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Towards the W boson
Gr = 1.166 X 107° GeV~?

" E. Fermi (1934): a theory of B-decay
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Towards the W boson
Gr = 1.166 X 107° GeV~?
" E. Fermi (1934): a theory of B-decay

= R. Glashow (1961): a model of partial symmetries (;, W™, W ~,Z0) e
= S. Weinberg (1967): a model of leptons
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Towards the W boson

Gr = 1.166 X 107° GeV~?

" E. Fermi (1934): a theory of B-decay

= R. Glashow (1961): a model of partial symmetries (;, W™, W ~,Z0) e

= S. Weinberg (1967): a model of leptons

2 n 2
mi, = = (40 GeV)
v V2Gp sin26,,
m2 = i > (80 GeV)?

V2Gr sin26y, cos20
F w w

»* GARGAMELLE (1973): sin“6,, € [0.3,0.4] >
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Towards the W boson

Gr = 1.166 X 107° GeV~?
" E. Fermi (1934): a theory of B-decay
= R. Glashow (1961): a model of partial symmetries (;, W™, W ~,Z0) e

= S. Weinberg (1967): a model of leptons |

2 n 2
mi, = = (40 GeV)
v V2Gp sin26,,
ms = i > (80 GeV)?

V2Gr sin26y, cos20
F w w

my, € [60,80] GeV
" GARGAMELLE (1973): sin’6,, € [0.3,04] [ > m, e [[75 92} GeV

= C. Rubbia et al. (1983): W, Z discovery j|> nnllw :3352 -I-_|_1185 ge\\//
7 = . T 1. e
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The SM prediction for myy,

my

2 A P .
my, = — —
w2 N V2Gpm?%
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See e.g. JHEP 05 (2015) 154
W. Hollik’s talk

The SM prediction for myy,

m2 = 2L 14 [1-2F = P24 1= 2 Ay
= — —  —— — - r,'
w2 | V26rm3 2 J V2Grmp ‘

3G.m? 11G-m3, m
Ar = — bt + W In —”+---
8v/2m2 tan26,, 24+/212
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https://indico.cern.ch/event/1251919/contributions/5333277/attachments/2631398/4551842/Wmass_hollik.pdf

See e.g. JHEP 05 (2015) 154
W. Hollik’s talk

The SM prediction for myy,

L 1+ 1o LA P P (1 + Ar)
my, = —— — 5 r
W 2 \ \/iGFm% 2 \/_GFmZ

mz = 911880 + 2.0 MeV Full 2 loops + QCD/EWK

my = 125.20 + 0.11 GeV @ 3,4-loops my, = 80353 + 6 MeV
m, = 172.57 + 0.29 GeV (75 ppm)
3G.m? 11G.m3, m*
Ar = — Frt + Fw In _H _|_
8v/2m2 tan26,, 24+/212
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https://indico.cern.ch/event/1251919/contributions/5333277/attachments/2631398/4551842/Wmass_hollik.pdf

See e.g. JHEP 05 (2015) 154

: : W. Hollik’s talk
The SM prediction for my,, —
2 _ M 14 [1-22 :m% 14 1= (1+ Ar)
my = — — —_— — T
v2 J V26m} 2 J V2Gem?
my = 911880 1 2.0 Mev Full 2 loops + QCD/EWK ~ 3+ 6 MeV
my = 125.20 + 0.11 GeV @ 3,4-loops my = t+ 6 Me
m, =172.57 + 0.29 GeV (75 ppm)
BSM
Y- e > T > ; Higgs multiplets?
Ar = — sztz + Fm‘;" lnm—f + .- Extra SU(2) doublets ?
8212 tanZ6,, 2422 my, Extra U(1)'?
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The W mass puzzle before Sept. 17t

_ mw in MeV " Legacy CDF result
EFI;%%Er(? (2"‘{,2%‘39‘:}}001 I 80353 + 6 * Inconsistent with SM (70)
%Efé%@%i?z%’sgqm 80376 = 33 | . | * Poorly consistent with
DO 60375 + 53 | other measurements (~40)
PRL 108 (2012) 151804 '
CDF 80433.5 + 9.4 @
Science 376 (2022) 6589
LHCb 80354 + 32 | > :

JHEP 01 (2022) 036

ATLAS 80366.5 + 15.9 ———|
arXiv:2403.15085 R F

I . | I
80350 80400 80450
mw (MeV)

] |
80300

L. Bianchini 11



The W mass puzzle before Sept. 17t

£ i my in MeV " Legacy CDF result

pR%cﬁroo (ZVII)%% 03I,t001 I 80353 6 * Inconsistent with SM (70)
%FP§0@g|n2%$§T19 80376 + 33 | . | * Poorly consistent with

D(ISS' °p. 532 (2013) ) other measurements (~40)
PRL 108 (2012) 151804 | 20070 %23 T

CDF . o

Science 376 (2022) 6589 804335 £ 9.4 = PDG 2024 (w/o CDF)

LHCb . . .

JHEP 01 (2022) 036 803c4+32 | P ' 80369.2 1+ 13.3 MeV
ATLAS 80366.5 + 15.9 H—e—| e i.e. AmbPY ~ 2 x AmpM

arXiv:2403.15085

L |

I 1 I I
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mw (MeV)
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The W mass puzzle before Sept. 17t

£ i my in MeV " Legacy CDF result

pR%cItIOO (ZVIIS% 03(I)t001 I 80353 6 * Inconsistent with SM (70)
IF;FPQOIEI?Z'”Z%I?TW 80376 + 33 | . | * Poorly consistent with

D(ISS' °p. 532 (2013) ) other measurements (~40)
PRL 108 (2012) 151804 | 20070 %23 T

CDF . o

Science 376 (2022) 6589 804335 £ 9.4 = PDG 2024 (w/o CDF)

LHCb . . .

JHEP 01 (2022) 036 803c4+32 | P ' 80369.2 1+ 13.3 MeV
ATLAS 80366.5 + 15.9 H—e—| e i.e. AmbPY ~ 2 x AmpM

arXiv:2403.15085

CALL FOR A NEW

I ! I I
80350 80400 80450
o Mev)  MEASUREMENT

L |

. |
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Measuring my, at hadron colliders

x10°

Science 376 (2022) 6589

- CDF

)
o

Events / 0.5 GeV

y2/dof = 50 / 48
P.=37%
P, =98 %

100

W — gq not feasible at the LHC
=» focus on W — £v decay

|14

~ Pr

P
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—— Measuring my, at hadron colliders

«10° Science 376 (2022) 6589

- CDF

W — qq not feasible at the LHC

y2/dof = 50 / 48

o)
o
I

P.=37% =>» focus on W — #£v decay

CMS Experiment at the LHC, CERN
\ Data recdrded; 2018-0Oct- 14 00:58:16,7338562 GMT

P =98%

P Run /Event / L2831 71/ 1425308056 /. 264 %,
— ~ \

Events / 0.5 GeV

50 70 80 9 100

miY = JMP?IP‘% +p¥| + pt? + pt - pY)
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—— Measuring my, at hadron colliders

103 Science 376 (2022) 6589

- CDF

y2ldof = 50/ 48
sz - 37 o/O
Py =98 %

)
o
I

Events / 0.5 GeV

50 70 80 90 100

Events/ 0.5 GeV

Data / Pred.

N

e EPJC 78 (2018) 110
200 ATLAS -¢ Data
180 (s=7TeV, 411 W - ptv
160 []Background
140 y</dof = 20/39
120
100
80
60
40
20
N Zfﬁ:ﬁ’.ﬁ;’.ﬁﬁff.q:"""" Fio
AT ++++*f:h:::fff:jﬂ+ k g
32 34 36 38 40 42 44 46 48 50
_ p. [GeV]
S5 — * PROS: cleaner observable

* CONS: sensitive to py modeling
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—— Measuring my, at hadron colliders

%108 16.8 fo~' (13 TeV)
~ ] L L B B L L
& b CMS Wy
5 - Simulation Preliminary .
IS 6F ]
0>J -
L 5¢
af
3
2
]
0
= I B EL L IR B
%1'001: == mwz10MeV )
21000;;;\\ I Amy, = £10 MeV
X — 0 1% variation
30 35 40 45 50 55
pt (GeV)
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W modeling

NSY I g
gu ““““ W=
4 : g
.‘ +
S g Y l

see e.g. EPIC 77 (2017) 280



W modeling

1%
& 7 g
gu 00““.. W=
-------- ‘/ N i}/\RN\ x Y
" PDFs &9 y e
‘ W . . g
y", polarization = ('PT) see e.g. EPIC 77 (2017) 280
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W modeling

---------------------------------------------- 74 ¢
~~~~~~~~~~~~~~~~~~~~~~~~ - Pr = DPr
Resummation
Intrinsic & g Fixed-order!” v
L quark pr X g j
U 00““. Wt
-------------------------- S ’y
~~~~~~~~~~~~~~~~~~ Ny L
(" PDFs &g v ¢
oW : : < g)
y*", polarization = (pr see e.g. EPJC 77 (2017) 280
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- W modeling

"""""""""""""""""""""""""""""""""" w ?
~~~~~~~~~~~~~~~~~~~~~~~ - Pr = DPr
Resummation
Intrinsic § p FiXEd-Order‘“‘-,"/ v
L quark pr R g ,.-
U ..0..... W+ """"""""""
~~~~~~~~ QED
---------------------------------------------- FSR
g ; A
./ 7 ’?W\ g
T ) . +‘ ~~~~~~~~~~~~~~ %
( PDFs g EWK V|r.tual ~ ( E{ — pgi
r """""" , corrections
y", polarization = {p7 see e.g. EPIC 77 (2017) 280
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W modeling

d°o

dd’  ddt” x

d4O-UL
ddV

7
x| D A@?) x P69

i=—1

Ay 7(p7,vy") > angular coefficients

L. Bianchini

See e.g.JHEP11 (2017) 003

lepton plane

hadron plane
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Eur. Phys. 1. C (2000) 6%: 379-397

Parton Density Functions

Regular Article - Experimental Physics

. : ..
Dominant systematics in the past AMyw < 10 MeV/c?* at the LHC: a forlorn hope?’

M.W. Krasnv'-. F. Ilvdak®. F. Favette!. W. Placzek”. A. Sidgdmok'-

24.10.2024 L. Bianchini 23



Parton Density Functions

" Dominant systematics in the past

* Point of concern today: spread of different PDF

sets not always covered by their uncertainties

arXiv:2403.15085
e e

I
ATLAS

= ATLASpdi21
= MSHT20

= CT18
~+CT18A

= NNPDF3.1
e NNPDF4.0

\s=7TeV, 4.6/4.1 o

Oppr X 1

x 2

Spor

x 3

Spor

CTi18
P it

I
-100

24.10.2024

Am,, [MeV]

CT18X
CT18A
CT18Z

CT18

MSHT20 |

NNPDF40
NNPDF31
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Eur. Phys. 1. C (20000 6%: 379-397
DOD 1D 14 0Wepgefs | (052-0010-1417-0

Regular Article - Experimental Physics

AMyy =10 MeV/c? at the LHC: a forlorn hope?”

M.W. Krasnv'-. F. Ilvdak®. F. Favette!. W. Placzek”. A. Sidgdmok'-

arXiv:2408.07622
CMS 138 fb™' (2016-2018, 13 TeV)
...................................... e S prvsseeed ererees O Ay
_____________________________________________ — 0 e Al
....................... =e— .. " Agg (no-prof)
SRS 1 e b w
................. T T Are CT182
B
i ﬁ L 1 i i L
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sin“0],
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Parton Density Functions

" Dominant systematics in the past
* Point of concern today: spread of different PDF

Eur. Phys. 1. C (20000 6%: 379-397
DOD 1D 14 0Wepgefs | (052-0010-1417-0

sets not always covered by their uncertainties
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AMy < 10 MeV/c? at the LHC: a forlorn hope?”
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24.10.2024
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_ arXiv:2408.07622
arXiv:2403.15085 CMS 138 fb™' (2016-2018, 13 TeV)
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O ite B ! Q
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p7 modeling

= Conventional wisdom:

( 1 do >
(1 da) ow dpy’ MODELX<1 da>
predicted measured

oy dp¥ <i do ) o7 dp?
92 APF ) oL



p7’ modeling

= Conventional wisdom:
( 1 do > i
ow dp7‘4’ MODEL:X ( 1 d”)
measured

1 do )
|
(UW deVy predicted iﬁ : 9z dp721
O'Z de |
1

= Rationale: RATIO better known than spectrum
* But: cancellation of up /ur relies on correlation scheme

24.10.2024 L. Bianchini
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p7’ modeling

= Conventional wisdom:

BYrrbo |

S ':
Y
1 (1 do r !
i\o dp¥W ! I
=" X|———— I
wij|] - mefermemeTe - Z [ PLB 845 (2023) 138125
Ow dpr predicted (hid_O'Zj 0z dp7 measured M
o > 1500 eV, pp -
4 de MODEL |(15J1500: :n?,/1-<vp’xzpul:, g)v< m; 1/25uH/uF, uR/Q, uF/Q <2
-Q& B NLL+NLO resummed
. o | = Ng\lLL+h31NLO resummed
= Rationale: RATIO better known than spectrum 8 1O m Al elomennnsd

* But: cancellation of up /ur relies on correlation scheme _—

o
|

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

—

= |deal case: a single MODEL prediction with properly
defined uncertainties

ratio to N*LLa

24.10.2024 L. Bianchini
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—— The CMS paradigm arXiv:2412.13872

State-of-the-art theo.

Z for validation only : In situ constraint
calculations

24.10.2024 L. Bianchini 29


https://arxiv.org/abs/2412.13872

—— Large samples, high-granularity

" Large samples = high pile-up — analyze muon momentum only

= Granularity — finely grained 3D-space (p. x n* X ¢*) — 2880 bins
* pr. €[26,56] GeV, |n*| < 2.4, q¢* = +1

x105 16.8 fb~' (13 TeV)
> ' ! ' ! ' ! ! ! ! ! ! ' | ! i ' [ i ! ' | ! ' ! | 1
G 8 Prefit t Data B Z/y* - P/t A

:E(B q" = +1 . WE Sy - WE STV
g Bl Nonprompt [ Rare |
T ]
4 X2/ndf 1
=2670.4/2880 (p=100%) |

2

> r "
3 Prefit t{ Data N Z/y* o ppl/tt |
:Ea ® q" =-1 . WS v e WE STy ]
2 , g (RS ) ! ; £ mm Nonprompt HE Rare ]
T Ly ! e S ]
; e AL ng% 4/2880 (p = 100% 4
2 ~ 51 million ™~ events =2670.4/2680 (p=100%) |

0 L Il L L R R EE———. =
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—— The CMS detector

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS L —_— 1 6 8 fb -
Overall diameter :15.0m Pixel (100x150 ym) ~1m? ~66M channels — n

Overall length :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels

Magnetic field :3.8T

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 Chambers

* Average pile-up: (u)

» Data from a subset (~10%) of Run2

Y)
25

PRESHOWER 2000 . . 2000
Silicon strips ~16m? ~137,000 channels c M S <p> = 27

)
|\ FORWARD CALORIMETER —

) " Steel + Quartz fibres ~2,000 Channels =~15001 o 11500

\ ‘ ojn =80.0mb

| O
o
>
=
3]

8 1000 411000
£
3
-
CRYSTAL 8

ELECTROMAGNETIC T 500} 1500
—_
CALORIMETER (ECAL) =}
~76,000 scintillating PbBWO, crystals 8
o
0 : L 0
HADRON CALORIMETER (HCA \) 'LG [N «Q Q0 ,&QQ

Brass + Plastic scintillator ~7,000 channels

Mean number of interactions per crossing

24.10.2024 L. Bianchini
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10

The CMS tracker

= Fully silicon-based

e Up to 17 points per track (9 = 50 um resolutions)

= Up to 2 radiation lengths

* with some implications on resolution/energy loss

28.01.2025

AN \ NN NN YT S/ /

N 1.4 10 -08 -06 04 02 00 02 04 06 08 1.0 1.2 s
1.6 NS 16
sl = [ ] [
-1.8 1.8
~ -~
-2.0 20
\-2.2‘ L ‘ ‘ l ‘ ‘ ‘ __________________ ‘ 4 2.2/
.24 | | v :r_—_—_—_—_—_—-i TlD"'_' | 247
26 | I J LSS Sd LD = = 267
~2s8 TECIIIIIJIII. ____________ ||||||| ||1-|5c+ 28~
3.0 11111 |:—:_-_—_-_—_l |1 340

PIXeL { |
-300 -200 -100 %’ 100 200 300
z (cm)

L. Bianchini

/X,

CMS simulation

JINST 9 (2014) P10009

25 -—|:| Support Tube [ TOB I Pixel

Il 118 and TiD [ Beam Pipe

32




Muons in CMS

= Two-stage reconstruction
 Muon system — trigger and ID
e Silicon Tracker > 3-momentum at the IP

24.10.2024 L. Bianchini 33



CMS Experiment at the LHC, CERN

[} ‘ Data recorded: 2016-Oct-16 01:43:09.638976 GMT
IVI l I O n S I n ( IVI f ‘ Run / Event / LS: 283307 / 557119493 / 306

= Two-stage reconstruction
 Muon system — trigger and ID
e Silicon Tracker > 3-momentum at the IP

" Efficiencies calibrated on Z — uu

CMS Preliminary 168fb (13 Tev) cms Prerrmmary 168fb (13Tev)
[ TT = T
. . 5 1\ T T RARRRRRRN RARES 5 [T LR ABARREL
5 Reconstructlon 17 1'| 18 i b ID+|mpactparame1er 03 r| 04
e U tainties propagated through : :
ncertainties propagate rou B T o | B e
0(3 OOO) nuisance pa rameters §D<99f-f Alternate —— All. model »2/ndf=69/6 7] § [—4— Alternate —— Alt. model ?/ndf=11.3/11 |
’ g L g 'l
S 008 g |
G O.S)Bj ‘s L
b= £0.9981
4] [ o
% 0.97H g Lo
~ [ ~0.996 |
3 3 F
@ & @
0O 0.96H o .
I 0.994 -
~ _‘ \\III\\\‘Illllllll‘\\\\llllll II\|IIII J J\‘\L Illll I | I\\\‘\\Ll
mpaC On mw e E 4o I L L L i | U] UL
2 o[ 910021 $ +
el —4— — e = ﬁ:q: *ﬁ
5 = ‘c‘uo.gsaesl + #
0 e O T 0 o | I
25 30 35 40 45 50 55 60 65 25 30 35 40 45 50 55 60 65

Positive muon P, (GeV) Positive muon P, (GeV)
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—— Magnetic field JINST 5:T03021,2010

Symmetry 14 (2022) 169

= B-field in tracker volume was measured 51 M . W / /
1. atthe surface, | e
2. with empty coil, I |
3. with Hall probes calibrated to 3 x 1074, W ¥ = N g
4 % = —8 X 10~ * between map and in i
situ NMR survey L | | e
b

14.03.2024 L. Bianchini 35



—— Magnetic field JINST 5:T03021,2010

Symmetry 14 (2022) 169

= B-field in tracker volume was measured Bl 1 ¥ T / /
1. atthe surface, = e )
2. with empty coil, T =
3. with Hall probes calibrated to 3 X 1074, 5 r]] e _' ;
4 % = —8 X 10~ * between map and in - i
situ NMR survey 4. - -
o MT\
A priori knowledge of B-field: ~1073 NEED FOR IN SITU
(in excess of our target 10™%) SCALE CALIBRATION

14.03.2024 L. Bianchini 36



Muon momentum scale

= Observation: up to 1% bias in scale in ideal simulation (not expected/understood)

<1074 (13 TeV)
reco e e ]
Pr_\_ 1 sf CMS 1
pgen - Simulation Preliminary 1
o 11 4 _ ;
I ++ W Kalman filter ]

t +++++ 23<nP 2.2
40 -
: HoL
201 iyt 4 +H+ ]
- + + .
ok _
- <+ Simulated muon data 1
—205 == Calibration model |

| ] - |

Il | Il | L . L Il Il Il J L | L Il | Il Il Il 1 L \ Il L . I L

-150 -100 -50 0 50 100 150
H

qpr (GeV)



Muon momentum scale

1. Fixes to default CMS reconstruction
v" Tuning of parameters in GEANT4 simulation
v Track re-fit with improved treatment of B-field and material




Muon momentum scale

1. Fixes to default CMS reconstruction
v" Tuning of parameters in GEANT4 simulation
v Track re-fit with improved treatment of B-field and material

16.8 b~ (13 TeV)

o0l CMS

(‘5; [ Preliminary % - gg:::gl:gund_f
%500—_ Jf ﬁ { Data E
2. Calibrationon /¥ - uu (An’:’//q‘f’ ~1079) b f i*.. ;
: ) .
v Global alignment of tracker (+ B-field + material) o +,++/ t
v" Fit residual scale bias with parametric model: ’Ozw J N
corr Sasf LT T T TH
Pr Sln S Ll Ll MH lu.ﬁﬁw MH \\ | “ I
( ) = A o, E Minbr N1
pT pT 565 500 805 510 845 520 525

- my, (GeV)



Parametrized scale corrections

_ 0% ‘1‘6.81“b“1 (13 TeV)
< 2 CMS Preli.lrninary | s
- H*vr*" Madhit e s Ds JUL AP SFS AIUPPT T JPt :
of- ros?t ity
}#“ B-field # I
_2—|+
; 10 L . ]
B-field and material corrections s O HM Pt Patang ™ o0 e 4 +++++ +++ |
consistent with their a priori knowledge N Energy loss {
ol
x1076 N _ _
p,%orr E. i op |AIignmentI +++ i
—_ “7 ()] i + et +* ++
— 1 + Ain -I_ Mlin g 0$++ + +++* . *-0-..._* 0-‘.-0- * 4 +f
Pt Pt = P+ A |
- -501 , | +++ . B
— -2 -1 0 1 2
r’ll
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Validation: Z-closure

= | /W-based calibrations are applied to muons from Z — pu decays



Validation: Z-closure

= | /W-based calibrations are applied to muons from Z — pu decays

= Residual A;,, M;, derived from Z — pu mass fits

L’
_ogalo ‘1|6.|8f|b‘|‘ g1§|Tey) <10 16.[8fb‘1 (13'|I'eV)
< ° ] =
- 4+ x2%ndf=24.2/24 | - I 4+  x2%ndf=51.1/24
. CMS X | % .l CMS X 1
6 S |
| =0 M;

1

i L] i o

| +
| ARRE A= anE ﬂ

o b 7 + + i
I 4+ Zouyup \ 20 + Z-oupp i

-4 + Y(1S) 5 pp ] [ + Y(1S) 5 1
I + JY-pp ) i + JY - pp

-6 Calibration uncertainty (scaled) Y _401- Calibration uncertainty (scaled) ]
i Calibration uncertainty ] i Calibration uncertainty

— 1 I L L L L I L L L L ‘ L L L 1 | 1 1 1 L I L L | L L L L ‘ L L L L | 1 1 1 1 [ 1 Il Il L | L

8 -2 -1 0 1 2 -2 -1 0 1 2
n* n*
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Validation: Z-closure

= | /W-based calibrations are applied to muons from Z — pu decays

= Residual A;,, M;, derived from Z — pu mass fits

n’
g 1074 16.8 fb~! (13 TeV) 105 16.8 o' (13 TeV)
'< i T I | - T o UL L
- 2/ndf=24.2/24 | - 2/ndf=51.1/24 1 ~
| cms + X | 3« CMs + X ] Sh'ou.ld be ~0
; / = | / within
4 A : + [ M .

in 20| in for ideal calibration
; JT N igﬁﬁﬁﬂ * #ﬁ

| +
| ARRE A= anE ﬂ

1

I 4+ Zouyup \ 20 + Z-oupp i

T + Y(1S) - pp 1 j +Y(18) - pp '
[ + Jp -y i i + Jpopp

-6 Calibration uncertainty (scaled) Y _401- Calibration uncertainty (scaled) ]
i Calibration uncertainty ] i Calibration uncertainty

— 1 I L L L L I L L L L ‘ L L L 1 | 1 1 1 L I L L | L L L L ‘ L L L L | 1 1 1 1 [ 1 Il Il L | L

8 -2 -1 0 1 2 -2 -1 0 1 2
n* n*
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Validation: Z-closure

= | /W-based calibrations are applied to muons from Z — pu decays

= Residual A"

in’

o ogat0t __16.8fb" (13 TeV)
< éMS | + xlzfndf=24.2/|24'
o1 ,

41 + + A;n + 415
oL ]

| + f
Nl+|_.||m.+++<}kf1++ i

2.1 X Ogat |
-8

24.10.2024

I I |
=T |T¥ T
Z-pp y

Y(1S) - pp ]
JP - P i
Calibration uncertainty (scaled) Y

Calibration uncertainty
L I L L L L ‘ L L L 1 | 1 1 1 L I L

-2

-1 0 1 2

M, derived from Z — uu mass fits

SR [ LA 16817 (13 TeV)
Lo 2naf=51.1/24 1
> sl CMS + x%n i
9J !
=0 M;
20_+ + + ln ]
| ty + -+
0_4:‘» _"__+—|I:*::*;|LI=*=|I+ +
| Iy —T—TI‘T'szl ITITT :‘:T
, + + T
-20- + Zopy
I + Y(1S) - pp
+ JY - pp
_401- Calibration uncertainty (scaled)
Calibration uncertainty
nJU
. Bianchini

Should be ~0
within
for ideal calibration

2.1 = smallest
inflation factor
such that
x?/ndof =1
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Uncertainties & closure test

= Uncertainties on momentum scale:
* (2.1 X) Oyt from]J/¥

* Ogiat from Z — closure  —

. LEP
Amy

Impact on my,
-2 4.8 MeV
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Events/GeV

Data/Pred.

Uncertainties & closure test

§ ox10° 16.8 fb™' (13 TeV)
. CMS { Data | ® Uncertainties on momentum scale:

"OF posti . ZIT s * (2.1 X) Ogat from J/¥ Impact on m
0.8 X“/ndf = 25.1/25 - * Ogat from Z — closure  — w
 (p=45%) At > 4.8 MeV
* Amy;

= Validation by fitting (m””, n“_de) spectrum:

1.01F —

1.00 —+—-T m=zi=d=*1

] my— myPY =—-22 +4.8MeV
l _— = —2.2 + 1.0 (stat) + 4.7 (syst) MeV

bt

24.10.2024

A R L A B
9 100 110 120 (not yet an independent measurement of m )

myu (GeV)
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—— W and Z modeling: p#

= Resummation (— SCETLis8 @N3LL)

e Based on TMD-factorization theorem

do

Pr

2
pTd_ = [HXBQ®B‘6®S] (as,L = lin/mz) + @(ﬁ)

2
my

EPJ+ 136 (2021) 214 F. Tackman's slides
JHEP07(2022)129  G. Marinelli's slides
arXiv:2411.16004 arXiv:2411.18606

x105 1fb~! (13 TeV)
> 1.50—————— T
(] - CMS B Zly s pp
O 1.25F 4. . .. —
% - Simulation Preliminary
€ 1.00F
g -
W 0.75p
0.50

0.25

0.00

24.10.2024

L. Bianchini
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https://indico.cern.ch/event/1360294/contributions/6130093/attachments/2941624/5168392/marinelli_qcdlhc.pdf
https://indico.fis.ucm.es/event/20/contributions/529/attachments/342/600/2024-04_16_SCET_TNPs.pdf
https://arxiv.org/abs/2411.16004
https://arxiv.org/abs/2411.18606

EPJ+ 136 (2021) 214 F. Tackman's slides

— W and Z modeling: p¥ JHEP07(2022)129  G. Marinelli's slides
arXiv:2411.16004 arXiv:2411.18606
jsoxt0® _ 1fo(13TeV)

" Resummation (- SCETLiB @N3LL) E o CMS 2y
i < "8 Simulation Prelimi E
* Based on TMD-factorization theorem N
) -
T 0.75
0.50
do pi 025
pr—— =i xB,®B,® 5| s, L =Inpy/m;) + 0 =L -
Pr ms 0.00

F(agL) =(§(as)|expj dL’{(r[aS(L')]]L’ v lag(L)]
l 0
V N I

boundary conditions anomalous dimensions
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https://indico.fis.ucm.es/event/20/contributions/529/attachments/342/600/2024-04_16_SCET_TNPs.pdf
https://arxiv.org/abs/2411.16004
https://arxiv.org/abs/2411.18606

EPJ+ 136 (2021) 214 F. Tackman's slides
— W and Z modeling: p¥ JHEP07(2022)129  G. Marinelli's slides

arXiv:2411.16004 arXiv:2411.18606
x10° 1fb~! (13 TeV)
CMS -2y

= Resummation (- SCETLis @NALL) 8rasf SMS ;
~ b Simulation Preliminary :

e Based on TMD-factorization theorem 2 1 ool

g -
1 0.75F

> 1.507
Q

0.50

2
PT—O- [HXB ®Bb®S] (as, 1in/mZ)+@<pT) 0.25
pT . 0.00
F(ag L) =[F(ay) expj dL’{(F[aS(L ML

oundary conditions anomalous dimensions

e =fo+afi +a*fo+ @’ f; (05) + 0 (o)
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https://indico.fis.ucm.es/event/20/contributions/529/attachments/342/600/2024-04_16_SCET_TNPs.pdf
https://arxiv.org/abs/2411.16004
https://arxiv.org/abs/2411.18606

EPJ+ 136 (2021) 214 F. Tackman's slides

— W and Z modeling: p¥ JHEP07(2022)129  G. Marinelli's slides
arXivi2411,16004 arXiv:2411.18606

. 1.50 x105 — — — : ..! Tb_.l‘ (.13Tev)

* Resummation (- SCETLE @N3LL) s [ cms ARSI

- S 1-25F Simulation Prelimi E

* based on TMD-factorization theorem B ool T on TTEIEY i

o

& 0.75F £
0.50} E
do
Pr— [H X B ® Bb ® S] (as, lin/mz) + 0 pT 0.25
dpy m% 0.00 - ———
'00_; 6: qg BF --- qgSBF
a (F - aaveF q@qVBF  — vy,
‘8 g --- qgAS BF —— Soft func.
F(ag,L) = (aS exp dL'{r[aS(L L7z lagL)) g
1.02F = N

boundary conditions anomalous dlmensmns

frNa) = fo+ afy + @’ f, + a
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EPJ+ 136 (2021) 214 F. Tackman's slides
— W and Z modeling: p¥ JHEP07(2022)129  G. Marinelli's slides

arXiv:2411.16004 arXiv:2411.18606

. x105 16.8 fb~" (13 TeV

= Non-perturbative (- SCETuE) I T L ALL
Aoch 8 (_:MS Prefit 4 D?_ta _

« —X22 corrections to the rap. anomalous dim. & 5F N ~—~ MiNNLOes 4

Pr S [ 8. W Ziy* -y

o 4F Bl Other .

* |y|-dependent Gaussian smearing in by

A ]
1.0 K
cou &9_ F’<ed-0rder+match|ng CS-Nonpert.
#Resum. TNP Nonpert.
L !’Il Il L L L | L L L L | L L L L | L L L L | L i
0 10 20 30 40 50
MH
pr" (GeV)
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https://indico.fis.ucm.es/event/20/contributions/529/attachments/342/600/2024-04_16_SCET_TNPs.pdf
https://arxiv.org/abs/2411.16004
https://arxiv.org/abs/2411.18606

EPJ+ 136 (2021) 214 F. Tackman's slides
JHEP07(2022)129
arXiv:2411.16004 arXiv:2411.18606

G. Marinelli's slides

—— W and Z modeling: p7

. x 16.8 fb~! (13 TeV

= Non-perturbative (- SCETuE) I T L ALL
Agcp & - CMS Prefit } Data |

. QV corrections to the rap. anomalous dim. & 5F 4 - MINNLOes

Pt S N Z/yT > P

u>J Bl Other ]

* |y|-dependent Gaussian smearing in by

" Matching to F.O. (- DYTurso @NNLO)
* Variations ug/ur scale and transition-point

— ~I~F\;

ol "
o B

SRt L ———

— i

g 0.9l : Fixed-order+matching CS-Nonpert. 1

F Resum. TNP Nonpert.
L L L L | L L L L | L L L L | L L L L | L L L L | L |
0 10 20 30 40 50
MU
pr (GeV)
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EPJ+ 136 (2021) 214 F. Tackman's slides

- W and Z modeling: pr

JHEP07(2022)129

G. Marinelli's slides

arXiv:2411.16004 arXiv:2411.18606

. 105 16.8 fb~" (13 TeV
= Non-perturbative (- SCETus) > o (S T
Agcp & - CMS Prefit } Data |
« —2=2 corrections to the rap. anomalous dim. @ sf MINNLGrs
pr S N Z/yT > P
. . . = _ Bl Oth ]
* |y|-dependent Gaussian smearing in by L e
" Matching to F.O. (- DYTurso @NNLO)
* Variations ug/ur scale and transition-point
= b/c quark-masses (- MSHT20) o O —— i R
o C . © -_‘" Fixed-order+matching CS-Nonpert. 1
variation of heavy quark thresholds in PDFs la 0.9E ‘ I Nonpert
TOTAL Impact on my;, 2 ~2 MeV ° o2 2w pb¥ (égv)
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W and Z modeling: A;

* Angular coefficients (— MINNLO,; @NLO)

* Envelope of 7-point scale variations in
bins of p.

e Full difference
MINNLO,; vs. MINNLO. + PYTHIA

(due to PYTHIA parton shower/intrinsic k)

Impact on my; =2 ~3.3 MeV

24.10.2024 L. Bianchini

Events/GeV

1,009 ——

Ratio to pred
S 3
e N

1.000}

0.999}

X1-0-6-|-'*'|*"'\'*"|*'--|-(1-3-T'e\|/)
- CMS Prefit m Wi v .
- Preliminary 9" = == Nonprompt |
- mE Z/y* S pp/tt
- W* 5 1v

Bl Rare

N WA~ 0O

1 I
| —— Pythia shower kt Up

- — AgUp

~30 35 40 45 50 55
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x108 16.8 fb~! (13 TeV)
c 3 T 7 7 T T 7 T 7 IR
—_— PDFS 5 [ cms \ o _
,g 6~ Preliminary BE Z/y*—pp/tt W Other
g I
m

| Elvénts/ Bin

x108 16.8 fb~' (13 TeV)
R T T T T T T

[ —
CMS + Data B Nonprompt
Prefit m WE S py e WEo Ty
¥ =+1 B Z/y* > pp/tt W Rare

1.0
REMINDER: PDFs are profiled in situ
0.0
;; 110} B R PDF4L;-1(I321 | I —g 1'075? ----- “ }PI‘DFI4LIH(.I':2“I L IC‘T1‘8I E
5 | —— MSHT20 -~ CT18 15 1.050] — MSHT20 I CT18Z 210 g
2105 —~ NNPDF40 = CT18Z:lo ]9 I —— NNPDF 4.0 1
. o [ e 101025} ]
* We chose CT18Z as nominal PDF set &  jmmmt . oo s
because: o L
. 7 Y % a0 o0 10 20
* good pre-fit agreement on y“, n y
* relatively large uncertainty
* it covers alternate PDF sets, i.e. PDF set Scale factor ImMpact In My (VeV)
Orl_gmal ITPDF SCHIEd iy PDE
alt.PDF nom. PDF 'CT18Z - 44 H
m —-—m <o - - - A -
| w w nom. PDF CTi8 ~ 16
PDF4LHC21 - 4.1
MSHT20 15 43 5.1
MSHT20aN3LO 15 42 49
Impact on my, 2> 4.4 MeV NNPDF3.1 3.0 32 5.3
ARINTDTEA N EN A &an
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EWK uncertainties

= FSR (— PHoTOS++ @LL+MEC)

* uncertainty from switching on/off the MEC
and from full difference with HORACE

" |SR (- PyTHIA8 @LL)

* uncertainty from switching on/off
= Virtual EWK (= not included in nominal MC)

e External calculations from:
* RENESANCE (for W)
« POWHEG-BOX-V2 (for Z)

* NLO/LO ratio taken as a systematic

Events/GeV

Ratio to pred.

1.5

1.0

0.5

—
)
w

—
o
N

Impact on my,; 2 1.9 MeV

14.03.2024

L. Bianchini

o
o
T 1 T

x108 (13 TeV)
ottt ottt
s CMS B Z/y* > pp/ltt
[ Simulation Preliminary Bl Other ]
Prefit N
| |
U L L L L B L
— == mz+25MeV ]
i ISR off — FSR MEC off ]
- —— FSR horace — EW virtual R
| | |

1 L I 1 L L L I 1 L L I:
100 110 120

myu (GeV)
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Events/GeV

ata/Pred.

16.8 fbo~' (13 TeV)
— T

- CMS ¢

[ Preliminary--- MiNNLOps

e Z/y* >yt _
Bl Other

Fixed-order+matching

Resum. TNP

CS-Nonpert. _
Nonpert.

40 | 50 |
ptt (GeV)

Events/GeV

fit

Data/Pred.

L]

~0.1%

1.005

1.000

—— Model validation: (p5", y*#) spectrum

16.8 fb~' (13 TeV)
T T T T T ]

- CMS

I T 1 1
Postfit 4

X2 /ndfin
—24.9M19 (p=16%)

Data 1
m Z/iy o pup
Bl Other

T T T T T T

Pred. unc.

20 30 40

24.10.2024
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Model validation: W -like

= PROOF OF PRINCIPLE: measure my via a (py, n*, q*) fit




» Model validation: W-like

= PROOF OF PRINCIPLE: measure my via a (py, n*, q*) fit

(10t 16.8 b~ (13 TeV)
s - T T T T T T T T T ]
3 f CMS Prefit | Data = ZW*Sup |
3 | qr = +1 B Other

& 4l

oo} x2/ndf

=3079.4/3264 (p=99%)

1t in even-

numbered
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E f1E ; } _ Pred. unc. o e ftatat b bt i ot bl biR AR i iy
eve ntS ‘a -0 'i i iy NI LN PreT ANRITES TRPar e Y Ty A i RN MR phay g b J L ! I; ylk E\" a | ll‘!s‘*;‘ill
T 0.9 ' ! ! ’ }
[a] R R R A [ R R Ll R
0 200 400 600 800 1000 1200 1400 1600
(Pt . n¥) bin
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—— Model validation: W-like

= PROOF OF PRINCIPLE: measure my via a (py, n*, q*) fit

<10 16.8 fb~! (13 TeV) v
> U — T T T | T 1
o} °r CMS Prefit { Data mm Ziy*-pp |
g | q" =+ mE Other
g 4 0 2 N
({m i \ Xx</ndf
[ _ : ; = 3079.4/3264 (p = 99%)
™ in even AARERERRR TR
H - AAA O A mill Y
~ 4 million u™ events
nhumbered e \
;‘_3 1.1 ; ; | Pred. unc. | st v ;r”;h‘,l RPN, A
i LAbARS 3 Al L A, e taat . Sy ¢ " { g R A IR vty J' N H
eve ntS % (132 ol f\ b Ladh W i - F \lws‘iwl
° 0 ‘ 200 200 500 500 7000 7200 ‘ T200 7600
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> I T T T T T T T ]
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s | g¥=-1 B Other
:Ej ' i X2Indf ]
In Odd- I =3079.4/3264 (p=99%)
2 i
numbered |
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o 1.1 i 1

e ,“ 4 Pred. upc. TR NTERINS, Ut TR o
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—— W -like: results

) 16.8 fb~! (13 TeV - :
> “’;’:MS T T LELL » Total uncertainty on m; is 13.5 MeV
s ostfi Data ]
© 6 x?Indf - 2oy * Muon scale (5.6), 4; (4.9), muon eff. (3.8)
@ i =18.9/34 (0 =98%) .
= 5:_ B Other E
& CMS Prellmlnary
I I I T I 1 | I I 1 [ [ | I I
! == My flt
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—— Moving to the W

x10°

Pre-fit

Events/GeV

NS

Events/GeV

Data/Pred.

4,858 nuisance parameters
(with Gaussian constraints)

16.8 1b"' (13 TeV)
: ‘ —

8 t Data . ZIy* o Pyt
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e B Nonprompt Il Rare

105 | | | | | | 16810 (13 TeV)
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Events/GeV

Data/Pred.

Non-prompt background

relative 4 : |
isolation : !
Aci A C
* Mostly muons from B/C hadron decay 0.15 [-—-o oo
“ ” . . X: " D=si | :
= “Extended-ABCD” method based on isolation : my BB 2 S'gr:a region
20 40| | mr[GeV]

e Validated on MC simulation and data sidebands

A0 16.8 fo' (13 TeV
401‘0"“""H""‘"I“--|\(H.‘): %
CMS Prefit \ Data 3
3.5 roft ] 3
X 258130 (o= 78%) ™™ Nenprompt | =
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7 o

fit

Data/Pred.
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Enforcing analytic p spectrum:

fi (pT) X e (aip’13"+bip’12"+cipT)

F Impact on my; 2 ~3 MeV
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Unblinding the W fit

x107 16.8 fb~! (13 TeV . .
- 1'0’1?:'|vis' Ainnwnanass s Esane 121eh = Total uncertainty on my, is 9.9 MeV
Q s ostfit }  Data . . i
% 08l x2/ndf = 35.4/30 - Wy my, blinded until all check completed
c | (p=23%) B Nonprompt . .
o [ ] Source of uncertainty Nominal
L|>J 0.6 . Z/yF - P/t o _ )
W o Tv mimy 1IN My
0.4 Muon momentum scale 5.6 4.8
Muon reco. efficiency 3.8 3.0
0.2 W and Z angular coeffs. 4.9 3.3
Higher-order EW 2.2 2.0
0.0—=— py modeling 1.7 2.0
. o T T T T T
51'0025;_ —— mw+9.9MeV Model unc. B lliTDF ¢ back q 24 ;“21
o S AR VAT et Ay G IR & £ onprompt backgroun — :
5 1-0000 FF=Estetapasy kg f'*‘—‘-_%____'__-+,-—-JTJ---T--——--1; Integrated luminosity 0.3 0.1
80'9975__......|..|...|...|...__ MCsamplesm'e 2.5 1.5
30 35 20 a5 50 =5 Data1 sample size 6.9 2.4
p¥ (GeV) Total uncertainty 13.5 9.9
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Results
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Test of model dependence

= Assigning additional priors on helicity
cross sections g; = oy, X A;

= Stability of my;, tested for increasingly
looser priors

— no evidence for tensions/trends

80260

CMS 16.8 fb~! (13 TeV)
Nominal res:JIt |—lq |
R : .......................................................
Ag, % 0.5Ag,,. %2 ;

Ag, % 0.5,Aq,. x5 :

Helicity fit .

Boyx 18y 2 ot

Ag,x1,Ag,.. x5 —t——

Ag, x 2N, x1 '—r'—'!

A, x2,Ag,,.. %2 R S —

A, x2,A5,,.. %5 )—:—.—(

80(|'31 0 801I360 804|11 0 80460
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Test of model dependence

CMS 16.8 fo- 1 (13 TeV)
2.2<n" <24 T F —— — T ]
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-20 -10 0 10 150  -100  -50 0 50
Amy (MeV) Amy (MeV)

— Different p¥ uncertainty models — Different detector regions
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16.8 b1 (13 TeV)
]

Charge asymmetry

T A ﬁ

N DY T | - e e -

gy M —— :

—1d<n <-12 S N

— — — (O S1zenh -1l — - |

" my+ —my- = 57 + 30 MeV (p-value = 6%) B Rt = :

- R —— :

i i —04<n¥ <-0.21 | | — N

* Correlation with avg. mass ~0.02 “gsdp 08l | .

02223*’:20247 e -

lobal i Me\ 0 <hr<B8r — 1

. " . Global impact (MeV) ' -¢98C — Measurement il ]

Source of uncertainty : .- P . 98 smu 190 . —— i

; INMys — My~ INMy AN M+ — My~ DN My 12 <1l Calib. unc. ———— ]

: — 1.4<n* <16 — Stat unc. ——4 ]

Muon momentum scale 21.2 5.3 44 16 <181 Stat-yne. = ]

e = — 1.8<n" <2.0F — e — =

Muon reco. efficiency 6.5 3.0 5.8 3 ggggﬁggﬁj_ R —— ]

W and Z angular coeffs. 13.9 45 3.0 :%:gi”pzﬁjgjg: 1 I ——— u

Migher-order FW 0.2 2.2 LIS) 1.9 :gggg]ﬂ i PR S— n

V\l modeling 04 1.0 2.7 0.8 jﬁég,‘?jjé: S | — 7

PDF 0.7 1.9 4.2 2.8 Ry b i §

T o — —O:8< []W < —0:6* ———— —

Nonprompt background - - 48 1.7 _8_2 D ,751 < _8'3 L ——— -

: : -04< -0:2 —— 8

Integrated luminosity < (.1 0.2 0.1 0.1 -0.2 ?r)“f<0.of — e -

¥ . ; _ v , 0.0<nH <021~ e N

MC sample size 6.4 3.6 8.4 3.8 0-2¢ gﬂ <oar e (g ]

Data sample size 18.1 10.1 6.0 81%2%3 Q8L . il ]

Total uncertainty 32.5 13.5 9.9 19¢00- ¢34 x?inar=46.8/47 — -

g $18E p=48% — ]

e —_———

, 122833512220* — =

. . . . B d . S —— ]

= Likely, a combination of alignment/theory NP’s 2-2<|gilusé;3§|p5|stently —————
|

shifted by ~10 from their prior 00 20 A0 o 10 %0
* No significant bias on average my, even for generous shifts of pre-fit NP
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—— Comparing with ATLAS p#—only fit

arXiv:2403.15085

Unc. [MeV ] | Total Stat. Syst. | PDF A; Backg. EW e Lumi Iy PS
P | 162 (111 ) 11.8 (49 )35 17 QQSS} 5409 11 01 15|
‘ Impact (MeV)
Source of uncertainty Nominal Global
inm; Inmy INMz; INMy
Muon momentum scale 5.6 48 5.3 44
Muon reco. efficiency 3.8 3.0 3.0 2.3
W and Z angular coeffs. 4.9 3.3 45 8
V7 )] Higher—order EW /i 4 2.0 ¥ 474
For “global” impacts oY ek 7 20 10
see arXiv:2307.04007 PDF 24 44 19
Nonprompt background - 3.2 -
Integrated luminosity 0.3 0.1 0.2
MC sample size 2.5 1.5 3.6 38
Data sample size 6.9 24 10.1 6.0
‘ Total uncertainty 13.5 9.9 13.5 29

CMS-PAS-SMP-23-002
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CMS Preliminary

—— The EWK fit and direct CMS (m, my,)

—— .
= 190 — 68% and 95% confidence level by [fit
() | [0 CMS, CMS-PAS-SMP-23-002
Q) [I1] CMS, Eur. Phys. J. C 83 (2023) 963
~ [ 68%, 95%, 99% credibility regions
E"’ — 11 de Blas et al.,
B Phys. Rev. Lett. 129 (2022) 27
180 —
170 —
160 — , | L
80.25 80.3 80.35 80.4 80.45
m,, (GeV)
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Conclusions

Electroweak fit
PRD 110 (2024) 030001

LEP combination
Phys. Rep. 532 (2013) 119

DO
PRL 108 (2012) 151804

CDF
Science 376 (2022) 6589

LHCb

JHEP 01 (2022) 036

ATLAS
arXiv:2403.15085

CMS

This work

24.10.2024

CMS " First measurement of my,, by CMS
i n MeV * Most precise measurement at the LHC
|1 80353 +6 . .
60376 + 33 . e Approaching the precision of CDF
80375 + 23 o ——
Pne =4 = » Good agreement with the SM
PR sE M prediction and with the PDG average
80366.5 + 15.9 . —
80360.2 £ 9.9 ]
! | ! | ! | | | H H H 1cl
20300 80350 80400 sois0 T The first in a line of new precision EWK
mw (MeV) measurements by CMS
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—— Backup

28.01.2025
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~500 MeV

~10 MeV

Nature Reviews Physics 6 (2024) 180

78800

SMm

LAz (1992) BO360 + 370 R
CDF O {1991) o 70028 &+ 300
ALEPH (2001} BO477 + 50 T
DELPHI (2001) BD3299 + 67 _
L3 (2001) BD389 + 70 —_—
OPAL (2001) BDAM + 65 —_——
LEF awg. (2003) BO450 + 40 o —
D 1 (2002) BD4B3 + B4 —_—
CODF 1 (2007) BDA433 + 79 _—
Tew. avg. (2004) BOaASE + 59 —_——
Tew. + LEP avg. (2002) BDas52 + 33 —_—
ALEPH (2003) B038s :+ 58 —_—
DELPHI {2003) BDAD2 + 75 -_—
L3 (2003) BD3B67 + 7R —_—
OPAL (2003) BD49s + 67 —_—
LEP awg. (2004) BOM2 + 42 B —
Tew. + LEP avg. (2004) 80,426 34 ——
ALEPH (2006) BO440 + 51 . —
DELPHI {2008) BD336 + 67 —_—
L3 (2006) BOZ70 + 55 . —
OPAL (2008) g0415 + 52 ——
LEF avg. (20n3) 80376 + 33 ——
D 11 {2005) BOAD2 + a3 —_—r
D& 1 {2012) BD3BD + 28 ——
D& Il avg. BO376 + 23 ——
COF I {2007) BOMZ + aB ——
CDF I (2.2 fo') BDAM + 19 -
CODF I {2022) B0433 + 94 ==
ATLAS (2018} BOSTO + 19 ——
LHCE (2022) BD3sa + 32 —r
Tew. avg. (2022) BOAZT + B L
Tew. + LEP avg. (2022) BO4A24 + B -

T\leéﬂ':l EUJIZEE ED.IZEE SD.AI‘-DEI

W boson mass (MeV by per c®)

L. Bianchini
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—— Measuring my, at hadron colliders

MC simulation

pp > W+ X
|_),€i_|_ Vyp

Sensitive variable

1) Build MC templates of 2) Find 1y, that
;_221 (Pt | my) best fits to the data
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The CMS tracker

\\\\\\\II//////
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= Fully silicon-based

* Up to 17 points per track (9 = 50 um resolutions)

= Up to 2 radiation lengths

« pk resolution from multiple scattering: 1 + 3%

28.01.2025
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(Resolution in |:3T)f'|oT (%)

JINST 9 (2014) P10009
CMS simulation

f e u—,p_1GeV

A ],L—,p =10 GeV Ol
et R m “-i, pT = 100 Gev _______ :_-_

"l

o
| |
O
.
|

||||||||||||.||||
25-2-15-1-050 05 1 15 2 25

n
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Muon momentum scale: workflow

16.8 fb~' (13 TeV)

1. Tuning of parameters in CMS simulation. 5 E"’;'ﬁy IIIIIII ﬁ*ﬁ llllll R ““g“” Id
. . . . . S 500 . t Dat
2. Track re-fit with improved B-field/material 5 ol #,+ ‘41
treatment in track propagation. ;: i
z %,‘

3. Module-level correction of alisnment, B-field, and |
material by minimizing | /¥ — uu track residuals. WWJ ,,,,, M

- Scale in ideal MC is now unity within a few 107> g1.5;'|“'| HL Il MHL T M"i '” 'll J' | “;
= 4 ol UL LAl el 4 L :
= Residual mis-modeling can be parametrized as: 5 Hilhl " T
6p g 2.95 3.00 3.05 3.10 3.15 3. 2.?”““ (Bégv)
T in
<PT > T opr mer

4. (Ayy, €y, M) from likelihood fits to J/% mass binned in (p7,n*, p7,17)



Muon momentum scale

80

pt scale

60

(107 (13 TeV)

- CMS -

r Simulation Preliminary

CVH refit
1.3<n¥<1.4

10~ (13 TeV)

© AR R R R RS RN
S s CMS -
Y Simulation Prefiminary 1
60 -
Kalman filter .

1.3<n¥<1.4 ]

40 =

Default recg

L L LI S S B

6

+
+
S ™

ey
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-+ Simulated muon data
== Calibration model
[EPEPEFETES EPRTE EUTEEE I R AR
50 -100 -50 0 50 100 150
1)
qpr (GeV)

_‘H‘+ + ot + __
M%WWMWH 1

~+  Simulated muon data

== Calibration model

2

<1560 -100 -50 0 50 100 150
qpt (GeV)
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10~ {13 TeV)

o T
= I i
3 s CMS -
= | Simulation Preliminary 1
B0 |- o
Global corrections

1.3¢n¥<1.4 1

401 -
obal ¢corr. ]
I . N i

O fitpt st - * ]
I+ Simulated muon data 1

_20__ == Calibration model ]

P T T N T T T T T [ T T N T T T T A

150 100 50 0 50 100 150

apt (Gev)



Muon momentum scale

4, Removal of residual data/MC scale bias using ] /¥ events in a fine-
grained 4D space (p7,n*,p7,17)

16.8 fb' (13 TeV)

Esoo CMS } — Jp-pp

P Preliminary j/N Background . . . .

£ soof Pt o = Fit a scale shift 2 in each 4D bin
0(10,000) 5 4o} P ] . 2
Mass spectra | | ﬁ*'.. * Finally, do a y“ fit of (An' Ens Mn)

from all bins

2 £j £l 2
i —\4j — ot Mjpr; )| A — o T Mipr

Var[Zizjkl

At [ 1
i 2

21. . H bt b ‘
o a3 I

2.
my, (GeV)

©
a1
W
o
S
L
o
a
(#5]
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Impact on my,

Nuisance  Uncertainty

Source of uncertainty parameters in my (MeV)

J/¢ calibration stat. (scaled x2.1) 144 3.7 _
Z closure stat. 48 1.0
Z. closure (LEP measurement) 1 1.7
Resolution stat. (scaled x10) 72 1.4
Pixel multiplicity 49 0.7
Total 314 4.8
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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 7D 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

Configuration my, — my, (MeV)  Ampy (MeV)
nominal 57 £ 30 0
Alignment ~1 sigma up 38 4+ 30 < 0.1
LHE A, as nominal 48 4+ 30 -0.5
A3z one sigma down 49 + 30 0.4
Alignment and A; shifted as above 21 + 30 0.1
Alignment ~ 3 sigma up —5 430 0.6
Configuration Amyy in MeV Auxiliary parameter

26 < pr <52GeV  -0.75 + 10.03
30 < pr <56GeV  -1.11 + 11.05
30 < pr <52GeV  -215 % 11.17
W floating -047 £ 9.98
Alt. veto efficiency 0.05 + 9.88
Hybrid smoothing -1.58 &= 9.88
Charge difference = 034+ 9.89
1 sign difference -0.01 + 9.88
|7|range difference -0.61 + 9.90

puw = 0.979 1 0.026

m3ift = 56.96 + 30.30 MeV
mAif = 5.8 +12.4MeV
m3ft = 153 + 14.7MeV

14.03.2024 L. Bianchini
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Fit model

" my, extracted from binned maximum-likelihood fit
» Systematic uncertainties = nuisance parameters (NP)
with Gaussian constraints
= RDataFrame — multi-dimensional Boost Histogram'’s
* Nominal X systematic variations

= | ikelihood calculation and minimization based on
Tensorflow library

~

ROOT -

Data Analysis Framework

Boost@ﬂ« RN ‘r

istogram

D. Walter's slides

L. Bianchini

Systematic uncertainties

W-like m;  my

Muon efficiency

Muon eff. veto

Muon eff. syst.

Muon eff. stat.
Nonprompt background
Prompt background
Muon momentum scale
L1 prefire
Luminosity

3127 3658
- 531
343
2784
- 387

PDF (CT18Z)

Angular coefficients
W MINNLOpg pg, pr
Z MINNLOgpg g, Hr
PYTHIA shower kt

py modeling
Nonperturbative
Perturbative

Theory nuisance parameters

¢, b quark mass
Higher-order EW
Z width
Z. mass
W width
W mass
sin? By

Total

3750 4859
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https://indico.cern.ch/event/1464211/

—— TNP

1fb~1 (13 TeV)

F. Tackman's slides

> X1lo\6\ T I T 1 T T T T T T T T 1 I I T 1 1 1 I T x106 16.8 fb_1 (13 Tev)
| ] C T T 1 | T T T T T T T T T T l T T 1 T | T T 1 T ‘
2 5 CMS - W s s[ CMS ¢ Data ]
<~ [ Simulation Preliminary ] @ - W gy
12 | i c BN Z/y* > pp/tt
CIC} 1.0 ] °>’ 6 mm Nonprompt
Lﬁ i i L N WE s Ty i
1 4 Bl Rare ]
0.5 -
| 2
0_0 0 | ey
- T I T T 1 I U U T 1 } T U U T ‘ ! T T ! I 1 T 1 ! I | - . T T I T T T T I T 1 T T I T T T T l T T T T | T T 1 T [ 3
O - qg BF --- qgS BF Hard func. Yu . o 1.03} qg BF --- qgS BF Hard func. Ve
O 1.06[ - ] A & . -
o [ qqVv BF qqV BF Y Mousp ] E B qqVv BF qqV BF — Yv — Tasp
E 1-04:_--- qqAS BF  —— Soft func. _: :@ 1.02 :_——- qgASBF  — Soft func. _‘
© g ] © - ]
O 102 . S 101 K
] g \s
1.00F i 100 e 2 e e
0.98} . 0.99 E
| | [ | | ] : 1 L L | L 1 1 L | L L L I | L i L I 1 L L | L L L L ‘ ]
25 30 30 35 40 45 50 55
H
pr (GeV) pr (GeV)
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https://indico.fis.ucm.es/event/20/contributions/529/attachments/342/600/2024-04_16_SCET_TNPs.pdf

16.8 fo-! (13 TeV)
[T T

T T I T T T T T T

—— W-like: p% modeling

—_ L
E so CMS {  Unfolded data
3 : — (pr",yM¥) :
8 60 " B
¢ Y 40} — Prefit -
H 1 ‘--O._ E

—_— - N _

f unford = Ureco|gen f reco 5 20 y

% fmodel (p'ZZ" ‘ 9(1)’1‘,”,)1””) )
% medel (p’IZ-' ‘ H(q”,p#,n”) )

pf (GeV)
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Charge asymmetry | _tes 13 e

~24<nt <220 I — ]

:210§7w:§:118— ——— | .

S iE CMS —(—— | -

— —1AAr <121 — N

"my+ — My~ = 57 + 30 MeV IEsae e — g

-0.8<n* <-0.6 ———— -

° _ — RO —O.6<n5,<—0.4: . 1

p-value = 6% -0 s Qar T .

0.0<A* <021 — . :

: , 0.2<n" <04 ———— -

" : . Global impact (MeV) 0.4<n"-<0.6 ——— .

Source of uncertainty 0.6<Nk <0.8- _ Measurement ——— .

' INMye — My~ MMy IN My — My IN My ?ggqﬁ é 18: _ SR | R g

Muon momentum scale 21.2 5.3 44 1% << 1181: Callib, unc: —— i

Muon reco. efficiency 6.5 3.0 5.1 23 1:6§gﬂj : 1.8 Stat.unc. T i

W and Z angular coeffs. 139 45 3.0 33 Y 29r S — 1

ITigher-order FW 0.2 2.2 5 1.9 v g&ﬂ <z TR — i L N

pY modeling 04 1.0 2.7 0.8 LR B e—— :

PDF 0.7 19 42 28 “jeshectyar T— .

Nonprompt background - - 48 1.7 -1.4<nM <-1.21 e N

el -1.2<n¥ <-1.01 e .

Integrated luminosity < (.1 0.2 0.1 0.1 —(1)3 <nL. < —8.%: | — ]

MC sample size 6.4 3.6 3.8 06< gt <ol . - — -

Data sample size 18.1 10.1 6.0 _9612< ?nf 28% B et ]

Total uncertainty 325 13.5 30.3 99 88 ¢ gw S 8% B _ ]

0.4<nH <0.61 ———t— -

0.6<nH <0.8[ —ge—— s

0.8<n" <1.0[ ——— .

1.9<m. <1.a x?indf=46.8/47 — .

. . . . - 1‘42%[]*216_ p=48°AJ — —— —— ]

| 1.6<nH <1.8F e =

Likely, a combination of alighment/theory nuisances ig:i<is e v —

. 2.0<nM <221 ————— .

2.2<¢nM <24 — —-— —

consistently pulled by ~1o fp | | | —
T cpy . . -300 -200 -100 0 100 200

* no significant shift in my, even for generous shifts of pre-fit NP Amw (MeV)
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Test of model dependence

CMS Preliminary 16.8 fo-' (13 TeV) CMSPr?Izmlnary | _(13 TeV)
! | | | | o | Main result ]
3+1 :
—~- N4+OLL+NNLO i T [
N*+“LL+NNLO )—Fﬁ—{ o, x0.5,Ag, x2 _Hl
H p%—E ngt : AOB x O'S’Admhers x5 )_Ir_1
4 Combined p¥ fit ! Helicity Fit hﬁ
. | A x1.A x 2 :
== Nominal 0¥ mod. - 0 ™ 1+E20uner HElE
T —— Boyx 1oy, x5 ot
i AOB x E’Aﬁmhers x 1 |_:'._‘
)—’-L-l—{l AOs x 2TAUmhers x 2 | -
i AUa X 2?A00thers x5 |_|'._|
| | | L a i 1
80280 80310 80340 80370 80260 80310 80360 80410 80460
mw (MeV) mw (MeV)
Different p¥ uncertainty models “Helicity fit”: loose priors on oyy, ¢ . 4
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PDF dependence

I ' | |
CMS } —— CTi8Z
— . e - CT18 —
Preliminary | NNPDF40
MSHT20an3lo

NNPDF31

B H_JI_H MSHT20

! PDF4LHC21

L I B

| ] |
| —— (CT18Z
- EN/'S e - CT18
reiiminary : < NNPDF40
—fo+ -+ MSHT20an3lo
! -+ NNPDF31
B -+ MSHT20
| PDF4LHC21
| i|
i
|
i
| : | |
80300 80335 80370 80405
my (MeV)
WITHOUT INFLATION

Spread of central values within the
uncertainty of nominal PDF set

14.03.2024

80440 80300 80335 80370 80405 80440

mw (MeV)
WITH INFLATION
Spread of central values within
the uncertainty of any PDF sets

L. Bianchini 88



» Comparison w/ ATLAS & CDF-II

. . V44 7)) .
= To enable one-to-one comparison with ATLAS, use “global” impacts  arxiv:2307.04007
Unc. [MeV | ‘ Total Stat. Syst. | PDF A; Backg. EW e u ur Lumi TI'y PS
pt | 162 11.1 11.8| 49 35 17 56 59 54 09 1.1 01 15
Impact (MeV) Source Uncertainty (MeV)
Source of uncertainty Nominal Global
n my in My in my n My iptg:ggggyfgg}?utmn ...................... 51) 2 .................
Mu()n m()mentum bCale 5-6 4-8 5-3 4.4 Reio”energgyygceﬂelz """""""""
MllOn recCo. efﬁaency 38 30 39 23 RecmlenergyresoluhonlS """""""""
%Y and Z angular COfoS. 49 33 45 3.0 Letoneffl(:lenc """""""""""""""""""""" 04 """""""""
Higher-()rdel’ EW 2-2 2.0 2.2 1.9 Leptonremovalylz """""""""
p¥ modeling 17 20 10 08 i A L R S —
T Backgrounds 33
I)DF 24 “1’.4 ].9 28 pszdel]_S """""""""
Nonprompt background _ 39 _ 1.7 pw/pzmode|13 .................
Integrateﬁ luminosity 0.3 0.1 0.2 0.1 R e FgT arXiv:2403.15085
MC sample size 25 15 3.6 38 OED Fadiation ™ B
Data sample size 6.9 24 10.1 6.0 %‘56565'&5{;5{5'5' """"""""""""""""""" G CMS-PAS-SMP-23-002
Total uncertainty 13.5 99 13.5 99 Topal e —— g Science 376 (2022) 6589

14.03.2024
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https://arxiv.org/abs/2403.15085

—— Recoil

<10 16.8 fb~' (13 TeV) x107 16.8 fb~' (13 TeV)
c L L DA U L BN NN = 1-0__"”"'” I R
=2 s CMS } Data . o - CMS { Data
g L Preliminary N Z/iy* - it ] *g o8k Bl Wty i
o S5 BE Other E o Prefit (normalized) B Nonprompt 1
L s ; L i N Z/y* s pp/tt
0-6__ e WEs Ty 7
i Bl Rare
04
0.2
0.0
_o- :"""“I""I“"l"" L L _o_ 'L L L L I ) L B B
3] 1.025} Pred. unc. . @ 1.025 Pred. unc. .
9:10005+|* ‘¢¢§¢+++++L|E g: L .
(U . ! ) PO ’:-,.' B -.O'......-.‘.---.'. . +‘
I P ++++++“‘. ) * It %1'000_.-. ttee e Lenst t1
= i : 0 g
0975 - 0.975| ]
ST A AR AR S S SR . B ]
40 50 60 70 80 90 100 | 1 1 O 120 40I L 15|0I Ll lslol 1l |7|0l 1L I8|0I Ll lglol Ll '11601 Ll I1 1|01 Ll I120
W-like my"®" (GeV) m P (Gev)
14.03.2024 . Bianchini 90



	Slide 1: High-precision measurement of the W boson mass with the CMS experiment
	Slide 2: Towards the W boson
	Slide 3: Towards the W boson
	Slide 4: Towards the W boson
	Slide 5: Towards the W boson
	Slide 6: Towards the W boson
	Slide 7: The SM prediction for m W 
	Slide 8: The SM prediction for m W 
	Slide 9: The SM prediction for m W 
	Slide 10: The SM prediction for m W 
	Slide 11: The W mass puzzle before Sept. 17th
	Slide 12: The W mass puzzle before Sept. 17th
	Slide 13: The W mass puzzle before Sept. 17th
	Slide 14: Measuring m W at hadron colliders
	Slide 15: Measuring m W at hadron colliders
	Slide 16: Measuring m W at hadron colliders
	Slide 17: Measuring m W at hadron colliders
	Slide 18: W modeling
	Slide 19: W modeling
	Slide 20: W modeling
	Slide 21: W modeling
	Slide 22: W modeling
	Slide 23: Parton Density Functions
	Slide 24: Parton Density Functions
	Slide 25: Parton Density Functions
	Slide 26: p T W  modeling
	Slide 27: p T W  modeling
	Slide 28: p T W  modeling
	Slide 29: The CMS paradigm
	Slide 30: Large samples, high-granularity 
	Slide 31: The CMS detector
	Slide 32: The CMS tracker
	Slide 33: Muons in CMS
	Slide 34: Muons in CMS
	Slide 35: Magnetic field
	Slide 36: Magnetic field
	Slide 37: Muon momentum scale
	Slide 38: Muon momentum scale
	Slide 39: Muon momentum scale
	Slide 40: Parametrized scale corrections
	Slide 41: Validation: Z-closure
	Slide 42: Validation: Z-closure
	Slide 43: Validation: Z-closure
	Slide 44: Validation: Z-closure
	Slide 45: Uncertainties & closure test
	Slide 46: Uncertainties & closure test
	Slide 47: W and Z modeling: p T V 
	Slide 48: W and Z modeling: p T V 
	Slide 49: W and Z modeling: p T V 
	Slide 50: W and Z modeling: p T V 
	Slide 51: W and Z modeling: p T V 
	Slide 52: W and Z modeling: p T V 
	Slide 53: W and Z modeling: p T V 
	Slide 54: W and Z modeling: A. i.  
	Slide 55: PDFs
	Slide 56: EWK uncertainties
	Slide 57: Model validation: , p T , y  spectrum
	Slide 58: Model validation: W-like
	Slide 59: Model validation: W-like
	Slide 60: Model validation: W-like
	Slide 61: W-like: results
	Slide 62: Moving to the W 
	Slide 63: Non-prompt background
	Slide 64: Unblinding the W fit
	Slide 65: Results
	Slide 66: Test of model dependence
	Slide 67: Test of model dependence
	Slide 68: Charge asymmetry
	Slide 69: Comparing with ATLAS p T -only fit
	Slide 70: The EWK fit and direct CMS , m t,m , , W 
	Slide 71: Conclusions
	Slide 72
	Slide 73: Backup
	Slide 74
	Slide 75: Measuring m W at hadron colliders
	Slide 76: The CMS tracker
	Slide 77: Muon momentum scale: workflow
	Slide 78: Muon momentum scale
	Slide 79: Muon momentum scale
	Slide 80: Impact on m W  
	Slide 81: PDF
	Slide 82: Further checks
	Slide 83: Fit model
	Slide 84: TNP
	Slide 85: W-like: p T Z  modeling
	Slide 86: Charge asymmetry
	Slide 87: Test of model dependence
	Slide 88: PDF dependence
	Slide 89: Comparison w/ ATLAS & CDF-II
	Slide 90: Recoil

