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Motivation

w The Standard Model (SM) predicts a relationship w Precisely test the electroweek theory at the
between the W boson mass and other parameters of loop level.

electroweak theory:
Y w In case of SM, the precise W mass and top mass

measurements can predict the SM Higgs boson mass.

1
MW \/\/_GF sin Oy v 1—Ar w By comparing the prediction and direct Higgs mass
measurement, we can know how good is the SM

w Contributions to MW through radiative corrections U Prediction. If disagreement is big, we can infer
contributions from theories beyond SM, such as SUSY.

W mass related to W mass related t.o >M Beyond SM, contribution from SUSY patrticles can
Top quark mass: Higgs mass: induce a total radiative correction to Mw of 100 to
Ar oc M7 Ar o In My 200 MeV.
e.g.
e.g.
W W
w+ W+
W W W W
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Compare predicted and measured
The old state of the art in 2012

Mw = 80359 MeV+ 11 Mev Comparing with theworld average

Predicted directly measuredvaluein 2012
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http://gfitter.desy.de/ M,, [GeV]
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Mw = 80385 MeV+x 15 MeV

Measured

A ~1.3 sigma
difference
between the two
Mw central
values.

Mass of the W Boson

Measurement ; M,, [MeV]
CDF 1988-1995 (107 pb™) ® : 80432 + 79
(D0 19921995 (95 po) ——e—— 80478:83 )
CDF 2002-2007 (2.2 fb™ -@- 80387 + 19
( DO  2002-2009 (1.0+4.3 fb™) + 80376 + 23 )
Tevatron 2012 + 80387 + 16
LEP —0— 80376 = 33
CWorId Average + 80385 = 15)
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My, [MeV]
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Compare predicted and measured
Current stateof the art

Science 376, 1A0L76 (2022)

SM
DO | 80478 + 83
CDF | 80432 + 79 —
DELPHI 80336 + 67 - ® ,
L3 80270 £ 55 O
OPAL 80415 = 52 —
ALEPH 80440 + 51 —
DO I 80376 + 23 —8—
ATLAS 80370 = 19 —0—
CDF Il 80433 = 9 S
v b b by b b Ly

Total uncertainty

Stat. uncertainty
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JHEP 01 (2022) 036 |
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arXxiv:2112.07274

] ] ] ]
80100 80200 80300 80400 80500

my, [MeV |

W massworkshop, 14 Apr. 2022



Phys. Rev. Lett. 108, 151804 (2012)

The DO data sets
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Phys. Rev. Lett. 108, 151804 (2012)

Event reconstruction

%E.q:ﬂu‘

:5! - DO full MC
Event Selection: § mé
-WY e3 events & oo
-Central electr ™ A ~
_ pT ( e) > 2 5 GeV ﬂ.ﬂ-; ‘ detector effects added
- Missing Er > 25 GeV 0.4;|—,-""
- Hadronic recoil; ut < 15 GeV 'ii“ e T T
- After selection: pt (GeV)

-1, 677, 394 WY Tadsverse ibdst 6f the Bl Bosorfdéyrades
the sharpness of the p(e) Jacobian edge.

Requiring uT<15 GeV is helpful, however, it
also transfers certain recoil modeling
uncertainty into pr(e)

WCandRecoilPt_Spatial_Match_0

x10°

100—

80—

60—

20T

et = 128.2/30

—— DATA
—— FASTMC
(—

B 7->cc
(—

DO full MC
ur < 15 GeV

15 20 25 30
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Phys. Rev. Lett. 108, 151804 (2012)

Analysis strategy

Reconstruct three observables:

MT7 PT? ET

MY = \/QPF}ET 1 — cos Ag)
using CC electrons withr>25GeV

A Typical WY e £vent in DG Detector

Using Z->eeevents for detector calibration

T““-Upderlying
Event

A Fast MC modelto generate templates of the 3
observables with different W mass hypotheses.
Fit the templates to the data to extract W mass.

The Fast MC model:
N -Event Generator: Resbo$CTEQ6.6)+PHOTOS

—_—

—_ _ —_— -

Hadronic Recoil -Parameterized Detector Model
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Phys. Rev. Lett. 108, 151804 (2012)

The Observables

Can directly reconstruct two variables:
Lepton pT can be precisely measured, 0.01% precision.
_)l
Hadronic recoil: vectorial sum of the transverse energies of all the
calorimeter cells outside the lepton reconstruction window.

—
/LL - less precise, ~1% precision,
-l ow r esold>B6GaVn, &u

- hadronic energy response is only ~ 65%

/% ~Underlying
Event

Calculate three observables to extract the W boson mass :

P / l , E z M Hadﬁrqc‘)}ﬁcd ]FE{#ecoil

_ _’l 7 — —
ot — (Pt B0~ (Bl + B’
™~ PT + UT COS Agb(lepto'n—'r'ecmll)

[
~ 2PT + U7 COS Aﬁblepton—'recoil
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Phys. Rev. Lett. 108, 151804 (2012)

Which observable Is more powerful?

x10°
w220
R —
< 200— l
= P DO full M
2 180 — T 0 fu C
2160 E
c — T l
% 140 [\/2 15 2P1 4 ur cos Ay,
T 100 [
5 120¢ . ) PT
qE, 100 ;_ ~ Pr_%w + UT COS AQ&Z;&‘E:"':-:‘:}{
@ 80 sl - 2 E gk
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Phys. Rev. Lett. 108, 151804 (2012)

Parametrized detector model

The parametrized detector model (PMCShas to simulate:

_- Electron energy response and smearing

- Hadronic recoll energy response and
smearing

- Underlying energy:
- additional ppbar interactions (pileup):
- average number of primary vertices: >4
- spectator parton interactions
- Event selection efficiency
- Background

b R — —

Hadronic Recoil
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Phys. Rev. Lett. 108, 151804 (2012)

Electronenergymodel

Correct/model nonlinear energy responses:

- Correction of the energy loss due to dead material,
- Caorrection of the response decrease due to pileup
- Modeling underlying energy contamination from pileup and hadronic recoll

Final electron energy response Is tuned using-2ee events assuming a linear response.

Inst. Lumi. from W-> e 3

0.8
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I L B |T|
L ® o
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—— Runlla 1 fp-1
—— Runllb 4.3 fiyl

~3 times larg
In Runllb

DO Run I
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Inst. Lumi. (36 * 10%° cm2s-Y)

Hengne Li, South China Normal University

e \

Norm.

11

0.8

0.6

0.4

0.2

Scalar Er (electron removed) from W-> e 3

e TV
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p

DO Run I
—— Runlla 1 fb
—— Runllb 4.3 flo!

~2 times larger
In Runllb
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ScalarET (GeV)

events
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Phys. Rev. Lett. 108, 151804 (2012)

Dead material, electron energy loss

About 3.7 Xo dead material in front of EM o o QC/AX VS. depth
calorimeter Suul |/ (norma
- Electrons start to loose energy before flying tothe  £..¢ / neidence)
EM calorimeter 8 ol o\ _
. . X O LWiIZE = = T
- Depends on electron energy and incidence angle (eta wj”“” . { -

{ Intercryostat || 0 5 10 15 20 25 30 35 40
etectr depth in radiation lengths (X
| epth in radiation lengths (X )
Central/Fi ber Tracker
B Central Calorimeter nyJ/ :
First active layer df! Se=CTO NS Forward . 15 E-loss correction factors
liquid argon 4 Solenoidal Magnet 0.9 { Preshower g F
A 7 |+ Detector g ., z 'I‘
/ | . . g WAL \
| ionerdetector—01% =1 Tl l— Luminosity g F r— DO Runll
about LI ME=====1I1 = Monitor E o .
37 X |n ";u. =l #—* 8 ’ = ™~
0 i S R &
between ! | T /] _— !J.—l‘ . s III — D¢ ) e,
I | 3 e Blagam g’ 1.2
= 1\| Pive W ;. N
Vi End g 11 =
Interaction v\ | Calorimeter 38 : =
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- Central Preshower Microstrip g L eta = 0.2
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0.3 X plus 1 X  of lead -
0.8- - Lol
10
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Phys. Rev. Lett. 108, 151804 (2012)

Response reduction due to pileup

Pileup causes reduction of energy response!
- Too much pileup creates high current in the readout
- The current that flows through resistive coat of the HV pads results in HV drops,
thus, reduces the energy response

Unit cell of the LAr calorimeter readout Fitted Z mass vs. Inst. Lumi.
Resistive CC-CC pairs
Absorber Plates coat J = 92
LAr Gaps O 91.8 —— Runllb post-shutdown-2007 CC-CC
b FTT 1 S T
/ % 591.4:— :
: / §91.2—
l / [
: / 90.8|—
| / 90.6[—
: % 90.4|—
\ T 90.2|~
= R I e
———————————————— Instantaneous per-tick liminosity (10E30 cm™ s°)
}47 1 Unit Cell —P‘
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Phys. Rev. Lett. 108, 151804 (2012)

Electron energy model

Electron Model: E,eco = REpm (Etrue) @ 0EM (Eirye) + AE oy

Response Resolution Energy correction
OEcorr Model: S ol e o
orial 1. Energy loss due to FSR B ] +*+j
spectator parton interactions, and pile-up 2. Recoll, spectatorparton interactions : o e i3 *+++¢¢**¢+ |
and pileup contamination inside the e~ BT
@‘ electron recon Structlon cone ’ >0 10 SE'Ij(sgeV) 200 B0 80 ° 1|nsfantan§ousfumingsny(gex1gavcmis-1)9 "
3. Effects due to electronics noise o el o
electron subtraction and baseline subtraction s ot
reconstruction : S 035 @ 060
window (the circle) (to subtract residue energy ; +
deposition from previous bunch T e e %
crossings) S B T P |
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Phys. Rev. Lett. 108, 151804 (2012)

Final electron energy scale

After the correction and modeling of the nonlinear energy responses, the final electron
energy response Is calibrated using-2ee events assuming a linear response:

REM (Et'r"u,e) = - (Et'r"u,e — Et'r‘ue) = /8 =+ Et'r"u,e

Essentially, measuring the ratio Mv/Mz , limited by the Z->ee statistics

Validation: it was calibrated using Z mass, now, we
Scale and offset are determined in 4 inst. lumi. bins re-determine the Z mass using the calibration, we

~ 0.3 should find back the Z mass we put In.
E I DO Run I, 4.3 fb™ E 1800 “(a) DO, 4.3 b1 _I[:)Rtsa-r e
= 1500 — e
0.225 Lo — ?/dof = .
% 5 % 1200; M(ee) x“/dof = 153.3/160
(7] y— -
g 0.15[ :>: 9005_ Mz=91.193+ 0}017(stat) GeV
O I 600 |
| L<0.72 -
0.075— 0.72<L<1.4 300
[ 1.4<l<2.2 - -
[ 22 | | | 2"°MH >| !' |
O iot1es 108 104 105 _g?“lﬂmlﬂ)h'ﬁwn“h'n'ﬂ"hﬁuuﬂtﬂmmw u';l nllmN,uﬂ“hHu m'nﬂﬂu‘lnmw“m
Scale, o 70 75 so 85 90 95 100 105 110

m,, (GeV)
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Phys. Rev. Lett. 108, 151804 (2012)

Hadronic recoll model

Recoll Model:
N g ,L_L’ T = ,&’ij ard _I_ ,&’%O ft 1 ﬁ%le C _I_ ,L_L’SLS R

Nnpureo Hard Re¢col |
balancing W or Z boson

Hadronic Recoil

Soft Recoil: FSR photons that fly

pileup and outside the electron
Hard Recoil, | | spectator reconstruction
spectator parton interactions, and pile-up barton window.

Recoll energy that

Interactions -
Y falls in the electron In the same framework ofgEcor
reconstruction Modeling

glen(i?c\;\:{ ;s]ev;/ell 45 What has been added to (subtracted
oneinoe 9 from) the electron has tobe

reconstruction leakage to the recoll. .
window (the circle) J subtracted from (added to) the recoll
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Phys. Rev. Lett. 108, 151804 (2012)

Recoll fine tuning

The recoll model is fine tuned using standard UA2 observables

—/ — A
Nimb = (D7 + UT) * 7]
- Us e t he -mbatamnce to fune the recoll response
- Us e t he -wmbalanck to tuhe thg recoil resolution
—~ 10¢ ~ b6
> of DORunll,431b’ = [ DORunll,4.3fb"
S 85— = Data Q %5.5:— = Data 8
& £ <PMCS £ [ opmcs
= o = %
= 5 i 4.5 °
4+ o : c
C 4__ a!
3 i
25— o ° 3_5:_09090 ;
1E ,o° -
00116"'5',""1'0""1'5""'0""25 36""é'"'16'”'13""2'0""25
p>* (GeV) p:® (GeV)
ST = .. 1 .
T O U B SO
i = e = =c = =H :

= 1 1
| = [ =T —0 ¥V 3 =4 1 O s
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d-axis: the bisector of two electron
momenta of Z->ee events

-_;;—““-\U\nderlying
Event

Hadronic Recoil
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Electron efficiency model

Efficiency modeling in the high inst.lumi. condition is

chal
] p . n
reconstruction wi
- correlations w

A two-step modeli

enging:

leup and hard recoil contaminate the electron

ndow,

ith electron kinematics.

ng:

- model the efficiency In a detailed simulation overlaid
with pileup from collider data.

- check efficiency dependences using-Zeeevents
comparing data and detailed simulation.

1.15F =
= ; —— Loose Track - ; —— Loose Track
- DO, 4.3 fb” : 1
£ 110} 0,4.3 b - Tight Track 1.101-D0, 4.3 b — = Tight Track
:E 1.05 - (a) —e— HMatrix 5 1.05 :_ (b) —e— HMatrix
o - —e=— All Requirements g = —s=— All Requirements
o 1.00E o = -
O §f$ _____ o o g —— = 1.00-,
> 0955 v VT S Q_—f&&:‘* T E
c - @ > 0.95F* ——
Q = ﬂ-ﬂﬂ*&_&'ﬂ' —— (8] =
g 0.9 > 5 050 Fo—o—0 e
i 0.85[ —o— £ F I
T 0.80} " o.85F —o—
- . o .
0.7 e 0.80 0 ittt T
0 50 10 150 200 250 300 o 1 2 3 4 5 6 7 8 9 10
SET (GeV) Instantaneous Luminosity (36 x1030cm2s-1)
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Backgrounds

§'9°%0 DO Run i fb g 000 DO Run Il fb -
4.31b° o) 0 4.31b°
g 900 un " §1400 un
EBOO — — TV — @VVYV y = — W — v — evvy
9700 — Z — ee g1200 — Z—ee
w phus —— Multijet w 1000 — Multijet
500 800
400 600
300
200 400
100 200
% 60 70 80 90 100 95730 35 40 45 50 55 60
M; (GeV) p.(e) (GeV)
Backgrounds: 7 _>ee*
W->tau nu : 1.67% When the other electron falls in the
7_>ea 1.08% cracks of the EM module
N Estimated using electron + electron
Multijet (QCD): 1.02% J
track
Hengne Li, South China Normal University 19

=1600
0 DORunll 4.3fb"
1400}
= : — W — v — evvy
9£1200¢ — Z—>ee
L 1000 —— Multijet
800
600
400
200

9530 35 40 45 50 55 60
MET (GeV)

Multijet (QCD): matrix method,
solving equation with loose cuts

Ny = Ny + N,
NGO = el Ny + e Ny,
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Phys. Rev. Lett. 108, 151804 (2012)

Results using 1/2 of the DO full data set

1,677k W events
§4oooo:(a) DO, 4.3 fb™ _Data Emooog(b) DO, 4.3 fb* _Data 70000 ) _—
10 - mBackground |, 60000 - mBackground G 60000 -(c) DO, 4.3 1b —EAST MC
< 30000 x’/dof = 37.4/49 S 50000F v2/dof = 26.7/31 10 - m Background
@ @ = S 50000 x2/dof = 29.4/31
c c = e -
fvow /. PT(®) o
8 - > - tat) MeV
10000 20000 - 20000 (stat) Mg
(st MeV 10000 | M 10000 i —
R bt e o ﬁ _______ > 2 HHH ____________ X Z%H*+ﬁHﬂ}IIHIHMWHI
_g“ﬂHWﬁHHHHHWH”HH*#HHW*ﬂﬂﬂﬂﬂmﬁwﬁﬂmjﬁﬁﬁ o it ety S it
50 60 70 80 90 100 25 30 35 40 45 50 55 60 25 30 35 40 45 50E5(5Ge\?)0
my (GeV) pe (GeV) .

The combined DO 5.3 fb result: Mw = 80.375+0.011 (stat) + (0.020 (SySt) GeV
= 80.375+0.023 GeV.

PHYSICAL REVIEW LETTERS 108, 151804 (2012) , PHYSICAL REVIEW D 89, 012005 (2014)
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Phys. Rev. Lett. 108, 151804 (2012)

Systematic uncertainties

DO 4.3 fbl, echannel

Source o(mw) MeV mr |c(mw) MeV p% |c(mw) MeV E .
Experimental
Electron Energy Scale 16 17 16
Electron Energy Resolution 2 2 3
Electron Energy Nonlinearity 4 6 7
W and Z Electron energy 4 4 4
loss differences
Recoil Model 5 6 14
Electron Efficiencies 1 3 o
Backgrounds 2 2 2
Experimental Total 18 20 24
W production and
decay model
PDF 11 11 14
QED 7 7 9
Boson pr 2 5, 2
W model Total 13 14 17
Total Systematic Uncertainty 22 24 29

Hengne Li, South China Normal University

21

W massworkshop, 14 Apr. 2022



Summary

w A highly motivated analysis:

w Precisely examine the standard model,
searching for evidences for new physics.

w CDF Run Il gives the most precise measurement

at the moment of an uncertainty 9 MeV with ~7

sigma apart from the EW global fit

w For abetter understanding of the new CDF

results, the DO measurementusing 1/2 DOdata Is

reviewed In this talk, which gave a 23 MeV
precision in 2012.

w Future results are expected from LHC
experiments and future e+e colliders.

Hengne Li, South China Normal University
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Total uncertainty
Stat. uncertainty

Tevatron [ combination

PRD 70 (2004 ) (R2008 = e

DO 11 .
PRL 108 (2012) 151804 |

LEP combination , +
Phys. Rept. 5332 (2013) 119 '

ATLAS N,
EPIC 78 (2018) 110

LHCb el
THEP 01 (2022) 036 |

CDF 11
Science 376 (2022) 170

Electroweak Fit (]. Haller et al.) e
EPIC 78 (2018) 675

Electroweak Fit (1. de Blas et al.} ®
arXxiv:2112.07274

~/ sigma

80100 80200 80300 80400

my, [MeV |
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Phys. Rev. Lett. 108, 151804 (2012)

Uncertainties and projection to the DO full data se

CC: Central Calorimeter
EC: Endcap Calorimeter

Source Published Published Projection Projection
(Unit in MeV) (2009) 1 fbtCC (2012) 4.3 fbt CC 10 fb! CC 10 fbt CC+EC
Statistical 23 13 9 8
Experimental syst.
Electron energy scale 34 16 11 10
Electron energy resolution 2 2 2 2
Electron energy nonlinearity 4 4 2 2
W and Z electron energy loss differences 4 4 2 2
Recoil model 6 5 3 2
Electron efficiencies 5 1 1 1
Backgrounds 2 2 2 2
Exp. Syst. Subtotal 35 18 12 11
Theoretical syst.
PDF 9 11 11 5
QED 7 7 3 3
Boson pT 2 2 2 2
Theo. Syst. Subtotal 12 13 12 6
Systematic total 37 22 17 13
Total 44 26 19 15
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World average and expected new results

Adding the expected new DO results:

Mass of the W Boson CC (10 fo)) CC+EC (10 fbb)
Measurement M, [MeV] We will have 19 I\Tev 15 1I\/IeV
CDF 1988-1995 (107 pb) o : 80432 + 79 New world aver. : 14 MeV 12 MeV If the central value
(DO 1992-1995 (95 pb™) ® = 80478:83) Nxm_....l...._....l....|........p...." doesnot Chang
CDF 2002-2007 (2.2 fb’) - 80387 = 19 < oF smm,roMwmeasu[emem_______________:-" _____________ itter |su = PN future, we can expect a
(DO 2002-2009 (1.0+4.3 fb") + 80376 = 23 ) 8 é— _:x :. wf:’th::':a:":n:zas"reme"ts ' 2-sigma divination
Tevatron 2012 -.- 80387 = 16 7 ;_ —&- M,, wa dé_verage [arXiv:1204.0042] apart from the SM.
LEP —o— 80376 + 33 43 | But If we expect better
('World Average + 80385 = 15 ) jg_ Y A N discrimination, we need
' 3%_ : i CDF, ATLAS, CMS,
 E ,. ,. _ and future e+e
Y JE Lol /P 3 colliders: CEPC, ILC,
80200 80400 80600 B gy, Y ¥ ' CCC-ee
MW [M eV] 80.32 80.33 80.34 80 80.36 80 37 80.38 80.39 80.4 80.41

M,, [GeV]

The predicted W mass uncertainty can also be
narrowed by improve the Top mass measurement.
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Some words about the PDF Uncertainty

w In principle, the transverse observables (e.g. MT, PT(e)) are insensitive to the uncertainties in the
(longitudinal) parton distribution functions (PDF).

w' Ol YT UOwOUUWEUUUwWOOWUT I wol xUOOUWSwphChHGhOYAwDUwOOU

Vo N\ N\ NS 7 77 N N FZ N mam £ F£Z N N r NN

OOEDPI awUl T wUl ExT UwOl wul Il wUUEOUYI1T UUI wOEUI UYEEOI UwUOE
w Ways to reduce the PDF uncertainties:
wSRUI OEPOT wUI | wCwWEOY!T UET | wWE U+ @gptdnsuE Uwx OUUDEOI OwbOEO
w Can reduce by a factor of two, need to understand the energy scale, pileup, and backgrounds for the end
cap leptons.

w Reduce the PDF uncertainties by other measurements:

w e.g. W charge asymmetry measurements.
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Theoretical modeling

¥2/ndf = 142.8/150
DO Z pT — .
p —e— FAST MC

- Resbos:Next-to-leading order event generator with ™k
next-to-next-to-leading logarithm resummation of soft .t

gluons, gives the best boson pT description so falC. e
Balazs and C. P. Yuan, Phys. Rev. D 56, 5558 (1997).]

- Photos:generates up to two final state radiation

photons. [P. Golonka and Z. Was, Eur. Phys. J. C 45, 97
(2006).]

DO Runll 4.3 fb!

Pr(ee) (GeV)
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Model of W productlon and decay

PIUC{_H\ QCD
RESBOS W.Z NLO -

WGRAD W LO  complete O(a), Matrix Element. < 1 photon
ZGRAD Z LO  complete Oa), Matrix Element. < 1 photon
PHOTOS QED F5R. < 2 photons

Our main generator is “ResBos+Photos”. The NLO QCD in ResBos allows us to get
a reasonable description of the p_ of the vector bosons. The two leading EWK effects

are the first FSR photon and the second FSR photon. Photos gives us a reasonable
model for both.

We use W/ZGRAD to get a feeling for the effect of the

full EWK corrections.
The final “QED” uncertainty we quote is 7/7/9 MeV (m_,p_,MET).

This is the sum of different effects: the two main ones are:

- Effect of full EWK corrections, from comparison of W/ZGRAD
in “FSR only” and in “full EWK” modes (5/5/5 MeV).

- Very simple estimate of “quality of FSR model”, from comparison )
of W/ZGRAD in FSR-only mode vs Photos (5/5/5 MeV).

2,~2
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Modeling the pileup contamination

Electron Model: E,eco = REpm (Etrue) @ 0EM (Eirye) + AE oy

Response Resolution Energy correction
OEcorr Model:
— 0.8
Hard Recaoill, 30_7__ DO full MC T lvc
1. Energy loss due to FSR spectator parton interactions, and pile-up g F L festME
: V 0.6—
2. Recoll, spectator partons interactions 05/ +
. . . . . SR N
and pileup contamination inside the 04 |
. u e ==T1
electron reconstruction cone e 0.3 e
3. Effects due to electronics noise reconstruction 02 -+
subtraction and baseline subtraction (to 01E" ==
. .. 0_||||I|||||..||||...||...I....I....I....I....I|...
subtract residue energy deposition from S R T N AU YO

previous bunch crossings)
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VW data

WCandRecoilPt_Spatial_Match_0 » distribution with overall 2 = 128.2 for 30 bins ‘
x10°
i v2/ndf = 128.2/30
100" ~—DATA ]
= Fellas - WCandRecoilPt_Spatial_Match_0
i % s x10
80 - -
f 4 100

60
40

20

Here the error bars only reflect the finite These are the same W candidates
statistics of the W candidate sample. In the data. The blue band represents
the uncertainties in the fast MC
prediction due to the uncertainties

in the recoil tune from the finite

Z statistics.

Good agreement between data and parameterised Monte Carlo.
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MET
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