | 1
qg BF --- qqgS BF Hard func. Yu

B oo ]
x - qgVv BF qqV BF — Y — Towsp ]
* Better suited than scale @ toaf T EET T e ;
variations 2102 -

* Provide a frameweork to
correlate across phase-space 0.98f .
and NC/CC o 5 0 15 20 25 30
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https://indico.fis.ucm.es/event/20/contributions/529/attachments/342/600/2024-04_16_SCET_TNPs.pdf

Eur. Phys. J. C(2018) 78:110

Model-dependent uncertainties -

08 —ATLAS

—e— Data

agm g_ﬁ:;f;"' 471" —— Pythia 8 4C Tun
= Traditional approach (e.g. ATLAS): a3 o
* Tuning of PS on ptZ data = Systematics correlated = 004
across W/Z do not proapagte to pTW Egj:
* Large effect (5 MeV) from muF variation fo c/b oote e —
* Would have been 30 MeV for fully uncorrelated % 1,10'5: Z_mtﬁ;—_—*___:““"”_‘*:
* CDF Further reduction (x4.4) of pTW/pTZ uncertainty 8 F8L =
by constraining pTW on data °os 0 (;0 © P e
i [ s owe = Uncertainties of flavour correlation in PS / NP
; R T models well known PLB 788 (2019) 542

K =-0.63 x =-0.62

0.2

= Usage of MC program with reduced theoretical
accuracy was another point of concern

) 5 S * Can be overcome now




Model

= Assessment of per-muon scale is new
* Previous experiments looked at dimuon

mass scale stability vs “average”

Science 376 (2022) 6589
A
N —— Jly—>uu
4o —*— Y -up
—— Zopp
—~ i -4 combined
s | H+
= + . +
2 ﬁ IR A/ AP
15 02 04
<GeV/ pi >
26.09.2024

L. Bianchini

=
< 1.005
1.004
1.003
1.002
1.001
]
0.999
0.998
0.997
0.996
0.995

EPJC 78 (2018) 110

uﬂb

-

LAS
=7TeV,4.1f"

: iiﬁi

—- 0.0<n|<0.8, slope =-0.031+0.023
-9--0.8<n|<1.4, slope =-0.043 £0.033
1.4<m|<2.0, slope = 0.086 + 0.041
—1r— 2.0<n|<2.4, slope =0.103 £ 0.085
1 | 1 1 1

0.016 0.018 0.02 0.022 0.024 0.026 0.028

(a)

1/ <p_(1)> [GeV]

Mz =91 192.0 4 6.44ta¢ & 4.05yst MeV

Ap/plyjusriz = (—1389 4 25) ppm
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W: p¥ modeling

| g x10° (13 TeV)
e L e L
W ;4L CMS — mw (pT,n¥,q") + (pr* y*Y)
= Postfit py spectra from two | Prefminary - — my of. 0,4
alterantive fits are compared: “t — prefi

* (q.pr. 1"

o
o
I ‘ LI

|

W Cross section (pb/GeV)
o

* (q,p7, ") and (p7,¥7) 06| ]
0.4F ;
= Only a marginal gain from 22_ | | | -

simultaneous fit
e A feature of the largely

Ratio to prefit

uncorrelated uncertainty model 0.9F | T mw (k0¥ q¥)+ (BB, yH) | s
0 10 20 30 40 50
pY (GeV)
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Charge asymmetry e en | | 16.8 o' (13 TeV)

24 <t ¢ -2.2[ T — — = s
B et — :
T s _—— | :
— —14int <-12 — ]
"my+ —Mmy- = 57 £ 30 MeV REH e — g
-0.8 <N <-0.6| e .
P value = 6% 9&5?1}“&81%* ——1 :
0.0<n"_<0.2F | . .
Global impact (MeV) 04 < p]E X 06l pe— -
Source of uncertainty : . P : 0.6<" <08 _ Measurement -1 _ 7]
INMy+ —My- Ny MMy — M- Ny (138 E gﬁ é 1(2): _ e 5
Muon momentum scale 21.2 5.3 %OB(D 44 12 SO < 141 gahb. vne. — i ]
Muon reco. efficiency 6.5 3.0 . 23 1:6 < 35 < 5:8: - satung - — :
W and Z angular coeffs. 13.9 45 @ 3.0 18 WE: <29 [ —— ]
Higher-order EW 0.2 22 , 19 | %2 575: ST I B— i T ]
pY modeling 0.4 1.0 27 0.8 AL STar S ——— ]
PDF 0.7 1.9 4.2 2.8 JRsm-soler T — -
Nonprompt background - - 4.8 1.7 j :g ¢ f?ﬁﬁ ¢ j :% B Dy 7]
Integrated luminosity %41 0.2 0.1 0.1 —(1)18 < gt < —81% - e .
MC sample size 6.4 3.6 m 3.8 08 2 gt $20:4 - ——— 5
Data sample size 18.1 10.1 @ 6.0 _9615 ?nuf 28(2) B —t ]
Total uncertainty 325 155 30.3 9.9 8:9¢ gﬁ Qar T 1
0.4<n¥ <08 —— N
0.6<nH <0.8[" A N
0.8<nH, <1.0 — e — ]
1.0<nh < 1.2 y2/ndf=46.8/47 e :
- -k I b- . f I- h . 1%(’7:’1,,(}3: ! - _.__ :_ . :
Likely, a combination of alignment/theory nuisances 1§:a <18t | —e— §
. 2.0<n" 2.2 R — . — ]
consistently pulled by ~10 22" <241 i
| | | | |
. . r: . . . . -300 -200 -100 0 100 200
* no significant shift in my, even for generous shifts of pre-fit NP Ay (MeV)
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16.8 o' (13 TeV)

Charge asymmetry

_ ]
|

i _ | % _+_h +++h | +++I+ i
T w +: h _ i a__++ _t | _LUL;_ ...... __r
_}&3 ' il (N
___+ ,m_f* "

= =0 o 25
__Pv___________________XD_.__

|
AOCOO<TNOOWOTANONTOWROON T WO ANOCW T ANOOWOWTANON T OOON OO NIT m

Pt il lvvvwvwvvvvvvvvwv TN ywvwvvvvvvvvvy 5
VNVNVNVNVVNVNYNNYNG L VVVVVVVVVVIV + & + + + + + + + + + + d

++++++++++++++++++++++

| Sty Sy Sy Ny Ny iy Sy Sy gy iy iy VAVAVEVAVAVEVE 2 4 "2 YA VAV wug vy Nuy Sy Sy Sy iy iy Sy vy S VAVAVEVEVE VAV AV AVAVAVAVAVS
VVVVVVVVVVVNONTOOONTWOOON VV VVVVVVVVVANONTOOONTWOOWN

AN~ O00O | NN r—r—r—OO00O |
| O O A I O A | [ T Y A T Y A I |

0.02
+ 32 MeV

)

mW+ + myy
2

m,+ —mgz- = 31 (6)

=57 + 30 MeV

= 6%
* Corr(my,+, my-) = —0.40

* p-value
 Corr (mW+ — my,-,
* For comparison

u mw+ - mW_

200

Amy (MeV)

100

-200 -100

-300



Comparison w/ ATLAS & CDF-I

I”

» To enable one-to-one comparison with ATLAS, use "global” impacts  arxiv:2307.04007

Unc. [MeV | | Total Stat. Syst. | PDE A; Backg. EW e u  wp Lumi TI'y PS

ph | 162 111 118 | 49 35 1.7 56 59 54 09 11 01 1.5
Impact (MeV) Source Uncertainty (MeV)

Source of uncertainty Nominal Global

X . . . Lepton energy scale 3.0

Inmy; INMy INMy; INMy |_ ..... ’[ ................................ |’[ ............................ 1 2 .................
Muon momentum scale 5.6 4.8 55 4.4 _Fézpéb%f‘_é%%?fgygig_H__'_Q!f' ----------------------- i 2 -----------------
MUOH reco. efﬁCiency 3.8 3.0 3.0 2-3 ReCO|IenergyreSO|ut|On18 """""""""
W and Z angular coeffs. 49 3. 4.5 3.0 Letonefﬁflinc """"""""""""""""""""" 04 """"""""
Higher'()rder EW 22 20 22 19 Leptonremova|y ....................................... 1 2 .................
p}' modeling 1.7 2.0 1.0 0.8 'é"'p'"k ------------- T 3 3 -----------------
PDF 24 44 19 28 i el P
Nonprompt background - S W - 1.7 gﬁfpﬁdﬂodelb -----------------
Integrated luminosity 0.3 0.1 0.2 0.1 P;rto}']mstnbunons ................................ 39 ................. 3 rX|V2403 . 15085
o amplese. =~ & = CDuton U s pAS-SMP-23-002
Total uncertainty 155 9.9 13.5 9.9 Topa] g Science 376 (2022) 6589
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https://arxiv.org/abs/2403.15085

Summary of uncertainty model

14.03.2024

Systematic uncertainties W-like m,  my

Muon efficiency 3127 3658
Muon eff. veto - 531
Muon eff. syst. 343
Muon eff. stat. 2784

Nonprompt background - 387

Prompt background 2 3

Muon momentum scale 338

L1 prefire 14

Luminosity 1

PDF (CT18Z7) 60

Angular coefficients 177 353
W M]NNLOPS HE, HR - 176
Z MINNLOpg pg, pg 176
PYTHIA shower kt 1

pY modeling 22 32
Nonperturbative 4 10
Perturbative 4 8
Theory nuisance parameters 10
¢, b quark mass 4

Higher-order EW 6 7

Z width 1

Z mass 1

W width - 1

W mass - 1

sin? A}y 1

Total 3750 4859

L. Bianchini
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QCD background In each (1, pr) bin:

relative 4 } :
isolation | :
" Mostly muons from B /C hadrons decay (¥85%) . Acl A C
0.15 - S
» Data-driven estimation using an extrended ABCD o . .
B, | B | D =signalregion
method based on rellso : my o

>
* Validated with QCD simulation and SV-sideband 20 40| | mr[Gev]

010t

16.8 fb-! (13 TeV) <104 16.8 fb~1 (13 TeV)
I T T T R

> ¢ AL , %4.0,,‘_,‘,|,P‘,tf',t|‘ — ABZ
refi Dat ostil Dat

O 35 CMS t Data E G 35 CMS { Data E x

P Preliminary = Nonprompt > Preliminary Bl Nonprompt ] D — C .

T 3.0 B Prompt = c 30 B Prompt = 2

: - | A, A

LU N ] ] x

" Functional dependence
of each region on pr is

ST e g1.6spregjunc"'+-'-l_ enforced:
%51'0:_‘ """"""" CY, _: E“OO%H”HHUH | Hm MHN } —(aip#+b;pr+c;)
OO.S:—‘Hl‘.‘.\.‘,‘lwH\‘H‘l”‘f\t_ D0.95—|,+|.+.,|— f‘i(pT)“e teT L L
30 35 40 45 50 55 0 35 25 i = =
Pr (GeV) P (GeV)
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—— Recoil

x10% 16.8 fb~' (13 TeV) x107 16.8 fb~" (13 TeV)
c T T T T ] c 10fF 1T I B B
2 s CMS { Data = S - CMS } Data
-g L Preliminary B Z/y* > ppitt ] .g o8l Preliminary WSy
5 = °r ]
Q - Bl Other Q | Bl Nonprompt ]
L L i B Z/y* - ppltt
0.6_— e WEs v B
I Bl Rare
0.4
0.2
0.0
. B I . [ L
g 1.025 + Pred. unc. . 8 1.025F Pred. unc. ]
& E*I* . o"+‘+++++l|5 & E 9% en 0 e ]
%1000 T'++++++"‘¢' [ I vee It %1.000:..0 . ---'lolcnio...’.¢Il+t
0O B ] (] B ]
0.975 — 0975 -
e s ety b b 0 b b b b by by byl
40 50 60 70 80 90 100 _110 120 40 50 60 70 80 90 100 _110 120
W-like m& "7 (GeV) my Pt (GeV)
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Example: CMS

CMS-TRK-10-003

3

" Typical muon from W decay in CMS Sl T o pretiminary 2010
looses AE = 20 — 60 MeV by : ~+Data
lonization — mereeegapll

» Material known within 10% from 8 L}
detector simulation 3 ¥ p

._H

=
_1_

—.-
=

10% material mismodeling 10

=2 Alp| = 2 — 6 MeV il ,ILJ“I.I|

l
40

'l | 1 1 'l
30

Conversion radius (em) for |z|< 26cm

= Some (known) approximations in Kalman-Filter tracking
* Speed vs accuracy compromise
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The W recoil in pQCD

pr

* 0

QU

(a)

_______________
~~~~~
- ~o
- ~.
SS
oS

RS
~
N
~
~~,

| 0(ay)

See e.g. G. Altarelli et al.
Nucl. Phys B 157 (1979) 461

Divergences cancel
exactly for inclusive
observables

For less inclusive
observables
large logarithmic terms
are left-over

0(as)



State of the art in resummation

Different techniques
of resummation

= (sub-leading)
differences expected
a priori

26.09.2024

Slides from

D. Froidevaux

Sudakov/ Non-Sudakov Matching
Resummation
arTeMiDe wr (1, ) HOPE No level 3
Parameters of
Cute-MCFM K Hh, T URs BF damping func.
Parameters of
DYTURBO 0 HR, UF Damping func.
Still none
NangaParbat Q, up MR, HF (damping func.)
Parameters of
RadISH 0 HR, HF Damping func.
Parameters of
ResBos G, G, G KR, BF damping func.
Resolve s MR, UF No level 3
SCETIib Aresum Aro "“’f}f‘* Siales
matc
[Figure credit: V. Bertone, November "21]
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https://indico.cern.ch/event/1368033/contributions/5764819/attachments/2807337/4898928/Theoryuncertainties_26022024.pdf
https://indico.cern.ch/event/1368033/contributions/5764819/attachments/2807337/4898928/Theoryuncertainties_26022024.pdf

State of the art

o\ CLL

1.03-
1.02-
1.01-
1.00-
0.99-
0.98 -

ratio to CuTe-MCFM

0.97 -
0.96 -
0.95- :

Slides from
T. Neumann

group
CuTe-MCFM

DY Turbo

NangaParbat Global b*
NangaParbat Local b*
RadISH

SCETIib Global b*
SCETIib Local b*

PATATETET T4

26.09.2024 L. Bianchini
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https://indico.cern.ch/event/1368033/contributions/5753914/attachments/2807284/4898792/Neumann_Tobias_CERN_ResPDF.pdf

How well do we need to know it?

- 1.002 [—— Nominal, j[<2.5
| —— AM,=t10MeV | T T .

1.0015 | Acl0, 2] GeV x 1.01 -
1.001-EZ2 doldp, (A.U)

0.9995F
0.999

09084 L4 ik A e
VY% 06 28 30 32 34 36 38 40 42 44 46 48 50 52 54
p, (GeV)

I
i e SO

Sliding line: d?/l, > d(f/., |1+ 1% - 86(p7 — 1)
apr dpr '
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Model-dependent uncertainties

Non-perturbative aspects can be also relevant
See e.g. A. Bacchetta et al., Phys. Lett. B 788 (2019) 542

PDFs
Bozzi et al. Phys. Rev. D 91, 113005 (2015), Phys. Rev. D 83, 113008 (2011)
Bagnaschi e Vicini, Phys. Rev. Lett. 126 (2021) 041801

NLO+PS accuracy
Calame et al., Phys.Rev. D69 (2004) 037301

Mixed QCD-EWK
Bonciani et al., Phys. Rev. Lett. 128 (2021) 012002
Beharing et al., PRD 103, 113002 (2021)



Hist stat. & high-granularity measurements

MS Supplementary 35.9 fb’ (13 TeV)

Q°=m3 [ prefit
=—— postfit

Q

x u, (x, @)

u quark PDF

107 107 X
PRD 102 (2020) 092012
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Ultimate future for M,

EPJC 79 (2019) 474

E 12 FCCee W-pair threshold
2 . — m,,=80.385 GeV T,,=2.085 GeV
— m,,=79.385-81.835 GeV, T,,=2.085 GeV "/
< 10| [Jm,=80.385GeV, T,=1.085-3.085 GeV,,

= Ultimate precision from next- s |
©

generation of lepton colliders (>2040) Ve i
* FCC-ee + 2y at threshold = 0.5 MeV I

=" Beyond any conceivable reach of

hadron colliders

0| . 1 | ! | ! ! ! | ! ! ! |
@ 155 160 165 170
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Generalities of W and Z production

Q

do 3 dgmeel (0,0)

dp? dydMd cos ﬁdcp 167 dp'Y dyd M ‘ ‘I

(/0) (1,1)
+ As— sin“ ¥ cos 2 + Az sind cos p + A4 cos v

L 5 ‘ : {
2" ' i ?
+ Ajs sin® ¥ sin 2 + Ag sin 299 sin ¢ + A7 sin ¥ sin 99} |

20) (71

1
{(1+ cos® V) + AG§(1 — 3cos* ) + A sin 20 cos ¢

= dog¥"P%! gnd A; can be determined in pQCD (up to NP effects)
 PDF-dependent
* known at NNLOqcp + NLOgy«

 Resummation-improved da*™P°! and A, available at N3LL+NNLO. N4LL just arrived
arXiv:2207.07056
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Events /0.5 GeV
o
=

CDF-II

Science 376 (2022) 6589

T J2Idof = 50 / 48

- H.LLL PIZ:S?%
i ,I'rrrr 1 Pys=98%

T
%o <0 80 90 100
my (GeV)
26.09.2024

= Physics modeling: CTEQ6M+ResBosP(*p#%)+Photos
= Detector modeling: custom MC simulation

= Calibration: data matched to J /¥, Y(1s), Z

= BLUE comb. of 6 channels: (pk,m,p%) X (e,u)

= Cross-checks: M,, data-taking, +/-, detector region

L. Bianchini 110



DO

= Physics modeling: CTEQ6.6+ResBosCP(*p#)+Photos
PRD 89 (2014) 012005

40000

B -1 —D
(a) DO, 4.3 15 —FAST MC . deline: ulati
- : mBackground Detector modeling: custom MC simulation
e 30000 y?/dot = 37.4/49
- i
S 20000
B : , :
£ : = Calibration: data matched to Z
m 10000f

| = BLUE comb. of 3 channels: (pk,m,,p%) x e
HHH |H|HHH|+HH|HI1 ” H]ll l*]lj[l} (pT T pT)
50 60 70 80 90 100
m; (GeV)

" Cross-checks: data-taking, detector region
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Events/ 0.5 GeV

Data / Pred.

+ ATLAS

" Physics modeling:
CT10+Powheg(*DYNNLO)+Pythia(*p4)+Photos

EPJC 78 (2018) 110

x10°

ATLAS e Data

{s=7TeV,41fb" W v
[]Background
y2/dof = 20/39

= Detector modeling: full MC simulation

= Calibration: simulation matched to Z data

1-_01%':“'::':'::::':':::"::'::"':::"::':"':':":':""':':":':1':::":':‘:‘::"":':':';',j:::":s;;mﬁ;%:% = BLUE comb. of 28 channels: (p%,mT,p;)w) X (e, ,u) X nl

bin

30 32 34 36 38 40 42 44 46 48 50
p'T [GeV]

AMy, = 19 MeV ‘ = Cross-checks: detector region, +/-
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Events per GeV"!

Data/fit

150 F

100

wn
o
1

0
i Model uncertainty ;
1.2f ‘ v i

T o e, -
ool 24IVIWS+200kZS

—004 —-0.03 -0.02 -0.01 0.01 002 0.03 0.04

LHCb

JHEP 01 (2022) 036

x10°__ .
i w . 1 LHCb i W+ . i
fit region 17 fitregion :
l ! }  Data ' 1 ;
7 - uy
Z = pu
- W — v

- Light hadrons

I Rare backgrounds |

Muon q/pT [1/GeV]

AM,, = 32 MeV

26.09.2024

" Physics modeling:
NNPDF31+Powheg(*DYTurbo)+Pythia(*¢;;)+Photos

= Detector modeling: full MC simulation
= Calibration: simulation matched to / /¥, Y(1s), Z
= Measurement: simultaneous fit to q/p% and ¢}

* Cross-checks: polarity, detector region, W-like M,
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Missing systematics

= Mixed QCD®EWK corrections do " Impact of non-perturbative corrections
W/zZ
DY have been computed to pr /% yet to be understood
* Not yet included by experiments * Assuming flavour non-universality of NP
* Some (crude) estimates of their models can bring to additional O(10)
effect in the literature: MeV shifts

AHE. 2019 (2019) 2526897 Amy+ [Amy,—

110 . . . . . 1 b |, £
corrections cause bigger shifts in myy. For example, we - L’T' ”EIT ‘"T m; FI]T
estimate that the cuts employed by the ATLAS collabo- 7 105 N\ 210 6|2 o
ration in their recent extraction of the W mass E| may : 211 o9l|.2 _4
lead to a shift of about O(17) MeV due to unaccounted 3 410 0|-2 -4
mixed QCD-electroweak elfects in the production pro- 5 510 4|-1 -3
Cess. op—> W 61 0|-1 4
PRD 103, 113002 (2021) LHC s =7 Tev 712 -1]-1 0

E : 1 flavor-independent set vs 50 flavor—-dependent sets 3 ﬂ E 1 T

9|0 4f[-1 0

5 10 15 20 25 30
qr [GeV]
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Opportunities from low-PU runs

= Dedicated low-PU runs delivered in 2017
(~200/pb).

= About 5M W events needed to reach 6 MeV stat-

only uncertainty (as for CDF-II) 3
* Thatis, > 1/fb of low-PU data, i.e. ~15/fb of lost ¢
high-PU data )
* Further improvements expected from planned
detector upgrades

26.09.2024 L. Bianchini

Vs =

CMS Average Pileup, pp, 2017, Vs = 13 TeV

180 T . . T 180
<u> =37
160 1160
3 {14
1

rded Luminosity (pb '/0.10)
= = =

Reco

(1]
20 0 © 0 A0°
Mean number of interactions per crossing

ATL-PHYS-PUB-2018-026

- ATLAS Slmulatlon Prellmmary .Stat ® pDF
F Vs=148&27 TeV 200 pb™, <u> =2

: my, from m; & pT .Stat

- CT10 PDF Bl PDF

IIIIIIIIIIIIIIIII

<2.4 mi<4 | mMi<24 mi<4 | Mnj<4
14 TeV § 27 TeV | 14827 TeV
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— DO

Source Section my pyr  Ep
Experimental
Electron energy scale VIIC4 16 17 16
Electron energy resolution VIIC5 2 2 3
Electron shower model VC 4 6 7
Electron energy loss VD 4 4 B
Recoil model VIID3 5 6 14
Electron efficiencies VIIB10 1 3 5
Backgrounds VIII 2 2 2
>~ (Experimental) 18 20 24
W production and decay model
PDF VIC 11 11 14
QED VIB 7 7 9
Boson pr VIA
>~ (Model) 13 14 17
Systematic uncertainty 22 24 29
(experimental and model)
W boson statistics X 13 14 15
Total uncertainty 26 28 33

26.09.2024

L. Bianchini
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—— CDF-II

Source of systematic myp fit pr fit pr fit
uncertainty Electrons Muons Common | Electrons Muons Common | Electrons Muons Common
Lepton energy scale 5.8 2.1 1.8 5.8 2.1 1.8 5.8 2.1 1.8
Lepton energy resolution 0.9 0.3 -0.3 0.9 0.3 -0.3 0.9 0.3 -0.3
Recoil energy scale 1.8 1.8 1.8 3.5 3.5 3.5 0.7 0.7 0.7
Recoil energy resolution 1.8 1.8 1.8 3.6 3.6 3.6 5.2 5.2 5.2
Lepton u), efficiency 0.5 0.5 0 1.3 1.0 0 2.6 2.1 0
Lepton removal 1.0 1.7 0 0 0 0 2.0 3.4 0
Backgrounds 2.6 3.9 0 6.6 6.4 0 6.4 6.8 0
p% model 0.7 0.7 0.7 2.3 2.3 2.3 0.9 0.9 0.9
pY /p% model 0.8 0.8 0.8 2.3 2.3 2.3 0.9 0.9 0.9
Parton distributions 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9
QED radiation 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7
Statistical 10.3 9.2 0 10.7 9.6 0 14.5 13.1 0
Total 13.5 11.8 5.8 16.0 14.1 7.9 18.8 17.1 T4
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LHCb

Source Size | MeV|
Parton distribution functions 9
Theory (excl. PDFs) total 17
Transverse momentum model 11
Angular coeflicients 10
QED FSR model 7
Additional electroweak corrections 5}
Experimental total 10

Momentum scale and resolution modelling 7
Muon ID, trigger and tracking efficiency 6

Isolation efficiency 4
QCD background 2
Statistical 23
Total 32
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ATLAS

Combined Value | Stat. Muon Elec. Recoil Bckg. QCD EW PDF Total | y?/dof
categories [MeV] | Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. | of Comb.

mT-pfr, W=, e-u | 80369.5 6.8 6.6 6.4 2.9 4.5 8.3 5.5 9.2 18.5 29/27
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