Precise measurement of the W boson mass
with the CMS detector at the CERN LHC
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‘% Introduction and motivation I I"

0.234 I~ 689% and 95% probability contours
i Fit without M, sin®(6,), m , and I/,

Fit without M,,, sin*(6,), and m,

- Masses, couplings are experimental inputs to the standard model
- But relationships between parameters are exactly predicted " [T Fit without M, and sin“(@,,)
. . B Full Fit
- Direct measurements over-constrain the standard model %233 " [TT] Experimental measurements
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‘% Mass measurements at colliders

- Measure short-lived resonances via their decay productions
- Measure momentum In detector, mass from four-momentum conservation

- Alternatively: scan production rate vs. beam energy scan
- \ery precise mz measurement at LeP

- Parton energy not directly controlled at hadron colliders
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[]
Directly reconstructing the W boson I ! I i

W boson decays

O v
@ hadrons

- If all decay products are measured, little dependence on W production
- Direct reconstruction of VW possible with hadronic decays
- Precise measurement at LEP using ee—=>\VWAW—=00qg (or gglv) events
- Background/calibration of jet momentum more complex in hadron colliders
= Only lepton+neutrino decay is practical
- Introduces dependence on W production
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Measuring mw at hadron colliders

- Rely on observable(s) sensitive to mw built from measurable objects
Requires subpercent-level control of theoretical and exp. Inputs
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Escapes detection

=Missing transverse momentum

y divided between U and v

e, PV ~pt~mw?2

- In lab frame, smeared by pW
= <nowledge of YW momentum requireo
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W and Z boson production at the LHC Illil-

Final state is not fully reconstructed — sensitive to W production

- prV not directly measured w/high precision at LHC
= Rely on theory
- Validate with Z boson measurements

Z production W production
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Uncertainties, corrections can be
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Particle reconstruction with the CMS detector
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Dataset and selection

- 16.8 fb-1 of 13 TeV data collected in 2016

- Small-

raction of LHC da

- Also h

[a but largest-ever for my analysis

ighest pileup ever

- Especially challenging
% Focus measurement on pt+ channel

used (~25)
for prmss measurement

- Select events with exactly one muon
- 20 < p¥ < 56 GeV
- (Good track+muon system track, isolated from hadronic energy
- mr > 40 GeV
- ~100 M selected W events

- Prompt backgrounds from simulation
- Z — pyu (mainly with 1 out-of-acceptance p)
- W = tvand Z — tT, with T decays into |
- Rare: top quark, boson pair production, photon-induced
- Nonprompt background estimated from data
QCD multijet events with B/D decays in flight
- Suppressed by mr cut

~ Mainly
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V NO dlrectly reconstructed
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I H I
mw measurement at a glance I I"
)

106 16.8 fo~' (13 TeV) x10° (13 TeV
> l | | I l | [ | I ] ] l ' I | I ' ] | ] ' I I l I ' ] I l > _l 1 1 I I I | 1 I 1 T.I | l 1 1 I I I I 1 1 I l I I 1 1 ]—
) I CMS Prefit (normalized) ¢ Data 8 gl CMS Prefit . W* oy 0
© gl x2/ndf . Wiouy o - b - Preliminary B Nonprompt
99} - o o - * -
-GC—J- I =34/29 (p =24%) Bl Nonprompt % 6} /iyt > g/t .

- . > i — +
|_|>_| 6 N /YT > /Tt - L o WEo v _

i i 4 Bl Rare g

o WESs v !

B Rare >

4
0 I N S S S o — ——
5 .0-1-015_'"1""11"'|""""|""|_
o - === mw+ 100 MeV :
o 1.010F — pdfCT18Z_13 Up :
0 +— o _l_‘—\_\_|_\_‘_‘— J
: " L B A L : 2 1.005F Ao Up —
-c i . — - '_'_l_' 4
® 1.025F === mw=100MeV Pred. unc. - T R ‘ = ;
& [ ] 1.000F o -
£ 1.000 : L ]
D i . 0995 :_ - - _:_'__r_l ----- i
0-975F R i | | | T | | |
13|01 — 13|51 — l4|01 — l4|51 — 15101 — 1515 099 30 35 40 45 50 SE
u

p¥ (GeV) pr (GeV)

- Measurement performed blinded
- Results from binned maximum likelihood fits

- mw (Mgz) variation computed at matrix-element level in simulation: unconstrained parameter-of-interest from fits
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The mw measurement at CMS

- YW (n4), is dependent on W helicity, driven by PDFs
Sensitivity to PDF from nf

hiyy = Si < Py i
= Extract mass from fit to (g+, n+, pTH) distribution /

X1 06 CMS Slmulatlon 35, 9 fb (13 TeV)

6‘ —WL' WF; W(;

- ~2000 bins and 4000 nuisance parameters :
Major computational challenge (CERN [T seminar)
- Rely on theoretical predictions+unc. for W production
=/ boson purely for validation
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H
Validation with mz measurements III

- Crucial tool to validate mw extraction e 16810 (13 TeV

>
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- Discard one lepton (add to prmiss)
- Measure mz with single-lepton kinematics
Cross-check with direct measurement of mz (and mz world average)
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Measurement challenges and sequencing

= The mw measurement is the culmination of an extensive program

% * % Highly granular and precise estimation of i reconstruction efficiency
% %% Calibration of absolute pt+ scale (Sptt ~ 104 = Smw ~ 8 MeV)

= > x10 better than typical CMS analysis
% % Accurate modeling and uncertainty estimation for W/Z production

% % Calibration of the prmiss

% Estimation of backgrounds
orimarily heavy flavour decays in jets mis-ID'd as leptons)
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Muon momentum calibration: overview

M measured from track cu

alll

vature (using tracker only)

S per track: single-nit reso

Jtion of 9-50 um

- = Sagitta ~ 6 mm, optt ~ 104 = 65 ~ 0.6 um

= recisely cor

- Mag

netic field throughout volume

- Relat

ve alignment of different tracker modules
Material and particle material interaction

Kenneth Long
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H
Muon momentum calibration: Magnetic field I i I 'i

- CMS magnetic field was precisely mapped before being inserted into the detector
- Differences from precise mapping and true B-filed of ~0.003 T is ~100 MeV bias in mw
Bl [T]
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25 D
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0
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0.5

0.0

Kenneth Long 16




H
Muon momentum calibration: Alignment and material loss I||"

- Knowing location and guantity of material, and relative alignment of 12K tracker
modules also crucial *
- Need to know material traversed —not just silicon, but electronics, cables,
support structure. .. - 1
=5 MeV of bias equivalent to ~A5 mm of iron in the tracker volume |
- Relative shifts from gravity, opening of the detector, modify alignment \ ;
=5 MeV uncertainty is a ~0.4 pm misalignment \
AN EEEEEN 2 2l
EEEEEE ‘ = rec e ena o [ Beam Pie
EEREENER
EENENEEN

If the tracker is misaligned ...the track will be reconstructed as

and we don’t know it... if the tracker was aligned
Kenneth Long 17




H I
‘% Muon momentum calibration: procedure I i I 'i

% Calibrate in data using a known reference: J/{ 1.
- Used to pin down sources of bias/uncertainty kcorr = Ak 4+ qM -

=»Need robust parameterisation for extrapolation across pr
- k = 1/prt (curvature)

- A: magnetic field correction
- M: alignment correction
- €. energy loss correction (e.g., material budget)

CMS

Preliminary

- Multi-step procedure
1. Improved, custom refit of track to muon nits
2. Apply module-by-module corrections from track refit 10’
3. Derive parameterised corrections (binned in nH) from fit to

J/\D resonance
=\/alidate J/P-based calibration with Y(1S) and Z

¢

Events / GeV

I IIIIIIfl | IIIIIII| | IIIII"I T TTTTm|

10°

pT~ m/2: ~5 = ~45 GeV

1 10 _ 10°
uru invariant mass [GeV]

2
:_|-|-|'|'|'|Tf| Illlllﬂl Illlllﬂ] (1]

- Corrections for muon momentum resolution derived from binned (in NH) fits to Z events
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A

- Refit muon hits using custom “Continuous Variable Helix” fit

- Model material in helix fit with Geant4-+additional params for B-field
- Increase Geant precision wrt standard CMS reco.

- Use of high-precision B-field map (lower speed wrt standard reco.)

= -xtract and apply per-module parameter corrections

x10~4 (13 TeV)
@ L
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CMS standard reco.
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-20

Fit of parameterisation function to single muon simulation vs. ground truth

60
40

20

\ \ /‘/}J //
e —— yj.jj’ H -=/'//
e . S o
— o 3 gt M
\ \:: - \\
W'I R
| |
H HN | J(\L
.L{ A
M=
x10-4 (13 TeV)
Q 1) ] 1 1 1 1 l L 1] 1) L] I 1 1 L) 1 ] L 1] 1] 1 [ 1) 1 1) L) ] 1 1 1] L I 1)
(4]
o go| CMS
W Simulation Preliminary

Global corrections -

-2.3<nF¢-22
ﬂ 1t + 4t
- +{ﬁ? +rl ++ +f"‘ + + _
+ , } + :
- 4 Simulated muon data T

—— Calibration model

e ey s e ey 1y
-150 -100 -50 0 50 100 150
qpt (GeV)

CVH refit+corr.




H
‘% Physics-model corrections from resonant mass fits I i I 'i

- Parameter extraction procedure
1.Fit J/U mass in a binned 4D space of (pr+, prH-, N4+, N
2.Using x2 minimization, extract n-binned calibration parameters per muon
3.Closure test: perform same procedure on Y(1S) and Z to assess consistency

x10-3 16.8 fb~! (13 TeV)
—1 < 2_ IC | I 1 | .I : I | | l | | | | | | | | I I | B
e e 168107 (13TeV) - CMS Preliminary _
5 600 CMS { — JW-opp - I \ T T i aa S SO U ]
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() -
>
L . | | | *

400}

300} o
5 + ++++ L PNE 3¢ TR + o ++ +
200f [Tt 7T e s P i ]
| . . E | |
100} Left: example fit to J/P in | NeToy 1osS +
bt central n bin P EEE—
T - T b R N N ' ol e T ‘:\ - e e A
B T e
=10 { k ” MH Hﬁﬁ*—awwmaﬁﬁj H -. HH! H 1 Right: Extracted S of +++ AR N ﬂf
S olel |H . Nl > * N
gw{l\HH parameters per n bin, (on = §t++ + T .
2.95 3.00 3.05 3.10 3.15 3.20 3.2 _=nl +«Hr +e ]
My (GeV) top of module-level corrs.) 50 B
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‘% Calibration uncertainty and consistency between J/¢, Y, and Z Illil-

16.8 fo~' (13 TeV)

- Closure tests: apply mass-fit procedure to Y(1S) and Z o Sfméms lllllllll T _
| O 6:_ Preliminary X</ndf=24.2/24 —
1. Correct by binned (A, e, M) parameters from J/U < B-field like
2. Fitfor residual correction to parameters o | 1
- Stat. unc. in parameters from J/ used as basis for systematic unc. 1 Lt ﬁ_jjf o
- Scaled up by 2.1 for full coverage 2 P 1 {W
- Confirmed Y- and Z-based calibrations are within unc. before unblinding B S ‘
= Uncertainty in mw 4.8 MeV of - Calrton oty
. Nuisance  Uncertainty o
Source of uncertainty . a0 16.8 o' (13 TeV)
Parameters 1N iy (MeV) % 1|, CMS Preliminary +  x%ndf=51.1/24 -
J/¢ calibration stat. (scaled x2.1) 144 BT el alignment like
Z. closure stat. 48 1.0 S ool L
Z. closure (LEP measurement) 1 17 g | J{fr it + I 1
Resolution stat. (scaled x10) F2 1.4 M i .T#ff ﬁ
Pixel multiplicity 49 0.7 | + o+
Total 314 4.8 T Tiow
: + I py
. ] _a0l- Calibration uncertainty (scaled)
ATLAS: calibration on Z (~7 MeV unc.) - m Calbration uncertainty

Kenneth Long CDF: Combination of J/p, Y, and Z (3 MeV unc.) S




H
‘% % Extracting mz from fit to my, I ! I 'i

- Extract mz from binned likelihood fit to my, in bins of signed n¢ of most forward muon
- Validate experimental technigues

) mz—mQDG_—ZZ—-48 MeV = —2.2 +

- Not (yet) an mdependent measurement of mz
Stability of result (calibration) validated across n-

{210 16.8 fb~! (13 TeV) Y 16.8 " (13 TeV)
> . I T U L L I L L L '_ ) ]
> CMS } Data : o CMS } Data : )
(\3) 1.0 __ Prellmlnal’y ] Z/Y*_) IJH/TT - B 10 — Pre/[mlnary I Z/Y*—) }J}J/TT B 16.8 fb 1 (1 3 TeV)
c ; B Other 1 = I Bl Other ] | | |
L?>j 0.8 Prefit (normalized) | L% 0.8} Pgstfit . Both [7“ <O CMS —— i —
[ x2/ndf i L x“/ndf ] . |
0l =18/24 (p=80%) . 0l =1524 (p=92%) o O 1o D Prellmlnary ;
T 1 T ! ne <U- N —
04: Preflt ] 04: POStflt_ L — Measurement i
: Both n* > O Calib. unc. L . —
0.2 — 0.2 — '

— - — — Stat. unc. |
151062—""""""'1.— P Inclusive[- x?/ndf=2.6/2 + —
o | Pred. unc. + | g 1.0 — m,+4.8MeV Pred. unc. 7 =289 i
o [ +++ oo +++ ¢ + ] o - . P = o i
© 1.00 ¢t RO b P " | |
S + ; oo, ] < 1.00f -40 -20 0

0.98f= Amz (MeV)
60 70 80 90 100 110 120 60 70 80 90 100 110 120

my, (GeV) my, (GeV)
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W and Z boson production at the LHC

- Measurement requires percent-level control of predictions
- Complex calculations with many sources of uncertainty

«105 16.8 fb~! (13 TeV)
> T e L L
PDF 8 s CMS { Data A VIV s
QCD - % | Preliminary--- MiNNLOps ~ HEE Other
1 QED . € 5p -
>
V LL]
y [2
- PDF determines quark flavour and momentum 5 T |
- Non-perturbative motion of quarks important at ks 1.0 _
ow pr' R — |
- Resum soft gluons for low/intermediate region A 0.9} Fixed-ordervmatching  —— GS-Nonpert. _
, [ Resum. TNP ~ Nonpert.
- pQCD accurate at high ptV e
- Electroweak corrections small, but relevant 0 10 20 30 0L
pr- (GeV)

Kenneth Long
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pTY modeling and uncertainties: overview

- Huge Monte Carlo samples with full detector simulation (4 B events) from MlNNLOps+Pyth|a+Photos

- Low-p1¥ dominated by non-perturpative effects, radiation of
- Improved accuracy from high-order calculation in resum

- APP

v granu

= / HOSON used on

ar, high-st

ly for valic

ation, Not to tune simulation

matl

SO

on theory

t gluons (modelled by Pythia)

at. 2D binned corrections to MINNLO from SCETIib (NSLL+NNLO)

1
108 16.8 fo~! (13 TeV) _ o x0° 1681 (13 TeV)
> ' L e L S e B e £ . ]
S 6l CMS } Data 72Vt o P/t o o CMS ¢ Data W Z/y* o Pt
> Preliminary--- MINNLOps ~ mE Other : = 5:_ Preliminary--- M'NNLgps Bl Other g
-IGC_; 5__ = v, _ G>) - L.
> - L
LL] 4| ]
3f
2__
1 MINNLOps+Pythia
0
. o
® f S
g 1.0f ‘ <
e s T c [
© = = O immmesseme S i ' ) ' ) _
T ool Fixed-order+matching CS-Nonpert. - N 0.9 ;ijnc:rc_jrilr;matchmg (NDSnN(e):[pert -
Resum. TNP ~ Nonpert. I |||||p|
T 30 35 40 45 50 55 60
M
pr (GeV)
pr" (GeV) T

Kenneth Long
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- PDF assumes parton momentum is entirely aligned with the proton motion
on: low energy = nonperturbative (NP)

- Residual motion in the pro

- Use phenomenological NP model in SCETIib inspired by lattice QCD
- Params untuneq, loosely constrained, extracted separately for W and /

Non-perturbative effects and uncertainty

- Constrained by data: ~1.5 MeV unc. in mw

- Collins—Soper (CS)
kernel universal
(correlated for W and 2)

- Others (Gaussian
intrinsic momentum)
not correlated

Kenneth Long

Events/GeV

Data/Pred.

5105

f—CMS' oy

| | | |
Data

- Preliminary--- MiNNLOps

16.8 fo-! (13 TeV)
T T ]

:_: L; 1 . I 1 I 1 I I 1 I | | I I I :
s i Tlem e I
e e I
L Fixed-order+matching CS-Nonpert.
[ Resum. TNP Nonpert. ]
] ] ] ] | ] ] ] ] | ] ] ] l | ] ] ] ] | ] ] ] 1 | ] i
10 20 30 40 50
LU
pr (GeV)

Events/bin

Data/Pred.

70— [1+ AP ) 5 el A ),

A2 (V) = A% L y2AR®?

arxiv:2201.07237
y-dependence as proxy for
X and flavour dependence

105 16.8 fo! (13 TeV)

§CI\'I|§' +

~ Preliminary--- MiINNLOps

T T T T | | ]
Data mm Z/y* > ppu/tT

Bl Other -

- d =
i L

CS-Nonpert. _

Nonpert.
| | | | | ] | | | | | | | | | | | | | | | | | | | |

Fixed-order+matching
Resum. TNP

~30 35 40 45 50 55 80
pr (GeV) o5



https://arxiv.org/pdf/2201.07237.pdf

I H
Perturbative uncertainties I I"

- “Theory nuisance parameters” calculated from SCETIib at N3LL and propagated through analysis
- Structure of resummation is known to all orders, many corrections are (unknown) numerical constants
- Parameterize elements of resummation series, uncertainties directly represent unknown terms

- Meaningful shape variation (critical!) and meaningful constraints from data
- Unc. in mw ~0.5 MeV

106 1fb1 (13 TeV) 106 16.8 fb~! (13 TeV)
> _I 1 I | I | | | I | I | | | | | I I | | | | | I I | | I I_ C i | | | | | | | | | | | | | | | | I I I | | | | | | | | | ]
8 1.5_ CMS B W*-puv | o) 8- CMS ¢ Data _

= " " " — \ B " [ * N
< [ Simulation Preliminary @ | Preliminary - WEeuy
2 C - B Z/y* >/t A
CIC) G>3 61 m= Nonprompt
Lﬁ LLI - W= = tv

4
2
0
. ettt e e ] . 1 L L Y L B B B O R
8 1 06E qg% BF --- qqS BF Hard func. Yu ] 8 1.03| qg BF -=-- qqS BF Hard func. Vo o
o qqV BF qqvVBF  — ¥ — Teusp o - qqV BF qQQVBF  — v — Teusp
E 1.04F qgAS BF  —— Soft func. . = 1.02 qqASBF  —— Soft func. =
8 | — 5
0 1.02 a
1.00F
098 — ]
i I I I T I I i
0 5 10 15 20 25 30
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Sufficiency of the theoretical model

- (General strategy: do not tune parameters of the theoretical models
ncertainties + data corrections extracted from maximum likelihood fit

- Robust paramterization,u

- Direct maximum likelihood 1r

- P-value of 16%

= Total unc. in mw 2.0 MeV

1O (yHH, prHH) s first test O

- sufficiency of this approach

-1
> 3( 1I 05| | | | ! | | | | ! ! | | ! ! 1I6 .I8 |fbl ! (I1 3I -I-leIV)— 6 x105 16'8 fb-1 (1 3 Tev)
() 6: CMS ¢ Data B Z/y* > g/t : % - C'MSI - IPcrustfitI - + E)It] -
O N ~ _ E 55 : ata !
@ - Preliminary--- MiNNLOps ~ HE Other ] % 9| Preliminary Xsat./nalf o W Z/y* s ppitt
= 5[ - - £ : =24.9/19 p=16%) . . :
) B o) i ]
0 - > 4 _
41 — L : i
3f °f -
: - : Postfit
: Prefit OStII
1 1
0 0
_c. =_: ‘ ] 'C i U L T | |
Ee . .
th_) 10k s : _‘i,,f,: R — . SL_) 1.005 Pred. unc B
EU 09__. .| Fixed-order+matching CS-Nonpert. 1 8 1.000 HH;H_HH+ + + + | |
I Resum. TNP Nonpert. i + * I
T e e e P P PR TR T T SRR N
0 10 20 30 40 50 0 10 20 30 40 " 50
p+t (GeV) pr (GeV)

ATLAS: tune Pythia to ptZ (5 MeV unc.)

Kenneth Long

CDF: Tune Resbos+reduce unc. from data comparisons (2 MeV unc.)
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Theoretical modeling: PDF

- PDF uncertainty impacts W production (and decay)
Derived from the fitted experimental data (with tolerance)
- Well defined statistical treatment

But... sets with different parameterisations+slightly different datasets are

not necessarily covered by uncertainties of others
= Seen in wide range of precision measurements
- No PDFs include theory unc. (approx. in special MSHT20, NNPDF)

168fb 1 13TeV

CMS

| Preliminary

Events/bin

Data
PDF4LHC21
MSHT20

= NNPDF 4.0

- CT18

CT18Z +10 -
BN Z->
mm Other —]

ATLAS

NNLO MSHT20
NNLO NNPDF4.0
NNLO CT18A

NNLO HERAPDF2.0

| |
-8- NNLO PDF profiling
-o- NNLO PDF fit
-8- aN’LO PDF profiling

aN’LO MSHT20

| | i |
ATLAS G g
= i E .
CMS | | | 138 fb (2016-2018, 13 TeV) (s=7TeV,4.6/4.11 ; p—?gf't
CT18X | B | T
------------------------------------------------------ g"' -0- A, . 0
crieA) . o Alp O X 1 -
¢l— w I : QE' ! E:
crez .. == L - Agg (no-prof) = ATLASpdf21 | ;
cre| == N -o- MSHT20 .
MSHT20 ' —— Apg CT182 —~+CT18 Ol X2 — :O
NNPDF40 | = rones —
NNPDF31 S . ST e NNPDF4.0 -
| | sin“6,, | Oror X3 S
e . :
I I : l
-100 -50 0
Am,, [MeV:
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Theoretical modeling: PDF uncertainty I I I i |-

. . . . <106 16.8 fb~' (13 TeV)
- Studied the impact of 8 modern PDF sets in our analysis 5 T OMS & bma | mm Noprompt
. | | ,g 2-0:— Preliminarymm W+ - uv Wt sty
- Compare consistency of sets with bias tests: g s m= 2y o g/ W Bare
- Gonsider one as MC prediction and others as pseudo data |
0.5
- Derive scaling tactors per PDF set from bias studies 00
R L SO
= Results for mw with derived scaling and unscaled C ook MeHT2 - oTis _;
o [ - NNPDF 4.0 —_ CT18Z %10 Y
- Select CT18Z as nominal set because of coverage of other sets ano g 10z5) —_
. . T 4 0oof _—
consistency with our data ors e O
=4 4 MeV in mw 3o To 00 To ‘gior')p‘
popl® _16.8fb" (13 TeV)
Im act on § 20% gN/'S I+ Data | ‘ Nonprorrllpt
. w 2.0 Preliminar £ 5 UV Wttty
PDF set Scaling factor I W 5 | T T v Rae
Orlglnal UPDF Scaled UPDF w - .
CT18Z 1.0 4.4 !
CT18 1.0 4.6
0.0
PDF4LHC21 1.0 4.1 R
MSHT20 15 43 5.1 L
MSHT20an3lo 1.5 4.2 4.9 o o5t -
o i
NNPDF3.1 3.0 3.2 5.3 e
\INPDF 40 5 . O 2 4 6 . O 0.975 ;.:;’.'.‘_'.‘I_i;.l‘r.rl_,..:l_:;__;;l.:.;._.._.;-.:.T. .' :.a'l—
-2.0 -1.0 0.0 1.0 2.0 y
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H
‘% W/Z helicity states and impact on lepton kinematics I||"

- For a given helicity state, relationship between V = W, Z and decaying leptons is known analytically
(up to small higher-order QED corrections)

7
do 3 doyr, [ o
dps dmdy dcos 6* d¢* 167 dpa dmdy (1 + cos™07) ;, (pT,m,Y) (cos 67, ¢")
| * | — 1= N

Angular coefficiencts  Spherical harmonics of

“inematics OF W/Z o e dicted by pQCD)  decay angles in CS frame

Coefficient A4 for W~ (inclusive rapidity)

= NNLO + NLO EW (def)
0.4 - ‘
.31

- Moditications of Ai change relationship between pr¥ and pt*

- Estimated at NNLO with MINNLO, verified consistency with arxiv:2204.12394
fixed-order NNLO

- Uncertainty from scale variations, uncorrelated across 10

oS ot s

-3.3 Mev UnC. in mW _0'10_—IL0 —INLO | | NLIO+NLOIEW —]NNLO'

0_

0.05 A
G

05 1

01091 __ NNLO + NLO EW (def) —— NNLO + NLO EW (exp)

Absolute value distribution

/d

d

/ dONNLO + NLOEW

do

400 500
pr(W™) [GeV]
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https://arxiv.org/pdf/2204.12394

H
I% W/Z helicity states and impact on lepton kinematics I||"

- For a given helicity state, relationship between V = W, Z and decaying leptons is known analytically
(up to small higher-order QED corrections)

do 3 dO’UL [(

dp2 dm dy dcos0* d¢* 167 dp2 dm dy
| |

7
1‘I‘CO82 0*) _I_ZAi(pTamv y) °Pi(COSQ*7q/)*)]
=0 “

CMS Simulation

- Exploit this relationship for alternative theory-reduced
measurement (helicity cross-section fit)
- Measure (v, ptv): divide (nv, ptH) templates by A
- ~600 parameters, binned in (v, ptv) per A, loosely
constrained around theory
- Uncertainty in ouL (04) of 50% (100%), others 30
constrained by envelope of theory unc 26, i ae ok

(e.qg., different PDFs) 2 -15 -1 =05 0 05 1 -.5L %
. epton
= | arger stat. uncertainty but reduced theory dependence

; x s
= G o B ] iE S B
" maxh BTN RAAR 3anal GBS IASAS LSASA AMAR ARAA KWAW femm
R ] o : 3I
BEL

s 1

o)
9))
1 | I | 1T | L | 1 | I I | I | ;.;I-;-; | II I | I I | I

. Wgily, <025 . (WL 05< ly, | <0.75 Wi:20<ly | <225

(R,L related to A4)
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- W-like measurement of mz using approach developed for mw
0 two data samples to avoid need for evaluating

oNs with

- Split int
correlat

% Extracting mz from fit to (n¥, pt+)

N events

- Both results highly consistent with PDG (LEP)

Kenneth Long

Mz —mz =
. Impact (MeV)
Source of uncertainty Nominal Global
Muon momentum scale 5.6 5.3
Muon reco. efficiency 3.8 3.0
W and Z angular coeffs. 4.9 4.5
Higher-order EW & el
py. modeling 1.7 1.0
PDF 2.4 1.9
Integrated luminosity 0.3 0.2
MC sample size 2.5 3.6
Data sample size 6.9 10.1
Total uncertainty 13.5 13.5

!
! o= Myp fit
: =< Nominal W-like m fit
| W-like mz fit (even < odd)
— —et —:= PDG average —
I
— . o L : —
I
:
_ l—-r-—o—i—l _
|
| | | | I | | | | | | | | | I | | | |
-25 0 25 50 75
mz - m5PG (MeV)
105 16.8 fb~! (13 TeV)
> T o T
8 6_ CMS PgStflt + Data __
3 i Prel/m/naryxfr;%s(p 99%) W Z/y o pplt
- 5 Bl Other —
(1>) ]
T
3
of
’ B
0
5 : |
D L ——— mz+14MeV Pred. unc
D\t 1.005 ; { -l -L } L | l l } | _|
£ 1.000 i"---Jf'.* % 44—*—#% RN TSR
a : T ﬁ 7* _T T |
0'995:_..@...* IIIII o Ch

CMS Preliminary I I I I
T T ! ! T T T ! '[ T T T T I ! ! ] T




‘% Validation of the theoretical model

- Propagate postfit pulls and constraints of theory
uncertainties to generator-level distributions
- In situ corrections from data
- Compare
- Unfolded pt+H data
- Direct fit to ptHH
- W-like (nv, pt) fit
= Strong and consistent constraints between direct
fit to and pt#v to prH

- (n¥, pt) distribution able to simultaneously correct
oTHH and extract mz without bias

= Justifies performing mw measurement without
corrections from pr+H

Kenneth Long

Z Cross section (pb/GeV)

Ratio to prefit

><101 13 TeV
. —
CMS 4 Unfolded data -
- Preliminary — (pHY, yrw)
: — mz (p¥,n",q") -
i — prefit N

50
pf (GeV)
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% Extracting mw from fit to (n, pt+)

- Jotal uncertainty of 9.9 MeV
- Muon momentum scale and PDF dominant unc.

my = 80360.2

|

<108 16.8 fb~! (13 TeV)
> 8T T 1T T T T T . Impact (MeV)
8 L CMS Postit + Data : Source of uncertainty Nominal Global
P Preliminar B W pv :
€ 6f W= Nonprompt - Muon momentum scale 4.8 4.4
o sf B Z/y* -/t Muon reco. efficiency 3.0 2.3
4 e W and Z angular coeffs. 3.3 3.0
; Higher-order EW 2.0 1.9
) pY modeling 2.0 0.8
1 PDF 4.4 2.8
—— Nonprompt background 3.2 1.7
5 O: s L L B B Integrated luminosity 0.1 0.1
n&_) 1.002:— == mw=z=9.9 M+eV Preo_;—uni:. * E MC sample Size 15 3.8
S 1.000 f"+‘j‘$5*$““+"*ﬁ‘*ré{§+ v ﬂ, : Data sample size 2.4 6.0
S OO S SR :
O 0.908F L Total uncertainty 9.9 9.9
%0 3 40 % 50 55
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Comparison to other results

CMS Preliminary

my in MeV
LEP combination 80376 + 33
Phys. Rep. 532 (2013) 119
DO 80375 + 23
PRL 108 (2012) 151804
CDF 80433.5 + 9.4
Science 376 (2022) 6589
LHCDb 80354 + 32
JHEP 01 (2022) 036
ATLAS 80366.5 + 15.9
arxiv:2403.15085, subm. to EPJC
CMS 80360.2 £ 9.9
This Work

80300 80350 80400 80450
myw (MeV)
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I H I
‘% Helicity cross section fit result I I"

803608 = 15200 |

|ﬂ —

CMS Preliminary (13 TeV)

Main result

- Helicity cross section fit result very
compatiple with the nominal

- Larger uncertainties by design Helicity Fit
- Result istable wrt looser or tighter initia Ag, x1,0g,, %2
constraints on the helicity cross sections Ao, x 1,Aq,,.. x5

AOS X 2’Ao'others X 1
AOB X 2’Ao'others X 2
AOS X 2’Aﬁothers X 5

80260 80310 80360 80410 80460
mw (MeV)
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‘% Experimental validation

- Compatibility tested when allowing different mw
parameters per n/charge regions

Mass difference between
Nn<Oandn>0:5.8+12.4 MeV
Barrel vs. endcap: 15.3 = 14.7 MeV

- Wt vs, W 57+ 30 MeV

A A
| OOO————=—=PNOMNN

Charge difference studied extensively, and no clear
iSsues found

- mw+ and my- are highly anti-correlated (-40%)

NN
| OOO——4——— NN
PN = === O00000OAGHONADONANPNZA====000000 A 50oNADHONA

NOOOOLNOODPRNOMNAAAAAAAAAAA DNOCOOOPLRNOOOPRANOMNAAAAAAAAAAA
ANNNNNNNNNNNNTI I IS T ITIOIII NNAAANANNANNNNNNTI T TSSO
SQQQQQQQQQQQQQTﬁ?????ﬁ?ﬁﬁpQQQQQQQQQQJDF??F?FF?FF?

Only 2% correlation between mw+ and mw-

= -\ven If some small charge-dependent correction is
Underestimated, impact in mw 1S very small
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‘% Impact of modeling and validation I I I i |-

- Jested effect of varying treatment of theoretical uncertainties

. . . . x10° (13 TeV)
- Partial high-order resummation + theory nuisance parameters < o —7 171 T
— - Co . ©® 44E CMS — Mw (P¥,n“,Q“)+ _IE’“,leH) ]
- Explicit reweighing of pt™v by measured pr4 correction O "t Preliminary — mw (B 0. ) :
. . 2 q2L S -
- Combined myy + prTH it = — prefit :
. . . o 1.0 -
= All results consistent with nominal approach 8 o af :
»
CMS Preliminary  16.8 fb! (13 TeV) 3 06k
| | . | b 3 -
~4 N3*'LL+NNLO | ; 041
| N**OLL+NNLO —— 0.2
~  p¥ rwgt. | 0.0 —
o ET | | | | |
. 22 . ‘-Iq—J B ___________.—
~-| Combined px fit I R —
—-— Nominal iGp‘T’mod. : o - S . e ]
e 0 09F = my (pf.nt.q¥)+(pht yrr) IEEEEEER
| &U 0.8:—5'5 == mw (p+.n", q") = prefit -
)_'_L_I_{ I T T T I TN T T AN T O N T AN SO SN ST N SR WA N
| 0 10 20 30 40 50
| | | : | - . p-Y—V (GeV)
30280 80310 80340 ___ 80370 Comparison of generator-level postfit
my (MeV) distributions from nominal and combined
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N

Results with alternative PDF sets

- Unc. scaling reduces spread of results, brings all within nominal uncertainty

| | | | | I | |
CMS At BENG CMS i —~ CT18Z
Preliminary - EL?DHO - Preliminary | | ‘ - ELLSDF o
O—HT{ < MSHT20an3lo H—*E-H = MSHT20an3lo
- - NNPDF31 . -
~ 4+ ~ MSHT20 — 1 I\NA':,E?Z? -
| <+ PDF4LHC21 | < PDF4LHC21
| F | ’
| _ B | _
i i |
L | L |
™ Unscaled - 7 Scaled
l | I | | l
80300 80335 80370 80405 80440 80300 80335 80370 80405 80440
my (MeV) my (MeV)
Extracted myy, (MeV) ATLAS | | =
PDF set W X ) cme
se Original Copg Scaled Fopg (s =7 TeV, 4.6/4.1 fb o
CT18Z 80360.2 +9.9 bt
CT18 80361.8 4 10.0 Oror X =-
= ATLASpdf21 : :
PDF4LHC21 80363.2 +99 o MSHT20 A b
MSHT?20 80361.4 +=10.0 80361.7 =10.4 :SEZA Cppr X 2 g‘_i/
MSHT20aN3LO 803599+99 80359.8+10.3 = NNPDF3.1 |
NNPDF3.1 80359.3+9.5 80361.3+10.4 Rt
NNPDF4.0 80355.1 9.3 80357.0 £10.8 | | =
100 50 0
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CMS Preliminary

.
> 190 — 68% and 95% confidence level
€b) [ cMS, CMS-PAS-SMP-23-002
Q) | [IT0 CMS, Eur. Phys. J. C 83 (2023) 963
~ 68%, 95%, 99% credibility regions
E"" — [T de Blas et al.,
B Phys. Rev. Lett. 129 (2022) 27

180 —

170 —

160 — , | |

80.25 80.3
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The CMS precision measurement program and the electroweak fit

CMS Preliminary
by it 5 0.234 [ 689 and 95% confidence level by[iag fit
F ~ [ CMS, CMS-PAS-SMP-23-002
C — 10 CMS, CMS-SMP-22-010
7)) —  68%, 95%, 99% credibility regions
— [III de Blas et al.,
0233 |— Phys. Rev. Lett. 129 (2022) 27
0.232 —
0.231
| | | = | | l I | I | I | l | I I |
80.45 80.25 80.3 80.35 80.4 80.45
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I H N
Summary and conclusions I I"

- The first mw measurement at CMS is a long-awaited milestone for precision physics at the LHC
- Documented in CMS-PAS-SMP-23-002, submission to journal very shortly
- Most precise measurement at LHC
- |In tension with CDF measurement

- The CMS detector and the LHC are precision instruments, far exceeding expectations

‘The standard model is not dead’:
ultra-precise particle measurement

thrills physicists
CERN'’s calculation of the W boson’s mass agrees with theory, contradicting a pr C MS P r elim inar y
anomaly that had raised the possibility of new physics. ! | ! HE !
: [
By Elizabeth Gibney C My in MeV | LEP Afy o e 023099 +0.00053
' LEP combination 80376 + 33 - — — LEPP, | — - " | 023159 + 0.00041
y f Phys. Rep. 532 (2013) 119 I LEP A | —— | 023221 + 0.00020
DO . 80375 + 23 |!_._| — LEP Ane B = " | 0.23220 +0.00081
PRL 108 (2012) 151804 | ep Q[ . | 02324 +00012
CDF — 80433.5+9.4 | —.— SN o e _| 028098 = 0.00026
g Science 376 (2022) 6589 | CDF 1.96 TeV — 023221 +0.00046
_ LHCb - 80354 + 32 |_L_‘ ] D0 1.96 TeV —a— 0.23095 +0.00040
|\ * t._ “ JHEP 01 (2022) 036 ! ATLAS?TEV .....C ................................................................... — 02308 i00012
e ATLAS | 803665 + 15.9 | N LHCh7+8TeV o 023142 +0.00106
' arxiv:2403.15085, subm. to EPJC | cmsgTev | —o— 0.23101 +0.00053
CMS B | N CMS13TeV , 1 —— 1 l 0.23157 + 0.00031
. . This Work 80360.2+ 9.9 | —— EW fit 0.229 053 0231 0232 0233 0234
i j i | | sin°6;
80300 80350 80400 80450

mw (MeV)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-23-002/

Backup
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A

Looking forward

- In the near (and not so near) future, hadron 2021 | 2022 | 2023 | 2024
colliders are our main probe of mw

- Can envision huge theoretical progress in

next 20 years

- Enormous data set will come wi
experimental challenges due to

and detector aging

- Mitigate with special runs, detector

- Future ete- collider provides more direct, less theory-dependent measurement

from threshold scans

Upgrades, reconstruction advancements

- FCC-ee anticipates < 1 MeV unc. in mw

- Experimental+theory hadron co
oroviding results that stand the

me

- Publish/maintain analyses that can be

Kenneth Long

reinterpreted with improved theory

ider communities must meet the challenge of
test of t

2025 2026 2027 2028
JIFIMAM|]|J|A|S|O|N|D|] |FIMIAM[]|]|AIS|OIN|D|J [FIM/AM|J [J|A|S|OIN|D[] |FIMIAM|]|]|A|S D|J|FIMAM|]|]|A|S|O|N|D]J |[FM/AM|] |]J|A|S|ON|D[]|FIM[AM|]|] |A|S|O|N|D|] |FIM/AM[]|]|A|S|ON|D|J |[FIM/AM|J |J |A|S|OIN|D
{ Run 3 J [ Long Shutdown 3 (LS3)
2030 2031 2032 2033 2034 2035 2036 2037 2038
__h increaged JIFMAM|]|J|A|S|O|N|D|]|FIMIAM[]|]|A|S|O|N|D|J [FIM/AM|] [J|A|S|OIN|D[]|FIM|AM|]|] |A|S D|J|FIMAM|]|]|A|S|O|N|D]] |[FM|/AM|] |]|A|S|ON|D[]|FIM|AM|]|] |A|S|O|N|D|] |FIM|AM[]|]|A|S|ON|D|J |[FMAM|J |J|A|S|OIN|D
nigh-pileup i i T
Last updated: January 2022

Shutdown/Technical stop

Protons physics

Ions

Commissioning with beam

Hardware commissioning/magnet training

FCC-ee?

FCCee W-pair threshold
- ——m,=80.385 GeV I,=2.085GeV
1 m,,=79.385-81.835 GeV, I'|,=2.085 GeV
___Im,=80.385 GeV, I'\,=1.085-3.085 GeV.

-
N

o(WW) (pb)
s

| |
955 160 165 170
s (GeV)

https://doi.org/10.1140/epjst/e2019-900045-4 413



https://doi.org/10.1140/epjst/e2019-900045-4

A

- Only “global” uncertainty breakdown (arxiv:230 /.04

Comparison with other measurements

007) comparable to ATLAS

Unc. [MeV | | Total Stat. Syst. | PDF A; Backg. EW e u ur Lumi I'w PS f:;::energ — Uncerta;n(t)y B
............................ yscae  oooSY
pf;, 16.2 11.1 11.8 4.9 3.5 1.7 56 59 54 0.9 1.1 0.1 1.5 .'-..?P.t?[‘..?ﬂ?f..g.)f...r.???'..‘.‘.t.i?.r.‘.......................1.:.? .................
Recoil energy scale 1.2
Mt 2.4 114 216 | 11.7 47 4.1 49 67 60 114 25 02 70 Recoil energy resolution 18
Combined | 159 98 125| 57 37 20 54 60 54 23 13 01 23 Lopon fficency 04"
Lepton removal Ll
ATLAS Backgrounds 33
p% model 1.8
Compared to ATLAS . . S & N
- Leverage larger data set while managing g%réen.gjﬁttxipytien.s ................................. gg .................
. . : : radlation .
comparable exp. uncertainties in nign PU W boson statistics 64
. Total 9.4
- Stronger constraints on PDFs | L
- Reduced impact of other theory Impact (MeV
_ Source of uncertainty : - wre CDF
- ATLAS EW unc. due to use of older Photos++ o : 1 Nom“f; | GIO‘Z&‘; '
\ \ uon momentuim sdcaie . .
- lotal calibration + muon eff. only 10% better Muon reco. efficiency 30 o3 |
- but Z-iIndependent, model-based W and Z angular coeffs. 3.3 | 3.0
CDF has advantages from pp, lower E, PU I;Vlg;f;;rii: EW v Y
- PDFs better understood (valence quarks) PDF ial  os
- LLess hadronic activity (simpler recoll calibration) Nonprompt background 3.2 1.7
| N o I luminos; 1 1
- Low tracking material aids lepton calibration ntegrated luminosity oL 2L CMS

= Nuch larger data set is the CMS saving grace

Kenneth Long

MC sample size

1.5 |

3.8

Data sample size
Total uncertainty

2.4 |

9.9

6.0 |
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https://arxiv.org/abs/2307.04007

Muon reconstruction efficiency

- First step of analysis is reconstructing muons very precisely

- In Situ measurement of reconstruction rate from Z—upu sample (tag-and-probe)

- & binned very finely in (pt+ ,n) and divided by into steps:

- trac
- SMOoot

KINg, track+muon system

ned In P+

=3 0 MeV unc. In mw

match, 1D, trigger, isolation

0 reduce stat.
- ~2400 nuisance parameters in -

fluctuations
nal signal extraction

- Note: tag-and-probe cannot capture loss of events

pbetore the trigger, or differe
- Account for W/Z recoll dif
- Custom vertex select
- Irigger “pre-firing” est

Kenneth Long

‘erences

onN

nces between VW and £

for W//Z consistency
mated independently

Hadronic
recoll Z
T
probe |1
1N Y
= 2T PT
I T
Pt

tag u

Events/bin

Data/Pred.

E =
passing probes + failling probes

—
o
o

—
N
(6]

1.00}
0.75}

0.50

0.95

passing probes

X 1'051 .

16.8 fb~! (13 TeV)
N I R B IR L R BB R R B

. CMS

Preliminary ;7(

Prefit (normalized) 4
H=+1

2/ndf

Data -
B Z/y* - pp/tt
Bl Other {

=79/95 (p = 88%)

1 I I 1 1 1

| P aatet 4t aeee RITTIPETL $. b
Fat t4t . o ¢ . ¢ LA

=
| I 1 |

l ] | 1 1 l ] | 1 1 I | || 1 1 l 1
Pred. unc.

¢

¢ ¢ ]

1 l 1 1 1 ] I 1 1 ] Il I 1 | | Il I 1

-2.0

-1.0 0.0 1.0 2.0
n 8
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pTMiss calibration

- ptmiss enters the analysis via the signal (mt> 40 GeV)

- DeepMET gives improved resolution, better signal vs. background
- Calibrate prmiss in dimuon data

- Hadronic activity must balance prt!

- Parameterised corrections in bins of boson Pt

- Applied to Z (validation) and W MC using generator-level prV

hadronic recoil

q
Ur

x105 16.8 fb~1 (13 TeV) - x107 16.8 fb~1 (13 TeV)
c E N L B B R I LN BN = TN 0 e L B B B B , , .
S 6 CMS b Daa - s | cMs : Data | _  CMSSimulation Preliminary (13 TeV)
% - Preliminary N Z/y* > up/tt ] % 0sl Preliminary W — pv b é - —— DeepMET ]
o St Bl Other B O Nonprompt 2 i :
> B i > I ] = — Particle-flow MET
- ] . 0.6 W=+ 5 v ] N
| |Derived from Z ' S
3f - _ i are 0.020(- N
i ] 0.4 )
| | applied to | |
E i —————— e e— e 02 i 0-01 5 __ ]
1} N -
0 ! - S 0.0 0.01 0:— -
: IR I T ] . BEREEEEREE R s
53 025} Pred. unc. - D 1.025 Pred. unc. - :
~ - . *¢++¢+++++¢|5 o . ‘ 0.005}- -
| .—#TH—O—oLo—o—.L‘ | 000F L ecettcctes eemmma——— i
%1000: + AR FRARELN ‘ I %1000_. tteeca, ., vot 47 i
O - : - o g -
0975_ - - d o NnNONNEE L 1 1 1 1 ] | | | | | | |
L e 0-000, 20 20 60 80 100 120
40 50 60 70 80 90 100 110 120 40 50 60 70 80 90 100 110 120 m{” (GeV)
W-like m&'PT (GeV) mt P (GeV)
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- Data driven estimate with “extended ABCD method”
- 5 (+1 signal) regions of isolation/mT to correct for correlations

- Smoothing to reduce stat. fluctuations
= 3.2 MeV unc. in mw

- Full uncertainties of prompt subtraction propagated to 5 regions

- Dedicated efficiency measurement for iso-falling muons

goxtot 1.6'.8|ft.)_1 (13 TeV)
§35 CMS Prefit ¢t Data _
% ks Preliminary EE Nonprompt -
"ch 3.0 Bl Prompt -
. . D 25 :
- Primarily heavy flavour N
decays to leptons in jets 15
. . 1.0
=\/alidated in secondary .
vertex control region e —
S 1.2 | | N
@ " Pred. unc. X
& I ¢
{% 11);.*:F1Laﬁazkazfﬁ¢¢**f* ¢+ ++ ++ ++ + )
= _
08_—...|l..||.|..|||..|..|.|....+|t
| 30 35 40 45 50 55
Kenneth Long pr (GeV)

Events/bin

Data/Pred.

c o o = =
A o o0 o N

o
)\

0.0

1.1¢
1.0
0.9F

Nonprompt background estimation

: A, B?
relative A | | =C - B‘” Ve
] L] | |
isolation | | Dz
| | fakerate
| |
Al A C
0.15 - ===
| |
| N —
B, B |D=SR
I | >
20 40 mt [GeV]
x1.04| I | .1.6'|8 fb_l1 I(1|3-||-e|V)
= CMS Prefit + Data —:
Preliminary B Nonprompt |
5 Bl Prompt B
] T T
__+ Pred. unc. B
4 +¢ ' X ) ¢ ' ++ + S ¢ +E
L ++ LAY I AR Y 'y, + boob NTSERY A E
E. —
T I T T S (N T SO ST N R R R | I
-2.0 -1.0 0.0 1.0 2.0r)p 47




N iImpact ot EVV corrections captured by Photos++

element corrections (MEC) ~NLO QED

- Impact of higher-order EW evaluated by comparisons of full NLO
calculation to MINNLO+photos prediction. Factorizeo
- FSR ~ 0.3 MeV in mw

- Horace QED FSR
- Photos++ MEC off
- < 0.1 MeV
- Switching on/off QED ISR in pythia

Higher-order EW uncertainties

cludes QED @leading-log y—ee/uu pair production and matrix

—\V

_ Virtual ~1.9 MeV AN

- /. Powheg NLO+HO EW
- W: ReneSANCe NLO+HO E

IFI (heglected)

Events/GeV

Ratio to pred.
o

x106 13 TeV)

| Simulation Preliminary

Prefit

- -
N
Illll]lll

== mz+25MeV
ISR off — FSR MEC off
—— FSR horace — EW virtual

70 80 90 700 10
myu (GeV)

ATLAS: Pythia vs. Photos (6 MeV unc.) ~ //VVVVVVVVVVVVVVVVVVVR o

Kenneth Long CDF: 2.7 MeV unc. (Horace)

120
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x105

Parameter level view of the theory model

16.8 fb~' (13 TeV)
T T ]

> — :
8 61 CMS ¢ Data W Z/y* > pp/tr
> [ Preliminary--- MINNLOps M Other
c 5 .
) :
= 5
W 40 _
. I Fo] I
3 L -
T 1.0F ttte e o R
S e I 1
E ._I.° L Tl — ===
8 09 N Fixed-order+matching CS-Nonpert. -
iJ Resum. TNP Nonpert.
0 | | | | | | | | | | | | | | | | | | | | | | |
0 10 20 30 40 50
pr' (GeV)
Small pulls/constraints on TNPs

Nonperturbative termr

S most iImportant

- Different behaviou

rof A@ and CS

terms due to degeneracy

- Consistent impact on pt2
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CMS

Preliminary -2

= e

SCETLIb Nonpert )\4(Z)

Pull £ Constraint

SCETLIb Nonpert. A2(Z)
'SCETLIb Nonpert. AN¥(Z)

SCETLl Nonoert CS C. 0,

Resum. FO transition Z [dlff.]
Resum.-FO transition Z [avg.]

Resum. TNPy,
Resum. TNP Yy,
Resum. TNP T'¢q,
Resum. TNP qqAS BF
Resum. TNP qqV BF
Resum. TNP qqV BF
Resum. TNP qqS BF
Resum. TNP qg BF
Resum. TNP Soft func.

Resum. TNP Hard func.

O b 2 i) ::1
FO MRr:MF Z [avg] |

® m;pMnY

g") fit &
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A

- LEP combination (2013): 33 MeV unc.
- Semi-leptonic and fully hadronic WWV decays
- Tevatron (proton-antiproton):
- wrt LHC: Smaller W production uncertainty, better
estimation of neutrino momentum
- DO (2013): (23 MeV unc.)
- CDEF (2022): (9.4 MeV unc.)
- mr+prt! (e+); very precise £ calibration: 4.2 M events
- LHCb (2021) (32 MeV unc.)
- 13 1eV, ptvchannel only; 2.4 M events
- ATLAS (15.9 MeV unc.)
- Publishea 201/, updated earlier this yvear
- ( TeV data, mr+ptt (e+y, 3 n categories): 14 M events
- Driven by prt channel (~90%)
- CMS (9.9 MeV unc.)
- 13 TeV data, ptt (u only, 48 n categories); 100 M events

Kenneth Long

Mmw Mmeasurements: current landscape

Overview of m,, Measurements

I LEP Compinatin | ATLAS Preliminary T @w=
_______________________ s=7TeV,46f" . &
o0 @02 —
IE.\IIE[FZI\I/__III_(,EI;':JPTJEEZ_Z-254-PPD . . a
e A RS
ATLAS 2017 ; N ;
arXiv:1701.07240 @ Measurement | —. ® mm
|:|Stat. Unc. . I
ATLAS 2023 [l Total Unc. _ |
ihis work ' 'SM Prediction - ' —
______________________ | L] i
80200 80300 80400
m,, [MeV]
| Source Uncertainty (MeV) |
| Leptonenergyscale 30 f
| Lepton energy resolution 12~ »‘
Recoil energy scale 12 |
Recoil energy resolution 18 ;
Lepton efficiency 04 . | CDF
Lepton removal 12 | .
Backgrounds 33 | uncertainty
pé model 1.8 |
pY /o model A8 | breakdown
Parton distributions 39 :
QED radiation ~ 27 . c
W boson statistics . 64 ... }
Total 0.4 :
. 1 50



https://www.sciencedirect.com/science/article/abs/pii/S0370157313002706?via=ihub
https://arxiv.org/abs/1310.8628
https://www.science.org/doi/10.1126/science.abk1781
https://arxiv.org/abs/2109.01113
http://www.apple.com/uk
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-004

N
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Comparison of measurements (previous ATLAS)

ATLAS LHCb CDF
Collider pp pp PD
V'S 7 13 1.96
L 4.1-4.6 1.7 8.8
Npileup ~ 9 2 3
Final states e/ L e/
Fit variables mr, p% q/p5., paiss mr, p5, priss
p5% > (GeV) 30 28 30
pr{ < (GeV) 50 52 55
n?> -2.5 2.2 -1.0
nt < 2.5 4.4 1.0
piss > (GeV) 30 N/A 30
mt > (GeV) 60 N/A 60
mt < (GeV) 100 N/A 100
ur < (GeV) 15 N/A 15
Selected events ~ 13.7M 2.4M 4.2M
MC generator POWHEG-PYTHIA 8 POWHEG-PYTHIA 8 RESBOS
PDF set NNPDF3.0 NNPDF3.1 NNPDF3.1
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‘% Comparison of uncertainties (previous ATLAS) I I I i |-

Source ATLAS (MeV) LHCb (MeV) CDF (MeV)
Lepton uncertainties 9.2 10 3.5
Recoil energy scale & resolution 2.9 N/A 2.2
Backgrounds 4.5 2 3.3
Model theoretical uncertainties 9.9 17 3.5
PDFs 9.2 9 3.9
Statistical 6.8 23 6.4
Total 18.5 32 9.4
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measurement

a big deal?”
S worth the hit
sion measurements: it's a huge challenge!
etector = more chances o

tracks built from wrong hits), higher chance to mis-measure

St

— Anony

out Not “for free”
Mmous theory colleague

~ confusion

ancing act between lumi. and performance

CMS Experiment at the LH, CERN

Recorded luminosity (fb™'/1.0)

30 ] T T I I I T T T T I I 1 1 1 I I I T T I T I I I
Data recorded; 2016-Oct-14 09:56:16,738952 GMT > — ]
Run / Event /1 5:283171/.142530805 /. 254 \, o - A LAS Simulation Preliminary -
SO O _ L {s=13TeVZ— -

25 [ _O__O_
-} - o0 -
| -O- _
o) - o0 © ]

20 o0
- _O_ —
n Fotats _
- -O- -
_O_.
= o0 _
15— P -
- 0O —
_ o © _
10—~ o —
Py .
- _.__.__._ —
5 o & —©— High-u Calorimeter settings ]
B —&— Low-u Calorimeter settings ]
B | | | | | | | | | | | | | | | | | | | | | | | | | B
0 5 10 15 20 25 30

<u>
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CMS

:This analysis

2023
2022
2018

13.6 TeV ): <p> =52
13.6 TeV): <u> =46

3.5

13.0

13 TeV): <u> =37

— — — —

2017 (13 TeV): <u> =38
2016 (13 TeV): <u> = 27
2015 (13 TeV) <u> = 14
2012 (8 TeV): <u> =21

2011 (7 TeV): <p> = 10

o (13.6 TeV) = 80.0 mb
o (13 TeV) = 80.0 mb
o (8 TeV) = 73.0 mb
o (7 TeV) = 71.5mb

hadronic recoil

_)
Ur

12.5

12.0

11.5

11.0

10.5

0.0
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I H
Theory nuisance parameters I I"

10 L B LI L LI L L L LI L
e pp — Z (13TeV) -
@ Level 1: At given order vary parameters around their known values 3 v o . =
- e 71 Q — mz, Y =0 -
co + as(p)[cr + as(p) ez + -] = co+ as(p)(cr + 61) o, — M NNLL/(0 £ 2) -

» Simpler but perhaps less robust

@ Level 2: Implement the full next order in terms of unknown parameters
co + as(p)|er + as(p) ez + -+ -] = co+ as(p)|c1 + as(p) 62

|
-

» More involved, but also more robust, allowing for maximal precision

Relative impact [%]
=

lllllllllllllllllllllllllllllllllllllll

I
-
-

0 o 10 15 20 25 30 35 40
Pr [GeV]
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Statistical analysis

- Results from binned maximum likelihnood fits to distributions sensitive to parameter-of-interest (mw or mz

- Using tensorflow-based implementation of binned maximum likelihood fit
- Avold numerical instabilities due to fit complexities
- O(3k) template bins in mw fit and ~4000 nuisance parameters a0t 1687 (13TeV)
%J I CMS Prefit (normalized) ¢ Data ]
O 2
: : : : . P 81 X*“/ndf B WSy -
- mw (mz) uncertainty = 100 MeV shift computed in simulation | =542 (P=24%)  mm Nonprompt -
and propagated via event weights o e[ W Zy* > /T -
. . . I W= 51 ]
- Unconstrained in fit - e

- Extrapolation within range using log normal shape (validated to
within < 0.1 MeV)

- Consistent with typical X2 minimization

i
)

- L R R
- Measurement performed “blind” g 10257 mwx100MeY it ]
' ' ' ! ! | R e e e e e e g T . .--r—r-‘--—o--!—°°—°_
- Likelihood fit with mw only performed on data in final steps s 1000 i e
- « - o 0.975[ _
- Mz and my values hidden, “unblinded” in seguence after S | 1 | |

finalising all inputs

Kenneth Long
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https://github.com/bendavid/HiggsAnalysis-CombinedLimit/blob/tensorflowfit/scripts/combinetf.py

Heavy quark masses

- SCETlib calculation assumes massless quarks
- rull calculation at comparable accuracy not known

= Estimate impact by varying guark mass thresholds in PDF (dedicated MSHT20 PDF sets)
- Impact ~0.7 MeV

x105 (13 TeV) x108 (13 TeV)
> IR L B B B BN > I S L L B I B
(‘B sl- CMS Prefit B Z/y* 5 pp/tT - (“_,5 al CMS Prefit B W: o v -
= " Simulation Preliminary B Other ‘ = - Preliminary == Nonprompt
:]C: :1:: 6: . Z/y*—>pp/rr—:
) \T : e WE STV
4 Bl Rare ~
2
0
S10100E T T S1o0100E T
o - - == mz+25MeV ; o - == mw*=25MeV -
8'1,0075:— mp +1.25GeV — m.+0.2GeV - 8'1,0075:— mp+ 1.25GeV — m.+0.2GeV B
O = E O - ]
c(Eaﬁ-tooso h'—\—._.__‘_‘&hﬂ @1'00505
1.0025 |- — - 1.0025 |- — -
1.0000 e & LT 10)0 10— _.—'_’_' &
0.9975 | | | e |-" e 0.9975 . | | | “"'""f_ | =
30 35 40 45 50 55 60 30 35 40 45 50 55
v v
p¥ (GeV) p¥ (GeV)
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N

CMS W-like Z measurement

- Measurement of the Z mass in a "W-like” way: add one lepton to the prmiss
- Hirst effort towards a VW mass measurement

- Focued on calibration of muon momentum scale and recoll
- Limited to central muons
- In principle, a demonstration that this is possible at CMS

- Combination o

" technical issues (V

effort stoppeo

ere

CMS Preliminary s=7 TeV (4.7fb ")
S 30 —~
. i >
O, [ o pfMETDATA >
=y, 7 tkMET (dz<0.1 cm) DATA O
5 251 4+ pfMET MC ™
5 - « tkMET (dz<0.1 cm) MC ] 8
B | E 2 [ ) ~
- SIS SR -
; it 3
i ¢ _ i
:+g§=t-i!¢¢$i’i’+&l+ﬂﬁg'
10— ¢
K
i Zp_<30GeV
S response corrected
—l | I L1 1 I 1 1 1 I 111 I 1 11 I L 1 | | 1 1 1 I 111 I | .| | | .| Il %
0 2 4 6 8 10 12 14 16 18 20 &
Number of vertices
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CMS Preliminary

\s=7 TeV (4.7 fb)

CMS Preliminary

LI R R R N S R B B N B B B A A |

Z(W' )V (99.9%) |
- Background (0.1%)

C production) and sociological ones (loss of person power) meant the

s=7 TeV (4.7 fb ")

W-like positive

W-like negative

l D M ZW-Iike_ M ZPDG
= Total unc.
== Stat. unc.
Exp. unc.
— I — MZPDG unc.
— D S —
D S —
| 1 | | I | | | | | | I | | 1 | I
-150 -100 100 150

MZVV-like _ MZPDG (Mev)
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Electrons vs. Muons I I I i l-

- Significantly larger statistical+experimental uncertainties for electrons already in W helicity measurement
- Energy calibration Is also more challenging
- Wil be difficult to be competitive with muons for myw measurements

Phys. Rev. D 102 (2020) 092012
200

35.9 fb™* (13 TeV)
———

% 180 .+ it |4 Combinaton  —+Muon -+ Electron wW* I"v I . _ :

O 160 : : : E E E E : : : : E E E E : :

é 1‘218 \0‘0‘0.\,\; 03 02\E 02 03\E 03 OA\E \O'A'OE)\E © 5‘0.6\5 \0‘6‘0.1\5 \0.—,‘0.‘&\E \0‘8\09\; \09‘\,.0\5 \\/o,xl\: \\’_\Mxl\s \\,2‘&3\; \X'TX.B\E \’“‘c'>'ﬂ\5 \\ﬂ‘\,.‘&\s \Xl.g‘z.l\E Yl 2.b

— 1 b a4 : . . ' : S B : : : : : :

T R N P L I AL ;J""?*I ;IIF"'*' A H A ol

o 80 A T A D S T AR T A S-S N R A A B 1I S 'I : T‘ : : * : | ‘

g 60 8 s . F 8 ¥ - e t - - § ¥ - b . “ . t { . I . . ‘
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1.2 ’

g » L) . Lir.l ' JL I
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Q. ' { * .-rﬂ
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0.8 ] ! ] ] ] ] ] ] ] ] ] L L ] | T l

L ] ] L | ] L 1 ] 1
50 100 150 200 250 300
Unrolled dressed lepton P, bin: P, [26, 56] GeV
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- CDF quotes systematic uncertainties on electron energy scale < 1e-4
- Achieved by transporting ultra high precision tracking calibration from
MuoNs 1o electron tracks and then using E/p
- CDF has < 0.2 radiation lengths of material in the tracking volume
- Quoted ATLAS electron energy scale uncertainties are approaching
1e-4, but rely maximally on Z->ee for calibration
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ATLAS: Production Modelin

N 1.2r0
E; - ATLAS Simulation
© 1'155_ \s=7 TeV, pp— W +X, pp— Z+X
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e Measured hadronic
recoll distribution has
© L
8 ol ATLAS - some sensitivity to W
A 1.08k Td { b t
~ “ \s=7TeV,41-461" - p I distribution,
° . o WE — Iv - appears to disfavour
- - - more advanced
""" M "YIa 8 AZ 1 calculations of W/Z
1e Measurement relies
- on Pythia model
__________ tuned to Z pT, with
residual uncertainties
098_' oy |, | | C I_ for VV->Z
=30 —20 -10 0 10 20 30 extrapolation
u"' [GeV]
W -boson charge W W= Combined
Kinematic distribution pL mr pL  mr p- mr
dmy [MeV]
Fixed-order PDF uncertainty 13.1 149 120 14.2 8.0 8.7
AZ tune 30 34 30 34 30 34
Charm-quark mass 1.2 1.5 1.2 1.5 1.2 1.5
Parton shower yup with heavy-flavour decorrelation 5.0 6.9 50 6.9 5.0 6.9
Parton shower PDF uncertainty 3.6 40 2.6 24 1.0 1.6
Angular coeflicients 58 53 58 53 58 53
Total 159 181 148 17.2 11.6 12.9 60




LHCD

Events per GeV

NDOSSIble with guarkonia
Jnigue forward phase space

JHEP 01 (2022) 036

Detector design limits measurement to muon
transverse momentum, but excellent calibration
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Source Size | MeV]
Parton distribution functions 9
Theory (excl. PDFs) total 17
Transverse momentum model 11
Angular coefficients 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
I[solation efficiency 4
QCD background 2
Statistical 23
Total 32
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Ptheo.

JHEP 01 (2022) 036

LHCb Combination prospects

e Forward phase space with respect to ATLAS and CMS leads to an anti-
correlation of PDF uncertainties
e PDF uncertainties can be further reduced in combination
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DO

e Measurement with 4.3 +1.0/fb in electron
channel

e Electron energy scale, hadronic recoil, theory
model calibrated/tuned with Z->ee

My = 80.375 4+ 0.023 GeV.

Source mr P B
Experimental
Electron Energy Scale 16 17 16
Electron Energy Resolution 2 2 3
Electron Shower Model 4 6 7
Electron Energy Loss 4 4 4
Recoil Model H 6 14
Electron Efficiencies 1 3 D
Backgrounds 2 2 2
Y (Experimental) 18 20 24
W Production and Decay Model
PDF 11 11 14
QED 7 7 9
Boson pr 2 D 2
Yy (Model) 13 14 17
Systematic Uncertainty (Experimental and Model) 22 24 29
W Boson Statistics 13 14 15
Total Uncertainty 26 28 33

Phys. Rev. D 89, 012005 (2014)
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Variable |Fit Range (GeV)| Result (GeV) x°/d.o.f
mr 65 < mr < 90 80.371 £+ 0.013 37/49
T 32 < pr < 48 80.343 + 0.014 27/31
/- 32 </, <48 80.355 £+ 0.015 29/31 63




PDF comparisons in mw combination

Measurement NNPDF3.1 NNPDF4.0 MMHT14 MSHT20 CT14 CT18 ABMP16
CDF yz 24 / 28 28 / 28 30 / 28 32 / 28 29 / 28 27 / 28 31 / 28
CDF Aw 11 / 13 14 / 13 12 / 13 28 / 13 12 / 13 11 / 13 21 / 13
DO yz 22 / 28 23 / 28 23 / 28 24 / 28 22 / 28 22 / 28 22 / 28
DOW — ev A, 22 / 13 23 / 13 52 / 13 42 / 13 21 / 13 19 / 13 26 / 13
DO W — uv Ay 12 / 10 12 / 10 11 / 10 11 / 10 11 / 10 12 / 10 11 / 10
ATLAS peak CC yz 13 / 12 13 / 12 58 / 12 17 / 12 12 / 12 11 / 12 18 / 12
ATLAS W~ y, 12 / 11 12 / 11 33 / 11 16 / 11 13 / 11 10 / 11 14 / 11
ATLAS W y, 9 /11 9 /11 15 / 11 12 / 11 9 /11 9 /11 10 / 11
Correlated x° 75 62 210 88 81 41 83

Total x* / d.o.f. 200 / 126 196 / 126 444 / 126 270 / 126 210 / 126 162 / 126 236 / 126
p(x%,n) 0.003% 0.007% < 10710 < 10710 0.0004% 1.5% 108

Table 6: x? per degree of freedom for the Tevatron Z-rapidity and W- and l-asymmetry measurements at /s =
1.96 TeV, and the LHC Z-rapidity and W lepton-rapidity measurements at /s = 7 TeV. The total x? is the sum of
those quoted for individual measurements along with a separate contribution for correlated uncertainties, where the
latter is extracted using a nuisance parameter representation of the x? [47]. The CT14 and CT18 PDF uncertainties
correspond to 68% coverage, obtained by rescaling the eigenvectors by a factor of 1/1.645. The probability of obtaining

a total x? at least as high as that observed is labelled p(x?,n).
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