Precise measurement of the W boson mass
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‘% The standard model and its experimental landscape Illll

Hl Global EW fit

- Measurement fitter I8

» [he standard model is a spectacularly precise and successtul theory
- Masses, couplings are fundamentally experimental " R A A At R B
- But with many relationships exactly predicted My | | —e—mil

» The standard model is surely incomplete 1,:,,

= \leasurements over-constrain the standard model 2|
- lest its self consistency, give hints of new particles...” RO a
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‘% The W boson mass and other experimental parameters

10 fitter |swls
9 [ I T ]
Higher-order corrections 3 of \ i i Ha,
Depend on mt, mn, ... Mesm? = SM fit w/o M,,, measurements -
" 8 é_ SM fit w/o.M,, and M., measurements _g
Y = ~@- L HC+LEP Average =
61 B CDF Il =
5 £ =
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Very well measured = -
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=Mw = 80,353 + 6 MeV M,, [GeV]

e.d., ~80 times the mass of the proton
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Measuring the W boson mass: the current landscape Illl |

- Most precise measurement of VW boson mass, my = 80,433.5 + 9.4 MeV, performed at the CDF experiment at
the Fermilap levatron, disagrees with expectation
- And with other experiments... new result needed!

mwy In MeV

Electroweak fit
PRD 110 (2024) 030001 I 80353 + 6

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

LHCb 80354 + 32
JHEP 01 (2022) 036

ATLAS 80366.5 = 15.9
arXiv:2403.15085
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II H I
Reconstructing the W boson 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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H
Measuring mw at hadron colliders I ! I i

W boson decays
® v

- Rely on observable(s) sensitive to mw built from measurable objects

x108 16.8 fb~' (13 TeV)
| I
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- Simulation Preliminary
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W t

Escapes detection
=Missing transverse momentum
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_________

- Mass is equally divided between p and v

- Inrestframe, pv ~ pt ~ mw/2 s
- In lab frame, smeared by pW B '50'},'@:5)
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Measuring mw at hadron colliders

- Rely on observable(s) sensitive to mw built from measurable objects

< per mille
recision

W t

Escapes detection

=Missing transverse momentum

- Mass is equally divided between p and v
- Inrest frame, pv ~ pt ~ mw/2
- Inlab frame, smeared by pW

= [<Knowledge of W momentum required

Kenneth Long
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W boson decays
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difficult at LHC




Measuring mw at hadron colliders I ! I i

W boson decays
® v

- Rely on observable(s) sensitive to mw built from measurable objects

x<10¢ 1.6.8.ﬂ.) .(1.3.T.ev)
~permille & °fcms -
. . ) recision L‘:gj,
d V)
Escapes detection x10°
=Missing transverse momentum » _CDF Xz’:‘zf:z:; 62
L S N R 0%
- Mass is equally divided between pandv § = mM’VJF\ - § Ten
- Inrest frame, pv ~ pt ~ mw/2 -3%0_999; L | 2
- In lab frame, smeared by pW W w e w e w
= Knowledge of W momentum requireo Ry T amasst —aseates N —
et Tov.pp e . Mev_f 30 35 40 , (Gevé)w 50 55

Normalised to unity

mT = \/2 Pt Pmlss (1 —cosA¢y,)

- Jakobian peak at mw

- ptMiss estimates prV
Precise pTMiss reco. very

difficult at LH
~educed dependence on R - >
W production § 09;_ .... _
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Measuring mw at hadron colliders

- Rely on observable(s) sensitive to mw built from measurable objects

16.8 fo~! (13 TeV)
[ [

IIIIIIIIIIII I | | I I 1 1 1 |

L
' CM
- Simulation Preliminary
6 |

< per mille
recision

Events/GeV

Escapes detection
=Missing transverse momentum

- Mass is equally divided between p and v

- Inrest frame, pv ~ pt ~ mw/2

Ratio to nominal

- Inlab frame, smearec

py pW

O v

W boson decays

= [Knowledge of W momentum required

- Primarily due to high energy and high pileup, ‘3 u, L), yf t B }
most experimental favourable channel at the LHC 1

| - CMS momentum measurement of muons is an order of magnitude better than electrons '
| _ o -

|
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Dataset and selection I I I i l-

- 16.8 fb-1 of 13 TeV data collected in 2016 Tems = mmssren e [
- omall fraction of LHC data but largest-ever for myy analysis ) gszlsgzzizx;;:'ﬁ::z; i

(o)}

2016 (13 TeV):<u>=27 | g

] U < <> =
1 2012 (8 TeV): <p> =21
1 2011 (7 TeV): <u>=10 L5

- Also highest pileup ever used (~25)
- Especially challenging for prmss measurement
% Focus measurement on pt+ channel

(6)]

| This analysis

\

off(136 TeV)=80.0mb | 3

w

0™(13 TeV) = 80.0 mb

Recorded luminosity (fb~'/1.0)
AN

\V)

o’@8TeV)=73.0mb |2

olX(7 TeV) =71.5mb

- Select events with exactly one muon

:

- 26 < pTU < 66 Ge\/ o N N N "™ \00' °
- - Mean number of interactions per crossing
- Good track+muon system track, isolated from hadronic energy w168k (13TeY
- mT > 40 Ge\/ (%DJ I CNiS IPrefit (norlmalized) | ¢ Datell B
et - 2/ndf £ L yy _
- ~100 M selected W — pv events 2 | “3429 (p=24%) mnprffmpt
J>j 6l 7/ o pp/tt
I W= > 1v ]
- Prompt backgrounds from simulation 4 = Rare
- Z — yp (mainly with 1 out-of-acceptance L) 2
- W = 1tvand Z — 1T, with T decays into

- Rare: top quark, boson pair production, photon-induced .

- Nonprompt background estimated from data ézz _11°°MLPH:P" E
- Mainly QCD multijet events with B/D decays in flight S f N

- Suppressed by mr cut a0 W 4 80 56
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V NO dlrectly reconstructed
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Y Prod

W and Z boson production at the LHC

rectly

L

- pr¥ due to radiation of gluo
- Many similarities (but some important differences) between W

and Z production

—HC
NS from colliding quarks

ot Lorentz invariant = sensitive to W production

duced with some momentum transverse to the beam direction (pr')
measurable w/high precision at
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W and Z boson production at the LHC

- ptt Is not Lorentz invariant = sensitive to W production

- Motion transverse to the beam direction (pT™)
- ptWnot directly measurable w/high precision at LHC
= Rely on theoretical predictions to describe ptW
- Validate with measurements of Z boson production

«105 16.8 fb~1 (13 TeV) x105 16.8 fb~1 (13 TeV)
> — T T T T T T T T T T T T T ] > IR R I T T T T T T T ]
$ °lcMs  Pen  oaa | S | CMS ¢ Daa  mmozyou
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L o
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| | I | | | | | | | | | | | | | | I | | | | | | | B | | | I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
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Z production
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W and Z boson production at the LHC

- ptt Is not Lorentz invariant = sensitive to W production

- Motion transverse to the beam direction (ptW)
- ptWnot directly measurable w/high precision at LHC
= Rely on theoretical predictions to describe ptW
- Validate with measurements of Z boson production

- «105 | | 16.8|fb‘1 (13 TeV) - x105° | | | 16.|8 fo- (13 TeV) s «107 16.8 fo~1 (13 TeV)
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W and Z boson production at the LHC III

- ptt Is not Lorentz invariant = sensitive to W production

- Motion transverse to the beam direction (o)
- prvnot directly measurable w/high precision at LHC
= Rely on theoretical predictions to describe ptW

— ————— ——————— _ _ — B ——— e — e — — ———— R E— S N — v-_—:——:—ft—y‘

CMS anaIyS|s do not “tune predlctlons rely on accurate predlctlons + uncertalnty proflllng

%105 16.8 fb~! (13 TeV) %105 16.8 fb~1 (13 TeV) - «107_ 168fb 1(13 TeV)
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Uncertainties, corrections can be
Kenneth Long much larger than mw variation! 15




mw measurement at a glance

%106 16.8 fb_1 (13 TeV)
> I A R
() I CMS Prefit (normalized) ¢ Data
O 2/nalf
B 8__ XN B W - puv |
45 _ =34/29 (p=24%) ' Nonoromt
b sl BN Z/y* S pp/tt
I W= - 1tV ]
Bl Rare
4
2
0
s T T T T :
O 1.025F === mw= 100 MeV Pred. unc. —
al - 1
S
©
- i ]
0.975 =
i | I | | | | I | | | | | | | | | | | | | | I | | | | |_
30 35 40 45 950 99
u
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- Binned maximum likelihood fit: test consistency of data with different mw hypotheses
kenneth Long - Measurement performed blinded 16




mw measurement at a (closer) glance

<106 16.8 fb-1 (13 TeV)
> L L L L L B L B L B AL B AL
(GDJ I CMS Prefit (normalized) ¢ Data
> 8 X“/naf T
-iqc—; i = 34/29 (p=24/o) o Nonprompt
b sl B Z/y* o pp/tt
I m WEoSs v |
Bl Rare
4
2
0
- " N DL L R B B "
O 1.025F === mw=100MeV Pred. unc. -
0 C 1
$ 1.000
©
0 [
0.975 =
i | | | | | |

- Subpercent-level accuracy reguired
= Reguires detailed understanding of how theoretical and experimental uncertainty sources impact the

distributions of interest
Kenneth Long
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The mw measurement at CMS Ill

X1 o6 CMS Slmulatlon 35, 9 fb (13 TeV

- YW (M), Is dependent on VW helicity, driven by PDEs oF - DW DA
w - . - L R 0 .
Sensitivity to PDF from nH e / a 5F :
= Extract mass from fit to (g, n¥, pTt+) distribution p — p s *F
| | — S g :
- ~2000 bins and 4000 nuisance parameters Conin] 3PN ot o ;
Major computational challenge (CERN T seminar) 1
e gen u
f—A—A—F—F '
105 16.8 fb~! (13 TeV)
> i ' ' ' ' ' ' ' ' ' | ' ' ' | ' ' ' | ' ' ' | | ' ' ]
G | Prefit { Data Bl Z/y* > pp/tt
g or q- =1 B W v W= - v i
L‘|'>JJ 4: B Nonprompt W Rare
: x2/ndf
= 2670.4/2880 (p = 100%)
2 |
O | | | | | | _ _ L N . B I
< 1F - - T T — — — — — -
o Pred. unc. -
n_ |
S 1oL S o rn o "*}W e b gt ++++W+ +
& 1. ‘M Mw oy yOx NTNEYUAL
CQU ﬁ» ‘"} !‘! Ui v gw ow. ~f iw‘ wi &ﬁ 1 gt ,* I+ ) ” skl +++ T
200 400 800 1 OOO 1200 1400

Kenneth Long 1D visualisation of 2D dlstrlbutlon. N in 1 GeV bins of pt+ from 26-56 GeV (pt ,n*) bin_18



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

H
Validation with mz measurements I i I 'i

- Crucial tool to validate mw extraction

- Select Z events; discard one lepton (add to prss)

- Measure mz with single-lepton kinematics

- Cross-check with direct measurement of mz (and mz world average)
- Selection maximally consistent with W analysis

- Jake £+ (£-) in even (odd) events; “selected” £ must trigger event

x104 16.8 fb~! (13 TeV)
> sF | ' ! ' ‘ ' ! ' ' ' ! ‘ ' ' I, ' ' | ' ' ' ! ' ' ' I ' ' ' _
S| CMS | Pﬂeﬁt { Data W Z/y* >y -
s | q" =-1 B Other
C
O 4r ~
o x2/ndf
; =3079.4/3264 (p = 99%)
2
0’
'd I | | |
© 1.1 Pred. unc. .
T 0.9 " * T .
- | 1 . . 1 1 1 . 1 . . . | 1 , . 1 . . . | . . 1 . . 1 , . -
0 200 400 600 800 1000 1200 1400 1600
(¥ , n¥) bin
Kenneth Long 1D visualisation of 2D distribution: n# in 1 GeV bins of pt+ from 26-60 GeV 19




H
Measurement challenges and sequencing I I I I I

% Mz measurement from myy, Y mz measurement from pr+ % mw measurement

-1 1
X106 16-8 fb_1 (13Tev) xjoTsY I I I I I I I I I I I I I I T1Y6.8YfoT T(13Y-TI-TeY) 8>(1|O|6| | ! ! ! ! | ! I ! ! 1 1 ! ! |1|6.|8|fp| |(1|3|T|e|V)
> lepT T T > ECMS ' Postit +|Dt| : ® E(:MS Postfit } Data :
8 i CMS + Data i O 6 [ s Xz/ndf af ] (\D 7 :_ . . W ]
1.0 Preliminary W ZIy* - pp/tT @ | Preliminary 7 17,5, (p = 99%) A AL @ - Y :
g | mm Other S 5F W Other - S B Nonprompt -
® o8l Postiit > i ] u>J 5f B Z/y* > pp/tt
Ll " x%ndf L - W s o0 ]
0| 1524 (p=92%) 4 ——
- 3
0.4
s 2
0.2 1
0.0k o
-O. [T T T T | | T T T T | T T T T | T T T T | T T T ] U. VT T T | T T T T | T T T T T T T T | T T T T | T T T T | T T T TA . _[ T T I l T T I T I T T I I T I T T l T T I T |_
® 1.01 —= my+4.8MeV Pred. unc. 7 ® 1 005 [ === mzz14MeV Pred. unc. B 8 1 002F = mw£9.9MeV Pred. unc. _‘
a * : o { | I o -y 4 4 { _
* ~ £) ® s - L |
S . o bl L - 3 1 000 HEsibdebdesdebdeed e shagebbd— : S 1.000 [ mpepepensstancbeeat Ay T T
< 1.00 S AL R = 1-000F L0 0 0 S B 9 Sy o = $ T4t A “——-+-—-—*+'-"‘+‘
Q | [ ¢ ] Q i bt f | 3 = : :
i ] 0995; * 1 0.998_— i
e L by b by ' IR T T AN T S AT ST ANY N SN T H N AN Y MR SRR RN R N I T S T A S T T AT T TR A SR SR AR ST S B
60 70 80 90 100 110 G \; 20 30 35 40 45 50 55 60 30 35 40 45 50 55
my, (GeV) pY (GeV) pr (GeV)

= The mw measurement is the culmination of an extensive precision physics program at CMS

>

|
=

Jc

S 4

-
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Measurement challenges and sequencing I I I | |

% Mz measurement from m Y Mz measurement from pr+ % Mw Mmeasurement
ole
108 16.8 fb~! (13 TeV) x105 16. 8fb 1 (13 TeV) g 210° 16.8 fb~1 (13 TeV)
>1.2 SUSNEMIHEHES MMM, AL LLALL S S T T T . > T T T T T T
(“5’ CMS { Data 8 sk CMS POStf't t Data E 8 o3 CMS Postfit { Data E
% 10 Preliminary W Ziy* 5 ppit @ : Pre/lmlnaryxf’;fge,(p agey T AYToppAT @ mi - WEopv
[= - Bl Other . c 51 Bl Other | g 61 B Nonprompt
L?>j 0.8} PSSTf” L% . i kT 5 B Z/y*F - pp/tT ]
" x2/ndf 4f : WE = Ty ]
o6l =1524(P=92% 35 4 - Rare
I B 3
0.4} of
i i 2
0.2 1E 1
0.0k 0 o
. - . B . e e [ttt [
8 1.0 — my g 1005 8 1_002‘_: mw = 9.9 MeV Pred. unc. _
D\ﬂ-‘ = =~ t1 +++ _WT—‘F+ { _
% 1.00 £ 1.000} o 1.000 Esqmtape sttty S +*- T* ————— :
- 00995 00.998} L
1 EEm— e S S ] . i e
My (V) pt (GeV)

Y % Highly granular and precise estimation of u reconstruction efficiency
% Y% Calibration of absolute pt# scale (Spr? ~ 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: primarily heavy flavour decays in jets mis-ID'd as leptons
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Muon momentum calibration: overview

- Momentum measured from track curvature (using tracker only) Sagitta (S) <

- ~17 hits per track: single-hit resolution of 9-50 um
- Typical sagitta ~ 6 mm (pr! = 40 GeV)

- Target 6pt?t ~ 104=06S ~ 0.6 uym

or = gBR = qBL2/8S

1.6

0 200 400 e00 800 1000 1200 1400 1800 1800 2000 2200 2400 2800 2800

z [mm]

'
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Muon momentum calibration: overview

- Momentum measured from track curvature (using tracker only) Sagitta (S) <
- ~17 hits per track: single-hit resolution of 9-50 um
- Typical sagitta ~ 6 mm (prt = 40 GeV)
- Target 6pt?t ~ 104=06S ~ 0.6 uym

or = gBR = qBL2/8S

01 02 03 04 05 06 07 ‘\,'

.l/////////////é/ e

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2800 2800

z [mm]

= Precisely control sources that impact particle propagation and track measurement
1. Magnetic field throughout volume
2. Relative alignment of separate tracker modules

3. n/what material is encountereo
Kenneth Long
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- CMS magnetic field was precisely mapped before being inserted into the detector
03 T is ~100 MeV bias in mw

- Differences from precise mapping and true B-field of ~0.0

/

1Bl [T]

4.0
3.5
3.0
1-2.5

T 2.0

15
1.0
0.5

0.0

Kenneth Long

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

- Knowing location, material, and relative alignment of 12k tracker modules crucia /
- Need to know material traversed —not just silicon, but electronics, cables, i
support structure. .. .
=5 MeV of bias equivalent to ~A5 mm of iron in the tracker volume - 1
- Relative shifts from gravity, opening of the detector, modity alignment |
=5 MeV uncertainty is a ~0.4 pm misalignment x )
\
2 ool e
TEC M TBanaTip [ Beam Pipe

If the tracker is misaligned ...the track will be reconstructed as
and we don’t know it... if the tracker was aligned ‘

Kenneth Long 26




H I
‘% Muon momentum calibration: procedure I i I 'i
13.1 b (13 TeV, 2016)

*Calibrate in data USing d % 1011 Er CMS Trigger paths
known reference: J/ (2 10° & prejiminary —
- Mass known precisely 2 .o - S
. . - = s
= Requires robust extrapolation 0 = ® S ,‘;wmassdoub,emuonwack
i 10° e Y ™ e m
across momentum scales = double muon inclusive
= Z
10° 3
10° .
- pT~ M/2: ~5 = ~45 GeV
10 3
) ) ) : | | | L1 | I | | | | | L1 | I | I
Parameterize by small differences in 1 10 102
- B-field . *u” invariant mass [GeV
_ Alignment - Multi-step procedure Al [ |
- Energy loss (material) 1. Improved, custom retfit of track to muon hits

2. Apply module-by-module corrections from track refit

3. Parameterised corrections (binned in nH) from fit to J/Y = events
=\/alidate J/P-based calibration with Y(1S) and Z 07

Kenneth Long




A

Muon momentum scale calibration: custom track fit

- Fit muon hits with custom “Continuous Variable Helix”

- 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 ~100,000 corrections params (B-field, material, alignment)

pY scale
(00)
o

60

40

20

-20

Kenneth Long

x10~4 (13 TeV)
L L b b L L
- CMS .
- Simulation Preliminary

R )

+Jr +++++ Kalman filter
-2.3<n¥<¢-2.2
i e ! )
+
+++++

- <+ Simulated muon data

| = Calibration model

: T
i = ++++++++++++ Hf

150  -100 50 0 50 100

150

qpr (GeV)

CMS standard reco.

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

pt scale

20

-20

60

40

X104 (13 TeV)
L
CMS
- Simulation Preliminary
! CVH refit |
-2.3<nk¢-22
b _+ .
B R UFUR SV d
I : | + _
- <+ Simulated muon data 1
= Calibration model +
P IS ST SN N T SR SRS N S SN S S ST S SN SN NS S SN N
150 -100  -50 0 50 100 150
qpt (GeV)

CVH refit

pt scale

60

40

20

-20

x10-4
1) ] 1 1 1

(13 TeV)
Vet

CMS

- Simulation Preliminary

- 4 Simulated muon data
~—— Calibration model

|

|l 1 l 1 1) L) 1 I L L 1 1

1 l 1 1 I 1 1 1 1 l L ] ]

[ 1 1 |l |l ]

Global corrections |
-23<nF¢-22 |

P TR ERT SRR S

150 100 -50 0

50 100 150
qpt (GeV)

CVH refit+corr.
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Physics-model corrections from resonant mass fits

A

- Parameter extraction procedure
1.Derive scale from fit to J/ mass in a binned 4D space of (prv+, prH-, N+, 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

108 | 116.8 flo- (13 TeV)
16.8 o' (13 TeV) < 2 CMS preliminary | .
> - e L L e i |
§ 600 CMS + — Jopp — TOC VO R S aaad S ts SRS P L —
Q) + - - +¢¢ &
P " Preliminary » Background O + * ] AN 26 + N
5 500F t Data - }++++ B-field ! .
;o) | J :
|'u4oo: 1 | | L
3005 | + " | | | T T
: + ]
200} ‘+++++ +++++++++++‘+++ Tt VL NN +++ :
: : . Z Energy loss Z
100} Left: example fit to J/P In : & +‘f
of central n bin P EEE—
T SLENLI N L (LY LA N I L B ST T ' e A ‘:-\ 50_ L ! MLl -
TP T e
= 1.0 { k ” MH Hﬁ*ﬁ-awwmwﬁj M -. HH! H i Right: Extracted S ol +++ AR N ﬂf
© ol® . ~— . * & N i
gos{lNHH parameters per n bin, (on = §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 I o S
nP
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‘% Calibration uncertainty and consistency between J/y, Y, and Z III i

- Closure tests: apply mass-fit procedure to Y(1S) and Z
1. Correct by binned (A, e, M) parameters from J/Y
2. Fit for residual correction parameters

<104 16.8 fb~' (13 TeV) «10-6 16.8 fb~' (13 TeV)
< ] L e — T — T T T —~ T T T 7 L B B B R B
\ 2Indf=24.2/24 - ' I 2/ndf=51.1/24
| CMs + X __ §4O_CMS X ]
. B-field term I ; = ¢ Alignmentterm
L 4 20 =
oF [T + ¥ H; - : ++ ++ . +
o: '% e #1*1' ! : 0 __+ ++:H:|+|$ ‘H_IL‘L_
[ i 1 l — : -+ 1 | T ! — | +
"+ﬂ|k+i+++ T ++: : T ﬁ_ﬂf |
—2r 5 - + +
j + Zopup Y -20F + Z-pp I
—4r + Y(1S) > py ] ‘ +  Y(1S) - py ‘
: + JWpopp ] + JW o pp
-6 Calibration uncertainty (scaled) | _40l- Calibration uncertainty (scaled) B
Calibration uncertainty 1 i Calibration uncertainty
n* n*

- Stat. unc. In parameters from J/ used as basis for systematic unc.

- Scaled up by 2.7 for full coverage | |
= Uncertainty in mw 4.8 MeV ATLAS: calibration on Z (~7 MeV unc.)

Kenneth Long CDF: Combination of J/, Y, and Z (3 MeV unc.) 30




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

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

e ———— —

f» Mz — m;DG = —2.21+4.8 MeV = —2.2 1

- Not (yet) an iIndependent measurement of mz

16.8 fb-1 (13 TeV)

- Stability of result (calibration) validated across n- E - CMS { Data
» 1'01_ Postfit 7/t -y -
16.8 fb~1 (13 TeV) € gl x%ndf=25.1/25 -
' | | 2 Tl (p=45%) :
Bothn“<O—CMS R — L l -
Preliminary i
One nt < O - — B
— Measurement i
Both n" > O Calib. unc. e —
— Stat. unc. | - —
| i 101 — m,+4.8MeV Model unc. .
Inclusivel|~ x?/ndf=2.6/2 + — T | } | :
p=28% i 5 onfof ST S
| | | T | T - [ I
-40 -20 0 0 N T L
Amz (MeV) 60 70 80 90 100 110 120
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Theoretical description of W and Z boson production at the LHC I||"

- Measurement requires percent-level control of predictions
- Predictions for W and Z production combine complex calculations with many sources of uncertainty

<10° 16.8 fb~' (13 TeV
PDF > 6‘_1'0' L L DL '(' b '_2
QCD 8 - CMS Prefit ¢t Data ]
. QED . S e - MiNNLOps -
" "qc: L L: Bl Z/y* - Uy -
3 4F Bl Other N
/ 62
- PDF determines quark flavour and momentum

- Non-perturbative motion of quarks important
at low ptV
- Resum soft gluons for low/intermediate region

Data/Pred.

_ pQCD accurate at high pT\/ 0_9-_‘ Fixed-order+matching - CS-Nonpert. -
: [ Resum. TNP ~ Nonpert.
- Electroweak corrections small, but relevant T T
0 10 20 30 40 50
pr' (GeV)
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W boson production 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 resummat
- Apply granular, high-stat. 2D binned corrections to MINNLO from SCETIib (NSLL+NNLO)

x10°

16.8 fb~1 (13 TeV)
T T T

6

- CMS

Events/GeV
(@)
I

| I | | | |
Prefit

¢ Data ]

- MINNLOpsg -
N ZlyF s up
Bl Other ’

Data/Pred.

=) .

(o)
O_LIAI_I I:I

CS-Nonpert. _

Kenneth Long

Fixed-order+matching
Resum. TNP - Nonpert.
] | ] ] ] | | ] | ] | | ] | ] ] | ] ] ] | | ]
10 20 30 40 50
Uy
pr- (GeV)

MINNLOps+Pythia

Uncorrected

SO

t gluons (modelled by Pythia)

on theory

«105 168fb (13 TeV)
> ]
()

S
@
-
)
>
LL
©
o
n 1 O
~ _
S ]
8 09 -_ Fixed-order+matching CS-Nonpert. 1
T Resum. TNP - Nonpert.
i ] ] ] | ] ] ] ] | ] ] ] ] | ] | ] ] | | ] ] ] | ] ] ] ] | | ] ] ] |

30 35 40 45 50 55 60
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‘% Theoretical modeling: PDF I I I i |-

- PDF uncertainty impacts W production (and decay) i
- Derved from the fitted experimental data (with tolerance) oA
_.)__
- Well defined statistical treatment
- But... different parameterisations are not necessarily covered Dy unc.
= Seen in wide range of precision measurements
- No PDFs include theory unc. (approx. in special MSHT20, NNPDF)
ATLAS | | CT!18 ATLAS " e~ NNLO PDF profiling
CMS 138 fb™' (2016-2018, 13 TeV) s=7TeV, 4.6/4.1 fo = -o- NNLO PDF fit
CT18X | | -~ | | | s e aN’LO PDF profiling
------------------------------------------------------------- e e KB /) 2 ... B
criea| —o= - A" e iR NNLO MSHT20 ——
crTiez| 00 == o A% opro)| | amiasodt — @ NNLO NNPDF4.0 .
CT18 e i o MSHT?20 h | NNLO CT18A o
MSHT20 | = = Apg CT18Z ~ CT18 6o X2 - 1 NNLO HERAPDF2.0 — e
NNPDF40 | —-— E -+ CT18A — HERAZp PDFf |
---------------------------------------- S -=- NNPDF3.1 | : | AP Rty [t
NNPDF31 = o NNPDF4.0 b aN'LO MSHT20 °
0.23 0.232 0.234 Cppr X 3 m | | |
Sinzeéﬁ | | . 0.117 0.118 0119 0120  0.121
~100 50 0 o(m)
Am,, [MeV]
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- Studied the impact of 8 modern PDF sets in our analysis
- Compare consistency of sets with bias tests:
- Consider one as MC prediction and others as pseudo data

Theoretical modeling: PDF uncertainty

- Derive scaling factors per PDF set from bias studies
= Results for mw with derived scaling and unscaled

- Select CT18Z as nominal set because of coverage of other sets and

consistency with our data
=»4.4 MeV In mw

Impact on myy

PDF set Scaling factor Original oy Scaled dppy
CT18Z 1.0 ol

CT18 1.0 4.6
PDF4LHC21 1.0 4.1

MSHT?20 1.5 4.3 5.1
MSHT20an3lo 1.5 4.2 4.9
NNPDF3.1 3.0 3.2 5.3
NNPDF4.0 5.0 2.4 6.0

Kenneth Long

Events/bin

Ratio to CT18Z

2.5

2.0F

155 q" = +1 BN Z/y* S pp/tt

0.0
1.075}

1.050}

1.025

1.000¢

0.975

108 16.8 fb~1 (13 TeV)
B 1 | | | | 1 | | | | 1 | 1 | | | | 1 | | | | 1 i
- CMS ¢ Data B Nonprompt -

Prefit B W -5 puv W=>51tv

Rare

B | | | | | I | | | | I | | | | ]
------- PDF4LHC21  --- CT18

_ MSHT20 T CT18Z 10 -
—-— NNPDF 4.0

.:._.- o~y e _.h:- '''''''''''''''''' . ————————————————— .y

(o g g pp—

g, PR rrr A VIO Tt L ao ki

I I I T |
2.0 1.0 0.0 1.0 2.0

n“
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H
Nonperturbative effects and uncertainty I ! I 'i

- assumes parton momentum is entirely aligned with the proton motion
- Residual motion in the proton: low energy = nonperturbative (NP)

- Use phenomenological NP model in SCETIib inspired by lattice QCD

«105 16.8 fb-1 (13 TeV) <105 16.8 fb-1 (13 TeV) 3
g foms | Vom | 3 Joms 4w oy
2 S e A I B i - Collins—Soper (CS)
g g ' kernel universal
(correlated for W and /)

- Others (Gaussian
intrinsic momentum)
not correlated

3 B
a o
< © ~
. g | E 7P (Y) = [1+ AP (V) 03] exp(—20D b,
| | CS-Nor:pert. |: Nonpelrt. - CS-Nonpert. ~ — Nonpert. —(2) —(2) o x —(2)
O""10""20""30""40"p;'50' % % 40 % 50 5 80 A ) =A" +YALT
e e v:2201.07237
darxiv. :
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https://arxiv.org/pdf/2201.07237.pdf

Perturbative uncertainties

- “Theory nuisance parameters” calculated w/SCETIib at N3LL
- Structure of resummation is known, many corrections are (unknown)
numerical constants

QCD

- Uncertainties directly represent unknown terms

- Meaningful shape variation (critical!) and meaningful constraints from data

%105 16.8 fb~1 (13 TeV) x106 16.8 b~ (13 TeV)
> :|||I|||| |l..I,,,IIIl,,I,IIIIl,,,: % _||C|M|S|||||P|1:-t|| ||||||+||||||_
& sk CMS { Data W Z/*-pp - s 8r refi . Wropuv -
= - _ Bl Other . E I B Nonprompt
= o Preft S 6 B Z/y* - pu/tt o
<1>.> Lﬁ . o WEsSs v ‘
L 4 -

N
2
0
© LA L L B B B B B L B B B
E 1.03:— BFgqqgV === BFqqV Yu E
O 1023_ -— BFqg BF qgAS — Teusp E
3 o | BFaaS === v Hard func. °
o B' 1.01F R —— Soft func. _
o b= - — > ]
S | i
o i
O 09
I Fixed-order+matchin
T N R | | | | | |

30 35 0 a5 m B5 30 35 40 45 50 55
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Sufficiency of the theoretical model

PDF - ,
- General strategy: do not tune parameters of the theoretical models Tl —
- Data corrections directly from maximum likelihood fit jf:-m%«w<
- Direct fit to (yxv, prHH) is Tfirst test of sufficiency of this approach N

= p-value of 16%; total unc. in mw 2.0 MeV

%105 16.8 fb~1 (13 TeV) <105 16.8 fb~' (13 TeV)
> EE L L L I > L B S B B B A B B
3 6; CMS Prefit ¢ Data : 8 sk CMS Postfi ¢ Data .
Py 5 a1 e MiNNLOps N ~ i Xsat./ndf\n ] Z/Y*_)“p ]
2 - . i 2 i =24.9/19 (p = 16%) ]
S - AN VIV S 4l Bl Other _
1 4F Bl Other J At i

[ i 3_

3: [ : .

| Prefit Postfit

o

I | | ] | I | I | I I | I | I | | | I | | | | . I I I I | | | | I

1005k Pred. unc.

ST | m
0ol ’ Fixed-order+matching CS-Nonpert. - 1.000 H‘H_H_HM * + + | %
I Resum. TNP Nonpert. - : + + T
_ I A | | | | | | I L | | . . | |
0 10 2

L1 I N L | !
0 10 20 30 40 50 0 30 40 50
Pt (GeV) Pt (GeV)

ATLAS: tune Pythia to ptZ (5 MeV unc.)
Kenneth Long CDF: Tune Resbos+reduce unc. from data comparisons (2 MeV unc.) 38
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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, ¢")
| | e 1= '

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

arxiv:2204.12394

- Moditications of Ai change relationship between pr¥ and pt*
- Estimated at NNLO with MINNLO, verified consistency with

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
‘% 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—|—<30829*)—|—ZA7;(]?T,77%?J) - Py ( ]
i=0 v '

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 : 3‘
BEL

s 1

o)
9))
1 | I | 1T | L | 1 | 1 | 1T | I | L | I

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

(R,L related to A4)
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Y Extracting mz from fit to (n¥, pt+) CMS Preliminary I ] I"

- W-like measurement of mz using approach developed for mw
- Split into two data samples to avoid need for evaluating |
correlations within events ~ TTh = PDGaverage -

- Both results highly consistent with PDG (LEP) L _
I

s mggfit
-~ Nominal W-like m fit

|
|
|

== W-like mz fit (even « odd)

| PDG J _T_._‘—
Mz — My, :—6:|:14M6V TR N R
L S—— e — -25 0 25 50 75
mz - m5PS (MeV)
x105 16.8 fo=' (13 TeV)

Source of uncertainty N(I)HI;I;SS (l\éei)/t))al E fcms )F;g/sif; """" ; 37\:1““

Muon momentum scale 5.6 9.0 *:f, 5| TIOIRET  other -

Muon reco. efficiency 3.8 3.0 Y

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 8 ool = mati4MeV  w Pred. unc E

MC sample size 2.5 3.6 3 Wbl b b L

Data sample size 6.9 10.1 ‘D";_ZZZ_.TT uT B THMH AT f

Total uncertainty 13.5 13.5 BT T T R T S = B
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Validation of the theoretical model

- Propagate postiit pulls and constraints of theory

uncertainties to generator-

cevel distributions

- |In situ corrections from data

- Compare
- Unfolded pt+H data
- Direct fit to ptHH
- W-like mz (n¥, pt+) fit

= Strong and consistent constraints between
direct fit to and pt+ to pt+

- (n¥, prv) distribution able to simultaneously correct
OTHH and extract mz without bias
= Justifies performing mw measurement without

corrections from pt+H

Kenneth Long

16.8fb 13TeV
—

80|

60|

40}

' Unfolded data
— (b7, yM)
— mz (p7,n", q")
—  Prefit




% Extracting mw from fit to (nv, prH)

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

mw = 80360.2 - 9.9MeV

| | i

- joxt0?  168fb (13TeV)

) - CMS Postfit Data j . Impact (MeV)
(\3 0.8\ x?/ndf = 35.4/30 ; WSy - SOULCS OF tncestatnty Nomri)nal Global
% (p=23%) mE Nonprompt - Muon momentum scale 4.8 4.4
o 09 B ZIyT - ppitt T Muon reco. efficiency 3.0 2.3
W* - tv : W and Z angular coeffs. 3.3 3.0
o4 : Higher-order EW 2.0 1.9
0.2 pY modeling 2.0 0.8
PDF 4.4 2.8
0.0 === Nonprompt background 3.2 1.7
B1.0025F — 1 .g99MeV - Modelunc. | Integrated luminosity 0.1 0.1
0 RN T ! MC sample size 1.5 3.8
51 0000 TZH?H | Data sample size 2.4 6.0
8 0.9975} | | | | | | — Total uncertainty 9.9 9.9

M
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Electroweak fit
PRD 110 (2024) 030001

L EP combination
Phys. Rep. 532 (2013) 119

DO
PRL 108 (2012) 151804

CDF
Science 376 (2022) 6589

LHCDb
JHEP 01 (2022) 036

ATLAS
arXiv:2403.15085

CMS

This work

my in MeV

| 80353 +6
80376 + 33

80375 + 23
80433.5 + 9.4
80354 + 32
80366.5 + 15.9

80360.2 + 9.9

80300

80350 80400 80450
mw (MeV)
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A

| !
my = 80360.8 4= 15.2MeV |
- Helicity cross section fit result very Ag, x 0.5,Ag,, .. % 2
compatible with the nomina Ag, x0.5,Ag,,.. x5
3 ) others
- Larger uncertainties by design Helicity fit
- Result istable wrt looser or tighter initia Ao, x1,0g.,  x2
constraints on the nelicity cross sections

Kenneth Long

Helicity cross section fit result

ANg,x1,Ag,,.. %D
N, x2,Aq,,... x1
Ag, x2,Ag, .. %2
Ng, x2,Ag,,.. %D

80260 80310

16.8 fb~' (13 TeV)

80360

80410 80460
mw (MeV)
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‘% Experimental validation I I I

- Compatibility tested when allowing different mw _ 16.8 fo~' (13 TeV

S

-2.4<n¥ <-2.2F | — —— — ! .
' -2.2<nH_<-2.0F — —e— — -
parameters per n/charge regions ?%32531% cMs :
Mass difference between -14¢ni<-1.gr Preliminary - ——q -
-1.0<n"" < -0.8 E—— i _
- n<0andn>0:58=*12.4 MeV gecy <aar — 1 -
—b.2<f]“: <—00— ——0——5— |
- Barrel vs. endcap: 15.3 + 14.7 MeV 89 <m-<Qar e T -
0.4<n" <0.61- i _
- W and W 57+ 30 MeV 93508 — Weasuremen | = :
}825{12]%: Calib. unc. ___.__’___E -
Y S M L ——— E
. . . . S0 <5af — -
Charge difference studied extensively, no issues found _2?4525@“;3 | P ——— E—— -
—2.2<n" <-2.0 —% —e— — ~
. . -2.0<nk, <-1.8[ ——— N
- mw+ and mw- are highly anti-correlated (-40%) 18 sme$218F [ [ Ee——— -
-1.4<n*. <-1.21 — e — =
| -1.2<n¥. <-1.0 s B
Only 2% correlation between mw+ and myy- :5;82%3;5:8;2: | —— .
-0.6¢ p+<_0.4_ E ———— _
' . . -0. M -0.21H : ————— —
= ven if some small charge-dependent correction is g dnvt <ot —— -
underestimated, impact in mw is very smal 34 <l <06t 5 -
. 0 , 0.8<nN" <1.01 — e i
- At 1.90 from the expectation, it is also not particularly 1;%25;};51%: gz_/ggf;46-8/47 — .
| 4<nt <16 P=%07 - Y _
unlikely 18 S8 | .
2.0<nk, <2.21 N — —.— — _

2.2(’7“ 2.4 E e ——
Inclusivel- | | T | | -

-300 -200 -100 0 100 200

Amy (MeV)

Kenneth Long
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H
‘% Results with alternative PDF sets Uir
)

CTMS I | . | | 16.8 fb (13|TeV) CMS 16.8 fb~! (13 TeV
| | | | | | | I
I CT18Z (nominal) | CT18Z (nominal)
CT18 — CT18 —t—1—
PDF4LHC21 e PDF4LHC21 ST S G
MSHT20 ——t—1—t— MSHT20 N N S E—
MSHT20aN3LO — MSHT20aN3LO e
NNPDF3.1 NNPDF3.1
NNPDF4.0 | ] | NNPDF4.0 |
| | | | | | | | | | | l | | | |
30 20 10 0 10 -30 -20 -10 0 10
Amy (MeV) Amy (MeV)
l | | | i
. . ATLAS _1 P Ciis
Unscaled (left) vs. scaled (right) uncertainty e TTov 401
Cppr X 1 l * QD
- PDF uncertainty scaling reduces spread of results, brings all central values SATLA T
within nominal PDF uncertainty Tonm et S
-=- NNPDF3.1 L
- Smaller spread than in similar ATLAS study due to constraining power of et
analysis strategy . Sa—
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Looking forward

- In the near (and not so near) future, hadron

colliders are o

e

NIgh-pi

special runs, detector
Upgrades, reconstruc

ey

Ur main probe of mw
—Nvision huge theoretical progress
—NOormous data se
challenges:

Viitigate with

Ut Increased
0 and detector aging

ON advancements

- Future ete- collider provides more direct,

ess theory-dependent measurement from
threshold scans

Shutdown/Technical stop

Protons physics

Commissioning with beam

Hardware commissioning/magnet training

Source of uncertainty

-
N

- FCC-ee anticipates < 1 MeV unc. In mwy

- Experimental+theory hadron collider
communities must meet the challenge of

Kenneth Long

oroviding resuf
- Publish/maintal

'S that stand the test of time

Muon momentum scale
Muon reco. efficiency
W and Z angular coeffs.
Higher-order EW

py modeling

PDF

Nonprompt background
Integrated luminosity
MC sample size

o(WW) (pb)
s

N analyses that can be
reinterpreted with iImproved theory

Data sample size
Total uncertainty

Impact (MeV)
Nominal Global
4.8 4.4
3.0 2.3
3.3 3.0
2.0 1.9
2.0 0.8
4.4 2.8
3.2 1.7
0.1 0.1
1.5 3.8
2.4 6.0
9.9 99

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.

i

|
Y55

160

165

170
s (GeV)
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Il H
‘% Summary and conclusions I I

- The first mw measurement at CMS is a long-awaited _ . CMSPoiminay
T | o e —
milestone for precision physics at the LHC T momaeseEe
- Most precise measurement at the LHC oz [~ P
- In disagreement with CDF measurement i
0.232 —
- Documented in CMS-SMP-23-002, submitted to Nature } E>
- The CMS detector and the LHC are instruments for 0231 =
precision measurements of fundamental parameters T e ——
m,, (GeV)
CMS Preliminary
| : R — — - %190 — g’go and 95% confidence level by i fit
{ o y | g : | o\ gm; gﬂﬂriﬁiﬁfﬂcﬁéf{gggzs) 963
‘ nature Thestandard model isnot dead’: | e e
|| by Etzabetn Gibney ultra-precise particle measurement | 180 -
| v f thrills physmnsts | : s 7
| w‘ - ,// 7z
. ] : Z |
170 — %/
s |
1601_—. L ! T A T R S S
80.25 80.3 80.35 80.4 80.45
m,, (GeV)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-23-002/

Summary and conclusions

N

- The first mw measurement at CMS is a long-awaited _ . CMSPoiminay
| e v e e
milestone for precision physics at the LHC T momaeseEe
- Most precise measurement at the LHC ozan |- PR
- In disagreement with CDF measurement i
0.232 —
- Documented in CMS-SMP-23-002, submitted to Nature } E>
- The CMS detector and the LHC are instruments for 0231 =
precision measurements of fundamental parameters - Y !
= Exciting future ahead my (GeV)
CMS Preliminary
;190 — 68% and 95% confidence level QHEPL
D I CMS, CMS-PAS-SMP-23-002
Qo iy g
j E“ : = %%EgéSRSE/.all;ett. 129 (2022) 27
[ by Eizabetn Gioney ultra-precise partlcl measurement ]L 180 |-
| v f thrills physmnsts | : G 7
| w‘ - ,// Z
e — —— e —— ——— = Z |
170 — %/
s |
160 1_—. L ! | L
80.25 80.3 80.35 80.4 80.45
m,, (GeV)
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Backup
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Comparison with other measurements

- Only “global” uncertainty breakdown (arxiv:230/7.04007) comparable to ATLAS

| Backgrounds .

Compared to ATLAS ATLAS B —
- Leverage larger data set while managing Parton distributions 39

comparable exp. uncertainties in high PU W boon sties
- Stronger constraints on PDFs - s
- Reducead | jwpact of other theory Source of uncertainty Impact S;;glev CDF

- ATLAS EW unc. due to use of older Photos++ e Nomlza; Glozai
- Jotal calibration + muon eff. only 10% better Muon reco. efficiency 30| 23

- pbut Z-independent, model-baseo W and Z angular coeffs. 3.3 | 3.0
CDF has advantages from pp, lower E, PU H\}ghegolr,der EW >

- PDFs better understood (valence quarks) f;{){:n TS 44 53

- Less hadronic activity (simpler recoll calioration) Nonprompt background 321 17

- Low tracking material aids lepton calibration Iﬁ?iﬁ;ﬁp‘};‘;ﬂ?"“ty (1); \ gé CMS
= \/uch larger data set is the CMS saving grace Data sample size 24| 6.0 |
Kenneth Long Total uncertainty 99\ 99 ) 52



https://arxiv.org/abs/2307.04007

H
‘% Mass difference vs. average uncertainties I i I 'i

- Myt - Mwag = 30 + 20 MeV
- Mw- Mwavg = -19 = 19 MeV
- Correlation coefficient p+- = -0.4
Compare sum and difference of correlated observables
- https://en.wikipedia.org/wiki/Propagation_of uncertainty#bExample formulae

Function Variance Standard deviation
f=aA 0? = a20?4 of =|aloa
f=A+B 0?20124—1—0%4—20143 afz\/0?4+023+20,43 OAB — PABOAOCRB
f—A—-B 0% = 0% + 0% —204p o7 = /0% + 0% —204p

- Compare uncertainty on average to uncertainty on |

. O 1 /1.2
difference (assume o0s ~ Oy = 0c = 19 MeV): == |
| Um+—m_ 2 2.8 ‘,
2 2 2 ,
O-'?nJr—m_ — 20-2 o 20—(23104-— O-m+—|—m_ — 20—(: - 2O-(:IO—I—— 1
O-m_|_—m_ — 1/ 2-80-(: O-m_|_—|—m_ m——V 1.20‘0 ' ~ § %I
1 V1.2 Compare 30 MeV uncertainty in difference
Tavg = 59mytm_ = 757 Tc to 10 MeV uncertainty in average ‘
Kenneth Long o3



https://en.wikipedia.org/wiki/Propagation_of_uncertainty#Example_formulae

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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N

Impact of modeling and validation

- lested effect of varying treatment of theoretical uncertainties 4 2108 16.8 fb (13 Tev)
< il I
- Partial high-order resummation + theory nuisance parameters E .} CMS — mw (pT,n“,q) y““) B
_ o , , , - N M
- Explicit reweighing of pt" by measured prZ correction g .. - r:rvgfi(fT,n -a%) E
- Combined mw + prHH it S .. :
= All results consistent with nominal approach ;8 06:_
CMS 16.8 o' (13 TeV) ia
| | | | | | | i
| N3+0LL+NNLO 0.2f-
(nominal) :
0.0 ————
N3*ILL+NNLO — =
S 1ok
+ ..9 -
N*+OLL+NNLO 5 o0of | -
© - .
pgrwgt’ e E:OB}S  | A R S
N3+OLL unc. 0 10 20 30 40 50
Combined p¥ fit, | | | | pt (GeV)
N3+CLL unc. , ,
. | . | | | | Comparison of generator-level postifit
-20 -10 0 10 distributions from nominal and combined
AmW (Mev) MW + DTUU fits 55

Kenneth Long




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

(105 16.8 fo~! (13 TeV) ool 16877 (13 TeV)
c I B U LR LA AL B £ OF = . . _
5 sf CMS b oot s | cMs t oaa | CMSSimulation Preliminary _(13TeV)
2 | Preliminary . ZIy* o it 2 o8l Wopv 1 3 | — DeepMET
Q 5:_ Bl Other B o - Prefit (normalized) Nonprompt ] 2 - —— Particle-flow MET
- 4 ; . L - Z/Y* =3 IJ/TT | § 0.025 [~ ]
g = : 0.6 Westy ] _
| | Derived from Z | ’ S
sf R . _ are 0.020F -
i i 0.4 )
| | appliedto W | |
; ool 0.015F -
1L :
ok - 0.0 0.010} =
: T T SR N B NN BN ] : L L L L L L LR BN BN !
©1.0250 Pred. unc. . © 1.025f = Pred. unc. E ;
~ - . *¢++¢+++++¢|5 o 0.005}- -
1 | HTH_‘T.L._HL. K3 000F Jectccce. ©0Cees0s000,,0 :
§ oooE AETFURTEITL t 1,000y SIS e n e L NVRART, _
i . A o ] N
0.975[ . - 1  0.000B=——c . S R B .
T T T oorop g 000G 20 40 60 80 100 120
40 50 60 70 80 90 100 110 120 40 50 60 70 80 90 100 110 120 mt” (GeV)
. U, pF'ss miss
W-like m¥'P (GeV) m+ 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. iIn mw

- Full uncertainties of prompt subtraction propagated to 5 regions
- Dedicated efficiency measurement for iso-failing muons

x10% 16.8 fb~1 (13 TeV)
> 4.0 : | | ! | | ! | | | | | ! | I ! | I ! | | ! | | | | ! ! | I ]
8 a5l CMS Pgefit ¢ Data E
~ L X*“/naf Bl Nonprompt :
a2 =23.8/30 (p=78%) .
ch 3.0 B Prompt =
S
LU

- Primarily heavy flavour
decays to leptons In jets
=\/alidated in secondary

vertex control region

8 Pred. unc.
o I
~ ¢
© 1.0z e ®oe®eeoe * e 00 LI S N
E§ B ¢ ¢ vt 'y ++
t
0.8_ | | ] ] | | | | | | ] ] | | ] | | |_
30 35 40 45 50 55
Kenneth Long pr (GeV)

Events/bin

Data/Pred.

Nonprompt background estimation

. A B?
relative 4 | | D=C" B‘” 3
L ] [ ] | |
isolation : : kgl

fakerate
| |
Al A C
015
| |
| |
| |~
B, B D=SR
| | >
20 40 mt [GeV]
«10% 16.8 fb~! (13 TeV)
R D
1.2 CMS P;efit ¢ Data -
- x</ndf -
‘ - 36.3/48 (p=89%) T Nonprompt -
Bl Prompt
—
Pred. unc.
11k =
b . +++ A $ :
1.0 o P e etey ‘e ++ ¢ . o e bo o0t +HTE
0.9F * .=
B Y I S—Y 0 20
r)P 5;7




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

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)
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‘% Monte Carlo simulation for the mw measurement III

Requirements (oo SOBIN[ED]__ PP~Z—2"2 (onshel) OLHG 13 TeV

- Not limited by MC stats: ~1-to-1 data/MC events — MiNNLOps

- Considering negative weight fraction of MC, > 1 billion events F W 7 NS (Mager)
(W, Z muon, tau decays) 10! |

- Full consistency with fixed-order NNLO essential for PDF constraints 100

= Jse MINNLO (2019-2020): arXiv:1908.06987 N e
- NNLO accuracy by merging jet multiplicities w/ custom scale choice . jc;’/d'OM'NN-L By :
- More efficient than NNLOPS, not limited by stat. unc of NNLO grids ik ox
- Smaller fraction of negative weights, based on POWHEG = relatively

easy integration into CMSSW

- Obviously needs to be extensively validated
- Use of MC for an experimental analysis is much more intense than usual tests by authors

- "Surprises” should be expected
- Historically, issues in simulation discovered after production for 7 TeV samples, and MINLO samples for 13

TeV, were major setbacks in out my effort

59
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https://arxiv.org/abs/1908.06987

‘% Theory nuisance parameters: more detall

Consider a series expansion in a small parameter a:
fla) =fo+afi+a’f,+a’f+af, + O(a)
LO : fla) = fo = Af
NLO : f(a) =]?0+ozj?1 + Af
NNLO : fla) =f,+af, +a%f, £ Af

Afis due to the series of the unknown true values fn —> missing higher orders (MHOs)

N'"*LO: f(o,02) = fo+ fra+ fa(62) o,
Uncertainty estimate N'T2LO:  f(w,02,03) = fo+ f1 o+ f2(0) & + f3(03) o
defined by how unknown N2HLO: flo,05) = fo+ fro+ fo0 + fa(65)a®.
piece Is parameterised
https://arxiv.org/abs/2411.18606 N'"LO:  f(a,02) = fo+ [fi + aofe(82)] @,
G. Marinelli, SM@LHC 2025 N2OLO:  f(a,05) = fo+ fia+ [fo + aofs(63)] o?.

Kenneth Long

60



https://arxiv.org/abs/2411.18606
https://conference.ippp.dur.ac.uk/event/1429/contributions/8203/attachments/6409/8708/sm@lhc_marinelli.pdf

‘% Theory nuisance parameters: more detall

- Particularly favourable for resummation of pr¥ spectrum, where the leading power (in or/mv)
dependence is known to all orders
- Ingredients of the calculation are often numerical constants (except for beam functions)
- This is the dominant source of uncertainty (low ptY) for the mw analysis

= HxBa®Bb®Sl (aS,L lan/mZ) + @(‘IT)

2
mz

F = {H, B, S} solution to RGE equations

F(as,L) = [F(ag)exp dL'{F[aS( )]}ufyp (L)1)
) S

boundary conditions anomalous dlmensmns

- For more complex processes (e.q., ttbar), the resummation is more complicated

- [or fixed order calculations, t
- In principal, same idea ca
polynomials) and using kn

he “structure” of the calculation is not known in the same way
N be applied by guessing a parameterisation (e.g., Chebyshev
own corrections (e.g., NLO -> NNLO)

- LIm, Poncelet, 2412.149°

Kenneth Long
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https://conference.ippp.dur.ac.uk/event/1429/contributions/8201/attachments/6408/8707/Lim_SM@LHC.pdf

Parameter level view of the theory model

_ 0 1687 (13TeV) CMS Pull + Constraint
6 . —

o) CMS Prefit ¢ Data ]

Q) } _

SE L MNNLOW - ) Prellmlnary 2

& [ MH WY "~ SCETLib Noert A4(2)

1 4AF ] Bl Other -

SCETLIb Nonpert. A3(Z)
| SCETLIb Nonpert. AN?(2)
L SCETLib Nonpert, CS ¢,
1/ Resum.-FO transition Z [diff]
1, Resum FO transmon Z [avg]

A

~ Resum. TNP Yv

1&3‘ = uﬁ '_' Resum. TNP y,,
e R S Resum. TNP [y,

Q] e = T Tlemmm——emmm 1
cg' 0.9k ‘ Fixed-order+matching CS-Nonpert. 1 Resum. TNP qgAS BF
I Resum. TNP Nonpert. Resum. TNP qqV BF

A ST E T S S R A SR T SR T N SR SRR N S S SN R
0 10 20 30 40 50 Resum. TNP qqV BF

" (GeV)
Pt Resum. TNP qgS BF
CL Resum. TNP gg BF

small pulls/constraints on TNPs

| | Resum. TNP Soft func.
Nonperturbative terms most Important  gesum. TNP Hard func.

- Different behaviour of AL and CS o
terms due to degeneracy |
- Consistent impact on ptZ
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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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Outline of the data processing workflow

/

Primary o . 1
data / Simulation

- /

~weeks/ -
MiniAOD / months |~ 1e o }

:

o

AOD

Run/managed with CMS-
{ CMSSW J ~days 7/ Nano / wide grid resources

\

/

- Raw data (and

simulation) processed with the standard CMS reconstruction

chain (EDM format instantiates C++ objects)
= -inal, lightweight NanoAOD produced with collaboration wide resources in

standard processing chain|O,1]

- Hat ROOT 1
- Indepenaer

'ree with only data primitive types
t of experiment specific software (e.g., Nno custom C++ objects)

- High level p

nysics objects(pr, n, &, ID, ... of muons, electrons, jets, ...)

- ~2KB per event
- Good for ~b0% of analyses

Kenneth Long

Data tier Size (kB)
RAW 1000
Gen <50
SIM 1000
DIGI 3000
RECO(SIM) 3000
AOD(SIM) 400
MiniAOD(SIM) 50
NanoAOD(SIM) 2



https://cds.cern.ch/record/2699585/?ln=de
https://iopscience.iop.org/article/10.1088/1742-6596/1525/1/012038

Outline of the data processing workflow Illi |

/ / Primary / Simulation J \

~weeks/ data -

N months | \ Run/managed with CMS-

/ MIinlIAOD / t CMSSW } ~days  wide grid resources
s | ~days 7/ Nano / / Nano / Run/managed by analysis

CMSSW
\ ) AOD GEN team reﬂdources

= inal, lightweight NanoAOD produced with collaboration wide resources in (Ran ~10 times over 3 years)

standard processing chain|O,1] Data fier Size (kB)

- FHat ROOT Tlree with only data primitive types RAW 1000

- Independent of experiment specific software (e.g., Nno custom C++ objects) Gen <30

- High level physics objects(pr, n, ¢, ID, ... of muons, electrons, jets, .. ) [S)'IZ'I ;828

- ~2KB per event RECO(SIM) 3000

- Easily customisable for this analysis AOD(SIM) 400

- Refit muon tracks, store low-level fit information, additional generator MiniAOD(SIM) 50

) NanoAOD(SIM) 2

information (e.g., more PDF sets. ..
Kenneth Long 65



https://cds.cern.ch/record/2699585/?ln=de
https://iopscience.iop.org/article/10.1088/1742-6596/1525/1/012038

N

The “analysis” steps of the processing workflow I I I i |-

- Process ~1 B data events and 4B simulation events in NanoAOD format (every time, no pre-filtering!)

- Output high dimensional histograms
- Store in hdfb format, further processing for statistical analysis, publication-level plots. ..
{NanoAOD/NanoGENJ |
_. Y
N | ~1-2h Boost / Corrections &
\ RDatarrame ) / Histograms systematics
Control plots
& diagnostics
\ 4
D : 4
[ HDF5 writer o mm// hdf5 tensor // »  Tensorflow fit }
J \
\ Top level analysis
' 7 Values & uncertainties framework
/ Fitresults / Pulls & Constraints WRemnants
Prefit/postfit plots * Covered by CI

Kenneth Long

Ran on daily basis (>1000 times)



A

Hardware and resources

- The "analysis” (data processed into histrograms) step is executed locally
- No resubmission of failed jobs/ merging of jobs etc.
- Direct feedback on progress
- Heavily multithreaded

- Necessitates high performance machine with high availability

- High
- Reac

- LOCd

- Sounds like a luxury that cannot be widely adopted but. ..

iNg/writing on fast NVMe SSDs
or via network interface 100Gbit/s (e.g., from C

RN eos via xrootd)

- Price/core is increasingly competitive with cluster built from many

lOwW-core machines
- (Can be seamlessly integrated into condor/slurm etc cluster
- For future: DistRDF allows interactive-like running

Kenneth Long

CERN MIT/Pisa
CPU 2 X EPYC | 2 x EPYC
cores 128 192
threads 250 334
memory 118 1.5/218

oerformance, high thread count machines (256/398/ 796 threads) at CERN, MIT, Pisa
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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

H
‘% Statistical analysis: technical details I i I 'i

- Analysis is based on determining the value of my that maximizes Likelihood (minimises -2In L)

2
- obs exp exp 1 0 exp exp O ksyst
InL = Z (_nibin In Mibin T nibf”) T 5 Z <0ksyst o 0ksyst> where Nipin = E :,Ujproc nibin,jproc | | K’ibin,jproc,ksyst

ibin ksyst jproc ksyst
~2000 (Gaussian constraint nuisance parameters ~10 ~5000

- Rookit+Minuit workflow found to be insufficient for minimisation
- Limited numerical precision/efficiency/run time

- Built custom implementation of likelihood and minimisation in tensortlow: r
= Combinetf (PyHEP talk)
- Automatic differentiation for nigh-precision gradient calculation
- Quasi Newton trust region based minimizer to reliably find global minimum
- Fast, numerically accurate, staple
- Extensively validated against CMS Combine package

Kenneth Long 69



https://indico.cern.ch/event/882824/contributions/3932491/
https://indico.cern.ch/event/882824/contributions/3932491/

Statistical analysis I lI

16.8fb 13TeV
—

- Rewrite In tensortlow? recently completed

= Rapid Automatic Bin Based Inference Tool % 803_'CI|V|S S + Unfolded data -
- New Ul + More developer friendly g ol — (pr",y") _
- More efficient computatoin of hessian and % : — Iz (_P%'? ") -
nessian vector products RABBIT N§‘ 40;. oo el _
- Native/improved support for plotting post-fit S 40 . -
distributions
- Including applying postfit nuisance pulls/

constraints from separate fit
- EX postiit generator-level distribution

from Tit to reconstructed variables

Postfit

/Analysis outpu’/ visualization

/ hdf5 tensor /L>{ Tensorflow fit J—/ Fitresults /

Kenneth Long




- Updates often unintentionally a

- S0

- Locally hosted on dedicated machine at C
- of data for each PR

\

Reuse exis
- Rapid develo

L

\_/

—xecuted on subser

>500 pull requests (PRs)

ot noticed Im

Med

arder 1o fix ar

tion —= GitHub actions: platfo
se continuous Integration and ©
- Slim and easily to set up and manage (compared to e.g. Jenkins)

—ull stats run 3/week over night
Kenneth Long

M 10

cp

Cont

Mnmon framework for multiple analysis interpretations
iNg code, find/avoid bugs, save time
pement with O(10) contributors

fected (or break) other parts
ately, difficult to trace down source
er the fact

~autom

oymen

—=N

H
Inuous Iintegration I I I l l

eta_nominal uncorr wlike preliminary

102 0.0163 fb~' (13 TeV)

| |

3.0 CMS + Data Bl Z/yT = pp/t
| Preliminary —— MINNLO  mm Other

Events/bin

Data/Pred.

ate developer workflows
(CI/CD) pipeline




Continuous integration pileline

- Execute tull graph of analysis worktflows and dependencies for every PR
- Independent steps run in parallel, error stop further processing
- Linters (Black, Flake, isort) check code guality and basic errors in first step

© setenv © dilepton 16m 65 © dilepton-plotting 2m 2s © combined-fit 16m 1s &© copy-clean
© w-analysis 1h 4n O w-it
O setenv o o
& Setupjob
© lowpu-w © w-plotting 2m 34s @ w-analysis
& Runecho"WREMNANTS OUTDIR:
QO lowpu-w
@ lowpu-z & Run actions/checkout@v4

& lowpu-z

& wiike lowpu combine unfolding setup
[} lowpu-combined-unfolding
© dilepton-mil

lowpu combine unfolding fit

‘ & dilepton

QO wilike 30m 29 lowpu combine unfolding plot xsec

@ gen
® wiike-plotting 1m 41 ® wi lowpu combine unfolding plot xsec

@ w-plotting & Post Run actions/checkout@v4

& dilepton-mll 16m 38 : : N e
€ lowpu-combined-unfolding & Complete job

® gen & wilike-plotting

© dilepton-plotting

& combined-fit

raise ValueEkrror(f"The axis name {name} could not be found")

. - _ ; copy-clean
ValueError: The axis name passMT could not be found © copy-cle:

Error: Process completed with exit code 1.
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CMS. . . . . N -
R Continuous integration and self-documentation: summary pages I||"

/4

- Full result produced on interactive web pages
- Plots for all analysis
- Log files with yields R
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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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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 75



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

Kenneth Long

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

Kenneth Long 144




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

Kenneth Long

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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H
Particle reconstruction with the CMS detector Illll

Om m 2m am am 5m ém /m

Key:

- Muon

Electron

Charged Hadron (e.g. Pion)

— = — - Neutral Hadron (e.g. Neutron)

----- Photon

Silicon
Tracker

| Electromagnetic
)l, ]l Calorimeter
e’ 4
Hadron Superconducting

Calorimeter Solenoid

Iron return yoke interspersed
with Muon chambers

Transverse slice
through CMS

- high B-field, excellent silicon tracker + muon system = precise g measurement

- Hadronic jets from clustering individual particle candidates
Kenneth Long - Neutrino transverse momentum from conservation of momentum: Tpileup = laccuracy 79

D Bamaey, CERN, Febricury 2004




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 : :
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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
x10°
A B
- —— JIy—uu - ASg =12 43, ppm
121 i ‘Z(__::‘E - w2/dof = 39 / 33
~ i &= combined g P.=21%
& T ”ﬂ S 50 Pys =69 %
s ] . g
3 arld I +++J3 ++*H+'¢*¢‘*‘1*;i+ g
- L
: CDF
_ CDF
T M T 16

<GeV/ p‘; >
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Event
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ATLAS: Production Modelin

N 1.2r0
E; - ATLAS Simulation
© 1'155_ \s=7 TeV, pp— W +X, pp— Z+X
1.15
1.05
1
0.95F
- = Pythia 8 AZ _"—-__._
0.9 - — DyRes 1.0 ——
0.85F — Resbos
- —— CuTe
0.8 _I | I | | | I I | | L1 1 1 I 1 1 1 I L1 1 1 I 1 1 1 I L1 1 1 | | I I . |
0 D 10 15 20 25 30 35 40
P [GeV]
N 1.04 . _
E; - ATLAS Simulation
1. [ +
© 035 s=7 TeV, pp— W +X, pp— Z+X
1.02
1.01?
15—
0.99F-
0.98E
= ~--u_ ---LOPDFW"  —Total W*
0.971 m, - LOPDFW  —Total W
_I | I | | L1 1 1 | L1 1 1 | | I I | | L1 1 1 I L1 1 1 | | I I I | | I I |
098 ="5""90 15 20 25 30 20

Eur. Phys. J. C 78 (2018) 110 |
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 82




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

w — 80354 + 23stat T loexp - 17theory T 9PDF MeV.
o> x10° . .
i 16
80001 1 HCh . D.ata | [ HCh ¢ Data
70001 1 7 f] B Simulation 14t 17 b B Simulation
6000 - Background { » 127 | Back |
Jy—uu - g 3 Y (1S)—uu ackground
5000 + Unsmeared = 10 — Unsmeared
4000 t simulation g 81 simulation
3000 - 5 6
8
2000 | 4r
1000 | )l
07304 306 308 31 312 314 316 0 92 93 94 95 96 97 98

Dimuon mass [GeV]

Dimuon mass [GeV]

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
x10°
w7 Lma W
150 - :fitregion : 171 (fitregion | -
- ' ' t  Data '
2 y
2 100] .
o
?"J’ TV
LT>__I 50 + - Light hadrons

" Rare backgrounds

0
L A Model uncertainty
e'\’:" 1.2y E i e 4 ; .
E 1 e -—-.—-*:’—-——————————————————t—‘:’—‘:’:tﬁ'wa.n.mmwm
A 08}
06 ! ! T
0.04 0.03 0.02 0.01 0 0.01 0.02 0.03 0.04

Muon g/pt [1/GeV]
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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

| | | | NNPDFT?)-O NNPDF3.0
A~~~ | | | | |
Sy [MeV] - 1 % 80.5F -
1.0 O
< p = -0.30
- 4 8380 451 -
0.5
8 x x
B - 30.4 o X%Xxx%xg X X >><<>§ —
0.0 © x %%%%&
— - 80.35 -
—0.5
3 m 80.31 —
1 O | | | | | | | | | ]
100 —075 —050 —025 000 025 050 075  1.00 80.3 80.35 804 8045 80.5 80.3 80.35 804 80.4_5 80.5
Opds LHCb my, (GeV) LHCb my, (GeV)

Eur. Phys. J. C 75, 601 (2015)

84



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)
i > 1800- - —
=48 . 8 1500 :_(a) DO, 4.3 tb | —IBXESaT MG
- 10 - x?/dof = 153.3/160
s S 1200 |
44 E 9002—
a2l Y 600"
- 300 -
40— 2 =40.03 a
- ndof = 41
: O W W
SR L W R _2:%’HMW‘Hﬂ'wwHHHHHHJ”MN-HMH
Number of additional radiation lengths 70 75 80 85 90 95 100 105 110
m,, (GeV)
3 1009 3) DO, 4.3 fb” _Data o " F(b) DO, 4.3 fb! —Data_ .
WLD) i mBackground 8 60000 = m Background
< 30000 — x?/dof = 37.4/49]  S50000F y?/dof = 26.7/31
(/2] — (/2] ~
% 20000 g 40000
T i 111 30000 &
10000 20000 iin;
- 10000 —
Ol jﬁﬁﬁ 9 ;ﬁﬂHWHHWHMHWWMWﬂ
50 60 70 80 90 _ 100 25"3'0"'3'5"'4‘0"45"'5'0"5'5'"6'0
m, (GeV) GeV)
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 85




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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