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© Z-pole observables

© Asymmetries

@ W mass and width

© Top mass

@ Higgs mass and features

@ Global ElectroWeak fit
 Stefano Lacaprara (INFN Padova) ' FtSM  Padova May 4, 2020 2/66



D
a2 ol

© Z-pole observables
@ Standard Model
@ Z lineshape
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© Asymmetries
o Forward-Backward Asymmetries
o Left-Right Asymmetries
@ Tau polarization
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@ W mass and width
@ Motivation
o At LEP II
@ My, at Tevatron
e My, at LHC
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Input to global EWK fit

(in parenthesis the order followed in these lessons)
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Input to global EWK fit

(in parenthesis the order followed in these lessons)
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Motivations

Motivation:

INFN

W mass and top quark mass are fundamental parameters of the Standard Model;
The standard theory provides well defined relations between my,, m,,, and m,,

Electromagnetic constant

measured in atomic transitions,

e*e” machines, etc.

1/2
JT Oy,

1

«/_G

Fermi constant
measured in muon

decay measured

LEP/SLC
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weak mixing ang\e

sm 6, v1- Ar

radiative correct\ons

at Ar ~ £ (my,,%, log my;)
Ar = 3%
H X
w w w
P g o 5 i— 1 —
' @
w w
Fit SM

G, dgy, sin By

are known with high precision

Precise measurements of the
W mass and the top-quark
mass constrain the Higgs-
boson mass

(and/or the theory,

radiative corrections)
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D
';ﬂ The EWK fit limiting factor [1]

-
o

(If we use the measured Higgs ) Ngf
mass to constraint the W boson
mass, assuming SM, we get:

My = 80356 + 8 MeV

The experimental results (LEPII
+ TeVatron + ATLAS)

My, = 80379 + 12 MeV

© a N W » o1 O N 0 ©

@ Difference ~ 23 £ 15MeV ~ 1.50.

» was 80359 + 11 vs 30585 + 15 w/o ATLAS: 26 + 18 MeV 1.30

o For a 20 effect, we need My, experimental precision of about +10 MeV
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Fit SM
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.- Cross sections for Z and W boson production at LEP

3105 ) I U L S A LT T ] e L o o U
o] ]
= [ Z ]
£
10" i ol _
G F e e —hadrons E
& 5
107 4
102 ;?1#'}?{1& I =
E PEI 3
T PENRANSES J e, ]
|l KEK [ERISTAN SLC i
PEP-II - L
¥ é_ | | | I\JEPII | | LIEP III | _§
0 20 40 60 80 100 120 140 160 180 200 220

Stefano Lacaprara (INFN Padova)

Fit SM

Centre-of-mass energy (GeV)

Padova May 4, 2020

9/66



'{-{DD INFN
» abzmd  Production processes at LEPII [2]
Year Mean energy | Luminosity
Vs [GeV] [pb7Y]
1995, 1997 130.3 6
136.3 5]
140.2 1
1996 161.3 12
172.1 12 o
— o - @ Most of luminosity taken around ee — WW
9t 82. i i
o8 0 ™ production threshold (1/s = 2M,,,) for measurement
1999 191.6 30 of Myy;
)5 5 (¥ . . . .
195.5 '(’” @ and at the highest possible /s for discoveries.
199.5 90
201.8 10
2000 204.8 bl
206.5 130
208.0 8
Total 130 — 200 745
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ee cross section at high energy (~ \/2My,)

104
® e’ se’eqq
10°] ® e'e>qq(y)
_ e'e ()
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Stefano Lacaprara (INFN Padova)

@ Lines are theoretical expectation
@ dots are LEP1/2 measurements.

@ Will not discuss all measurement here, only the
ee - WW as it is related to the measurement of M,

Fit SM
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‘1 D
,"é Belle I

ee cross section at high energy (~ \/2My,)

L3 ee — 4f
104 BLACK dots
o et comes from the ~+ interactions: dominant but reducible
3 e e'e—qq(y)
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,"é Belle I

ee cross section at high energy (~ \/2My,)

Cross section (pb)

10 4
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® e’ se’eqq
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o ele s (y)
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-

80
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ee — ff

@ green and magenta dots

e Z/v s(t)-channel;

@ very important ISR QED correction, up to 100% wrt
born-level x-section due to radiative return to Z

Fit SM
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L3

zmll  ee cross section at high energy (~ \/2M,y)
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zmll  ee cross section at high energy (~ \/2M,y)

ee - WW /ZZ pairs

e we" w
e w
Yo
¥ z
e w
e We w

turn-on threshold at \/s = 2M,,: at plateau o ~ 17pb

z
e z e
) Z@
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quadratic vector coupling in the SM
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e e — W W production

W pair production is achieved via three W pairs decays are:
different Feynman diagrams

e fully hadronic: qgqq

W f w f Seen as 4 jets
e e < € < ; BR = 45.6%
v,1 ; >\,VY\/ ; eff: 80-90%, purity: 80%
PRI < o e semi leptonic qgflv
w f w f Seen as 2 jets, isolated leptons, MET
W f BR = 43.8%
4 dincrams “CCO3" e . < i eff: 70-90%, purity: 95%
Notic?e 3-boson vertices > """""" ::--, : o full leptonic £vtv
e* < two isolated leptons, MET
w i BR = 10.6%

eff: 70%, purity: 90%

v

Total of ~ 12000 WW pairs produced/experiment (17pb X 700pb ™! above threshold) J

Stefano Lacaprara (INFN Padova) Fit SM Padova May 4, 2020 12/66




aE= '
w oA e Full hadronic

event: DELPHI
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DD
Full hadronic event: ALEPH

DALI_E2 Run=15433  Evt=1998
ALEPH 98-05-30 17:28

6=180

| -se0em

¥X hist.of BA.+E.C.

5000

=
&

i
S

(@-43 ) 51N (B
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Semileptonic event: OPAL %UF"
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Run# 710010 Event# 4244 Total Energy: 52.59 GeV

Full leptonic event: L3

Run# 710010 Event# 4244 Total Energy: 52.59 GeV

Transverse Imbalance

Transverse Imbalance

0187

Thrust: 7222

Major: 6816

Minor

Thrust: 7222

Major: 6816

Minor

0224

Event DAQ Time

980728 104251

Event DAQ Time

980728 104251
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DD
Event selection full hadronic:

w

B'"TALEPH preliminary 196 GeV
Hadronic decay S
@ 4 jets in the events; ..2
@ No missing energy; :>:

-
(=]
|

@ /s is known! LEP is a e collider!
@ Event is central;
°

Background from ZZ — 4q, ee — qqg plus g — qq,

etc;
@ Use neural network to achieve high purity (75-85%) 107
and efficiency (85-89%)
e Combinatorics problem with jet pairing 0 010203 04 05 0.6 07 08 09 1

NN output

Stefano Lacaprara (INFN Padova) Fit SM Padova May 4, 2020 17/66



D
Event selection semi/full leptonic

Semi leptonic

@ 2 jets, one high pt, isolated lepton, MET;

@ very clean, little background, high BR (44%);
o ID also 7 from low multiplicity “jet” decay;

@ cross contamination of 7 to e and u channel;

@ 3-jet background for 7 channel

Full leptonic

@ 0 jets, two high pt, isolated lepton, MET;
@ very clean, little background, low BR (11%);
@ background from ~v/Z% — ¢¢ has no MET

Stefano Lacaprara (INFN Padova) Fit SM Padova May 4, 2020 18/66



MW from g ww threshold

Threshold measurement

® Oqe,wwv at threshold rises as the velocity of the W,
o~pB=1\/1—4M}/s
@ So, measurement of o,y (s) is directly related to measurement of M,y .

@ Precision comparable with the direct-reconstruction method;

Most sensitive measurement from +/s just above threshold;
At /s = 161 GeV collected only 12 pb* (out of 750 pb_l);
Moreover, at threshold o is small =~ 3pb
Used also data at 172 GeV (not as sensitive);
Measure is statistically limited: expected N =12-3-¢- A~ 30 ev/exp
Syst. error from LEP energy scale

resonant depolarization not possible at LEPII

/s from extrapolation of magnets bending calibrated at LEPI

other from luminosity, final state interaction, radiative corrections, all negligible

Stefano Lacaprara (INFN Padova) Fit SM Padova May 4, 2020 19/66



aE= -
w oA e WW cross sections results

—_— 30 T y T e T
—_— ] T T T T T ] re) LEP S
8 2LEP & A
§ YFSWW and Racoon\W'W §
o]
o 1 201 8
. —t by
101 R “y
10 —
‘_.j'" YFSWW/RacoonWw
B F ....no ZWW vertex (Gentle)
_:_:-‘ .....only v exchange (Gentle)
0 T T T
0 . R wme 160 180 200
160 180 200 Vs (GeV)
Vs (GeV) _ . .
Sensitivi hreshold it Beautiful demonstration of the non-abelian
ensitivity to mass at threshold, very little nature of EWK theory: presence of ZWW
[ Ldt needed
vertex
Stefano Lacaprara (INFN Padova)
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@ Measure o at given /s

@ DELPHI used 29 events in total at

Vs = 161 GeV

® oy = 3.67 08k +0.19 pb

Results
Experiment My, [GeV]
ALEPH 80.20 + 0.34
DELPHI 80.4510%
L3 80.78" 545
OPAL 80.401 945

Combined: M), = 80.42 +0.20 + 0.03(E; gp) GeV

Threshold measurement (1)

Stefano Lacaprara (INFN Padova)

Fit SM

W W cross section (pb)

DELPHI

80 80.5 81

81.5 82
my, (GeV)
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D
M,y : direct reconstruction, full hadronic

Pros and cons:

@ Pros:
e Large BR (45.6%)
e fully reconstruct the two W;
e all LEP energy visible;
o Cons:
e large combinatorics
even larger if a 5% jet is spawned from gluonsthralung;

e jet resolution is poor

_ano,
at best AE = M, leading to AMy, =~ 8 — 9 GeV,

E VE/GeV

Can be improved with kinematic fit
e final state interaction

color reconnection
Bose-Einstein correlation;

Stefano Lacaprara (INFN Padova) Fit SM Padova May 4, 2020 22/66



Kinematical fit

@ in full-hadronic WW decays, all LEP energy is visible;

@ can use (E, p) conservation as a constraint for the global reconstruction;

@ perform a kinematic fit of the jets 4-momenta, within their known uncertainties (likelihood),
to improve the jet resolution;

@ known as 4C kin-fit (4 constraints)
» also possible to constraint M,,+ = M,,,- (5C fit)

2250 F

2000 £
150} generated

@ Resolution improves from 8 — 9 GeV to 1.5 — 1.7 GeV
@ Scale of M,y is directly linked to the scale of LEP /s

@ Presence of ISR, if not detected by the apparatus,
produces a bias.

1500 |
1250
1000 |
750 | fitted
500 |

recons.
250 -

% 50 60 70 80 90 100 110
W mass (GeV/c**2)
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DD
Final-State Interconnection Effects

Color Reconnection
o W* decay vertices separation = 0.1 fm
@ typical hadronization scale =~ 1 fm

@ so colored objects from different W decays can
interact and modify the final hadronized state

Bose-Einstein Correlation

@ quantum-mechanical effect:

e wave-functions of identical particles (boson 7, K)
obey to BE statistics, and this change thier dynamics E—

Colour Bose-
Reconnection  Einstein

'\
.

@ Seen as an enhancement probability for identical
boson with small relative momenta.

Both interaction shift the reconstructed My, introducing important systematic uncertainties
O(30 MeV)

Stefano Lacaprara (INFN Padova) Fit SM Padova May 4, 2020 24/66



D
Color Reconnection [3]

Can be studied by looking at the particles reconstruction as a function of the distance from
the jet thrust axis.
@ Two jets (1+2) from one W, other two jets (3+4) from the other.
» Define inter-W region (A+C) and inter-W region (B+D).
@ Sum inter/intra—W distribution (with rescaled ¢ = ¢ - A /7/2).
» Ris ratio (A+ C)/(B + D) far from jet axis, normalized to MC w/ no-CR.
» R =1 correspond to no color reconnection

@ Compare with MC prediction with various models.

*[opaL & b — - AR T sy
B8 Backuround 1d JETSET Data —*= SK-L 100% CR
e TR OPAL

SK-
- HERWIG © HERWIG CR

I il

jet2 O]

v v AR2
'
Inside-W region jet1 a o =] T |
Between-W region B x 13 B e s 7

D Between-W region

IN,

Inside-W region

jet3

jet4 0! , ,
o T xR 155 50 5 200 205 Z10

No-CR effect excluded at 99.5%, 51% of events are reconnected at 189 GeV
Stefano Lacaprara (INFN Padova) Fit SM Padova May 4, 2020
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D
Bose-Einstein Correlation [4, 5]

. . 5 .
Look at identical bosons: e g
. . + . .. " 4 Data _
@ pair of charged particles (7), with similar , ! 7ol @ OPAL
i
momenta; } " "
LRt Tt + ey
2 05 — Dua X
o Sma” Q = _(pl — p2) - e amip 0 02040608 1 12 14 1.8[1(;3;‘\‘]2
dN/d i | Tl o @ oraL
21 intra BEC
R(Q) = /d@ R TN, il
(@)= IN/dQ. b g
ref R R R TR T 0 0202 0608 1 12 14 15 15 2
01[Gel) QI[GeV]

Need a reference sample (w/o BEC) to normalize the distribution e.g.:
@ opposite charge pairs (resonances);

@ pairs from opposite hemispheres;

@ two 7 from different events;

BEC clearly seen for intra-W jets, not for inter-W ones

Stefano Lacaprara (INFN Padova) Fit SM Padova May 4, 2020 26/66



= i
e < Full hadronic

ALEPH Preliminary Vs= 19161955, . . - .
E 1q selection Y 19952006 Gev] My, from unbinned maximum likelihood fits to J

2
~
vy
3

e Data(Luminosity = 237 pb™)
measured data

— MC (my, =80.384 Ge V/c')
300 F I Non-WW background

Events per 1 GeV/c”
w
3

250 bl
ok i ALEPH —e— 80.475+ 0.080
e DELPH| ——e—— 80.311+ 0.137
100
% L3 —e— 80.325+ 0.080
0
T T e OPAL —— 80.353 + 0.083
OPAL (Prelim.) 192-202 GeV
PAL Brelim,) ROy LEP —— 80.387  0.059
qqqq 5-jet correl. with nen-4q = 0.20
S TN T T A IN T S TR |
800 80.2 804 806 808 81.0
4q) [Ge
70 80 :nOIGeV 70 80 :.O/Gev Mw( q) [ V]
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Semileptonic final state

Pros and cons:

@ Pros:

Large BR (43.8%)

no jet pairing combinatorics;
no FSI between W;

Low background;

Good lepton prresolution;

e Cons:

One neutrino not detected;

Use kinematic fit to reconstruct neutrino momentum;

2C constraints (transverse momentum: p,, p,)

Selections:

@ Two jets, one isolated lepton, MET;

@ Also 7 from low multiplicity jet.

5000

4000 -

Expected Events
8
(=]
(=]
T

2000

1000 -

L —
[0 2C Kinematic Fit

— Hadronic Mass

L 1 L

-20 10 0 10
qqlv Mg, -M

20 30
(GeV)

True

OPAL tried also a fully leptonic (¢vfv): low BR, two v's, not competitive for combination.

Stefano Lacaprara (INFN Padova)
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INFN
(5

B semitepton
2 <5 Semi-leptonic

% g q %y .
= WW — qaev 221 pb™! % 140 F WW—s qquv 221 pt™
O w b E < +
Q 4 doto o0 [ ¢ i 1
a ™ r qqew simaiation E 2 qauw simulotion
5 ok (my=80.35) E S 00 F (me50.35) 1
B Bl aar simuiation 3 Bl oy simuiation
0 E W gy simiaion E 0 F B 2ezsimaton 1 LEP W-Boson Mass
o 60 [ 1
30
" a0 [ ]
B o b ] ALEPH —— 80.429 + 0.060
+
%5 55 60 65 70 75 80 85 % 95 100 “5 5 @ 6 T 75 w8 0 % 10 DELPHI *— 80.339+ 0.075
W mass (GeV/e?) W mass (GeV/ie?)
L3 —— 80.212+ 0.071
DELPHI preliminary
Lo FTTTTTTTTTTT OPAL — 80.449 + 0.063
T Moo 221p07" |
LI S ]
Faof M ] LEP - 80.372+ 0.036
5 b I s ] corel with 0= 0.20
Z(n)+21 simwlstion
40
o (IR PR BRI RS R
" 80.0 80.2 804 806 80.8 81.0
U M, (non-4q) [GeV]
0

50 55 60 65 70 75 80 85 90 95 100
W mass (GeV/e))
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2= |
~ abemd M, extraction

@ No direct fit to reconstructed mass

@ Use invariant mass distribution as
returned by the kinematic fit

@ compared with MC templates for
different M\, and I'}y, values.

@ The best value are chosen via
unbinned likelihood fit Template
Method (more later)

Stefano Lacaprara (INFN Padova)

Systematics

Source Systematic Uncertainty in MeV
on My on Ty
qafvy | qqqq | Combined
ISR/FSR 8 5 7 6
Hadronisation 13 19 14 40
Detector effects 10 8 9 23
LEP energy 9 9 9 5
Colour reconnection - 35 8 27
Bose-Einstein Correlations - 7 2 3
Other 3 10 3 12
Total systematic 21 44 22 55
Statistical 30 40 25 63
Statistical in absence of systematics 30 31 22 48
Total 36 59 3 83

Fit SM
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LEP Il results

LEP W-Boson Mass

ALEPH —— 80.440 + 0.051
DELPHI —— 80.336 + 0.067
L3 —e— 80.270 + 0.055
OPAL —— 80.415+ 0.052
LEP - 80.376 + 0.033

%*IDOF = 48.9/41

L |

800 802 804 806 808 81.0
M,, [GeV]
Mz =91.1875 4+ 0.0021 GeV

Stefano Lacaprara (INFN Padova)

LEP W-Boson Width

ALEPH —— 214+ 0.11
DELPHI —e—  240+0.17
L3 — 218+ 0.14
OPAL —— 2.00+ 0.14
LEP == 2195+ 0.083

£*/DoF = 37.4133

15 20 25 30
I, [GeV]

[, = 2.4952 + 0.0023 GeV

Fit SM Padova May 4, 2020
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My, with DO at TeVatron[6]

D0 was born as a quasi-calorimetry-only detector

excellent E/HCAL (LAr + U absorber) with

transverse and logitudinal segmentation

for Runll, they added a magnet and a decent tracker

My measurement: only pp = XW — ev considered.

Not yet full lumi analyzed:
» Statistics is not limiting factor

DEJ  Runintegrated Luminosity

—savered | k=4
1 ~—Recorded
i T
" T[pto. s e 1o, aaor sy ]| PUPlished 4.3 fbs m
ST T Cﬂ"
T TPy i -1 TTTTTTTVY -
§ [ [Published 1t | T T e e AL The last 5 b
40 1My = 80401 + 43 MeV - (©c) T+ being
soitl (CC) | = analyzed
(RN 71 e
”
I RN
W IRAERECC oS RN 11
O e e e S e e ],

[ €= Run [1a == e Run ITh sy |

Stefano Lacaprara (INFN Padova)

Fit SM

SN
AN
i g

s
) Central
<__ Calorimeter (CC)

~—— - Fine naLmuui« (FH)

Intercryostat |
Detector

Central Fiber Tracker

First active layer
liquid argon

e ]
. ;

37X,in
between|1

Interaction
Central Preshower
Detector

0.3X,plus 1 X, of lead
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M, with CDF at TeVatron[7]

¢+ Large calorimeter ) = Muon coverage |n|<1
coverage: |n|<3 ; I

+ Find Jets, and
electrons, measure

o CDF had a good tracker system AL 8
from the beginning — | \— '

@ good muon detector also (up to
| ~1)
@ consider both er and uv dataset

Precision tracking |n|<1:
Momenta of muons and
electrons

e only 2.2/fb analyzed so far (out of
9/fb)

I
Efficient triggers with

Silicon Vertex detector S good background
«Ad,~40pm I rejection
*b-jet tagging
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DD
Dataset

A typical W—ev event

@ At hadron collider, it is not possible to see a pure W — qq’
signal: the QCD background is simply too overwhelming.

@ W + x production is large, so statistics is not the limiting
factor.

W
Pr

@ Consider only W leptonic decay W — (v

.
. E‘J'

@ kinematic fit a la LEPII is not possible, because the initial
state is not known!

= Underlying

» partially yes in the transverse plane
Event

» partially, because the W typically recoils against some
hadronic stuff

Uses three observables: péT, MET, and

. e My = \/2p€rl\/lET(1 — cos A¢) to extract My
Hadronic Recoil Other possible (but not as sensitive)
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DD
- Selection

Like good old days: p% > 25GeV, MET> 25GeV, u; < 15GeV
W/Z discovery by the UA1 and UA2 experiments at CERN (1983/84)

Carlo Rubbia (left, UA1) and
Luigi Di Lella (right, UA2)

Transverse momentum of
the electrons

o C ]
A [) Contrad cutarimeter
s Farvard detecters
L 0@ M I |
] [l n » a st [ %
£ (GeV)
Stefano Lacaprara (INFN Padova) Fit SM
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‘afD

° péT, MET, and I\/I¥V are sensitive to My, .
@ Produce MC templates with different My,

o fit data to templates to select the best M,y

_H;.I"FH_NH_I
J—;J 1l - MC template: Mw=80 GeV
A Ul mc template: Mw=81 GeV
R !
o
.:{_r
J:|-f i
£ 1
| i
H- T
1-|-I'I..
[ HQ“\'E‘::,
B 3 A | “‘3L-4_,_~_‘_~
0 70 80 90 100
M- (GeV)
Stefano Lacaprara (INFN Padova)

Mass extraction: Template Method

Fit SM

events / 0.5 GeV

events / 0.25 GeV

15000

10000

10000/

5000

CODF Il J‘Lmez.z o'

® Data
—— Simulation

.\fllmm‘FFrr;’

M, = (8037916, ) MeV

x2ldof = 58 / 48 \\\
A T
9

-‘.L dt =2.2fo"

M,, = (80393 + 21,,,) MeV

¥2/dof = 60 / 62

® Data
—— Simulation

50
E(e) (GeV)

Padova May 4, 2020
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D
Mass extraction: Template Method (DO0)

70000 70000

F(a) DO, 4.3 fb” “Data | F(b) DO, 4.3 fb” —Date F(c) DO, 4.3 b - N

[ mBackground| 60000 E mBackground 60000 E mBackground|

30000 [~ ¥¥idot = 37.4/49 50000F ¥3Idot = 26.7/31 50000 - Pldof = 20.4/31
E 20000l E 40000} E 40000
n 0 E o F
g . s 30000 g 30000
£ 10000 £ 20000} £ 20000
Z F {3 10000 G 10000 |-

= 2 b ! i} Boap b b = 2f et o
Ol i 0 ?,‘;** b At S i Pt L
50 60 70 80 90 100 25 30 35 40 45 50 55 60 25 30 35 40 45 50 55 60
m; (GeV) P2 (GeV) E, (GeV)

@ Shown the range of the fit
@ where the sensitivity to My, is max

o typically fir all three variables at once
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w oA e Critical issues

@ Electron/muon energy response and resolution;
e MET modelling
@ hadronic recoil energy response and smearing

» Control sample with Z — ¢/
» extrapolation from M, to M,y

e Underlying event (PU + spectator parton interactions)

@ parton density function (pdf)
> In principle do not affect transverse observables
> limited 77 coverage give sensitiveness

detector description

e background (small)

@ M less sensitive to recoil, but requires good MET
modelling

Stefano Lacaprara (INFN Padova) Fit SM

55 60 65 70 75 80 85 90 95

m, (GeV)

black: no recoil; red: recoil; yellow:+ det effect
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S
» Abzmd  Muon prscale

» Foundation of CDF analysis is track pr measurement with drift chamber (COT)

- Perform alignment using cosmic ray data: ~50pm—~5pm residual
» Calibrate scale using large sample of dimuon resonances (J/0, Y, Z)

« Confirm by measuring Mz Add as further constraint.

CODF I r;_ dt=221b" /

» Span a large range of pr
- Flatness is a test of dE/dx modeling
« Final scale error of 9x10%: AMw =7

ANF#

-0.0015

RSN !

- ?_

—o— Jhp—up data (stat. only)
»— Y-y data (stat. only)

z data (stat. only)

- combined A p/p (stat. @ syst) for W—puv events

0.2 0.4 06
<1pl> (GeV')

Stefano Lacaprara (INFN Padova)

MeV

Fit SM

2ot = 05 / 86

3
m,,(GeV)

Events /0.5 GeV

£

Z—uy

2/dof =30/ 30

m,, (GeV)

110

Padova May 4, 2020
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aE=
w oA e Electron E scale

)

CDF »]7]
+ Apply calibrated p-scale and set EM  « Use Z—ee events and LEP M- to
scale using E/p of W and Z events calibrate scale

Use subsamples to calibrate material
model and response to pileup

» Overall scale from peak
+ Radiative tail used to tune material
mOdel (a) DO, 4.316" —Data
. . —FAST MC
+ Confirm by measuring Mz

(Mot = 153.3/180

Events/025 GeV

e
gmnm—
a2
yidat = 18 /22
g 2|
10000~ 1 = _g
70 75 80 85 90 95 100 105 110
e (GeV)
0.:
1 12 14 Erpptl-—-:]‘ D0, 431"

3 vl o o} Emsas=0Ems+p

s Zoee 8 Z subsamples

H ot =42/38 Z esor of inst. L

4 i L2 [*36e30)

s © oomsf 2<L<a
<l <b
l | L
o 1.00 101 1.02 103 1.04 1.05
Scale, o
Fit SM Padova May 4, 2020  40/66
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w oA e Recoil calibration

» Measured recoil: 1) hard recoil from hadronic activity in W/Z event, 2)
underlying event/spectator interaction energy

+ Tune using Z and minimum-bias data
+ Validate using measured recoil in W events

Tuning with Z—1l Validating with W—Iv
y:
foru <« pr' :
mr = 2pt + U
pr'=2pT + 2u|

mis-modeled vy directly
biases measured Mw

0

of DO.43M7 (a) 10

gf ©Data a § 190F  Simuiation Data
S | eFastmc Fuof wmommic (=013 0.008 GeV
S ; £ =4.665 GeV = 4664 = 0.004 GeV
= 3 w
c o 100f-
8 sk
3
EE ab . 80
= : E L] 60—

E Y 3
1 o% ° 40
s
ok’ \ . . 2f
5 10 15 20 25
Py (GeV) 45 10 5 g :

|‘I’ 1
Uy (Wosiv) (GoV)
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TeVatron results[8]

Mass of the W Boson

Major systematic uncertainties Measurement M,, [MeV]
Source Uncert (MeV) ;
DO CDF CDF 1988-1995 (107 pb™) '——v——'—*} 80432+ 79
K E Scale & res 16 7 DO 1992-1995 (95 pb™) ‘-—.—‘ BD478 + 83
u 5 2 CDF 2002-2007 (2.2 ib™) + 80387 + 19
b;—C kgrou nd 2 3 DO 2002-2009 (5.3 fb) »—d~ 80376 + 23
P D F 11 10 Tevatron 2012 - BO387 + 16
pT(W) model 2 5 LEP —— 80376 = 33
QED rad 7 4 World average - 80385+ 15
total 22 15
stat 13 12
) o 80200 80400 80600
syst error from calib, from QCD, and statistical M,, [MeV]
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A= M, at LHC

And what about LHC?

@ Actual precision is already quite high, no rush to publish a non competitive measurement
Today 6(QCD) ~ §(calib) ~ d(stat)
At LHC 6(QCD) > d(calib) > o(stat)

@ PDF knowledge play a critical role:

differences for v/s and pp vs pp
LHC: 25% of Z/W are produced from from s,c quarks (vs 5% at tevatron)
different pdf, less known for s,c, helicity, pw

e modelling of pw from p%

d(My,) ~ 5MeV plus extrapolation;
second gen. quarks are more important!

@ 40% more W™ than W™ : charge dependent analysis
@ ATLAS did it [9], CMS not yet
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Stefano Lacaprara (INFN Padova)

M,y at LHC: helicity

A proton-proton collider is the most challenging enviroment to measure m, , worse

compared to e+e- and proton-antiproton

proton antiproton

u u

—a
x W b /__ Negligible

u
A=-1

ol
el

u j=ed ,

(<) o

In pp collisions W bosons are mostly
produced in the same helicity state

Further QCD complications
@ Heavy-flavour-initiated processes

@ W+, W- and Z are produced by different
light flavour fractions

@ Larger gluon-induced W production

proton proton

1=l

In pp collisions they are equally
distributed between positive and
negative helicity states

\ ¢

Large PDF-induced W-polarisation
uncertainty affecting the p_ lepton

distribution

Larger Z samples, available for detector calibration given the precisely known Z
mass - most of the measurement is then the transfer from Z to W

Fit SM

Padova May 4, 2020
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D
My, measurement at ATLAS [9]

Dataset, Selection and method

Dataset: L =4.6fb @ 7 TeV (2011)

@ exactly one p or e pt pr > 30 GeV

recoil ur < 30 GeV

MET > 30 GeV

M+ > 60 GeV

5.8-10° W — ev, 7.8-10° W — v
(10x TeVatron dataset)

statistics is not the limiting factor
Expected statistical uncertainties oy, ~ 10 MeV
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Analysis strategy

@ Template fit based on pf’T and M, = \/2p€-p'77-7i55(1 — cos Ag)

» For W at rest, péT has a Jacobian edge at My, /2
» M, has endpoint at M,

@ templates build by reweighting same full MC simulation according to BW(M,,,).
o \*(Myy) interpolated, minimum found.

@ several categories. In total 28 (12 e, 16 p)
> l=e,pu

14
Pr,PT
ne| range (3e, 44)

vvyy
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Analysis strategy (I1)

° péT and depend M, on ¢ energy calibration
» M, also on recoil
> p[T and M, are partially correlated
m

» measurement based on pT
combination.

"** done as consistency check but lower precision, not used for final

o W are not at rest, and are affected by the W helicity, which depends on pdf

» M, is less sensitive than péT to physics effects, but more on recoil

Z — (/¢ to calibrate detector response, lepton calibration, and recoil

cross check by measuring M with same method used for M, treating one ¢ as a v
» NB. dataset of Z — ¢/ about 1/10 of W — fv

@ cross check among different independent categories

> also as a function of pile-up, u;, and different fit range

Blind analysis: random value € [—100,+100] MeV added to M,y during analysis.
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Physics modelling

o EWK effects:
» QED ISR and FSR, interference |/FSR, virtual loop, di-lepton radiation
@ QCD corrections:
» rapidity distribution at NNLO,
> p7V—V distribution from fixed order PCD NNLO (includin nnlo pdf) plus MC tuning on Z data

= T T T T T
% 008 FATLAS o Daie & 14 FATLAS '
@ fs=7TeV, 4.7 b’ . 1 =7 TeV, pporZ+X, 4.7 fb
= 0.07 —— Pythia 8 4C Tun : - L 1
!'E-’-nns PPZHX Pythia 8 AZ Tune 11_ 7 TeV, pp—W+X, 30 pb
8 0.05 [—
g 0.04 0. ¥-

0.03 0 L

002 0.

0.01 0.

05 &
£ 11 LRE
8 1.05 8 1.05
= 1 = 1
T o9k T 095
ht] - S S S
5 10 15 20 25 30 35 40 0 20 30 40 50 60

70
P! [Gev] P, [GeV]

(a)

(a) Z = ¢, (b) R(o(W/2))(pr)

Stefano Lacaprara (INFN Padova) Fit SM Padova May 4, 2020  48/66

(b)



1.04 -
1.03F
1.02

1.01

Variation / Pythia 8 AZ

0.99

V5 =7 TeV, pp—WisX

Pythia 8 AZ

—— Powheg + Pythia 8 AZNLO
DYRes

=== Powheg MiNLC + Pythia 8

* 4
il | P PR R AR e R

(a)

M ECEPErS EPEFETE S EAErE SV BT A SR W
30 32 34 36 38 40 42 44 46 48 50
pL [Gev]

generator

Variation / Pythia 8 AZ

1.04

1.03

1.02

1.01

0.99

6

e
F ATLAS Simulation
[ f5=7 TeV, ppoWi+X

T

(b)

An example of the impact of MC generator/tuning on sensitive quantities.

Suggest fit range to reduce sistematics

Stefano Lacaprara (INFN Padova)

Fit SM

L Pythia 8 AZ .
[ —— Powheg + Pythia 8 AZNLO h
— DYRes —
[ --- Powheg MiNLO + Pythia 8 ]
s —— e D ekl -
L. 1 " EE leoswlonsslvonoloss]
0 65 70 75 80 85 90 95 100
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D
ATLAS: physics modelling of W p+.

Reweight distribution from POWHEG+PYTHIA 8 wrt NNLO prediction with complex
multi step procedure, and tested on pT/na ane distrubution for Z and W.

do/din| [pb]

750

ATLAS
Vs=7TeV, 4.6 fo!
pp—W*+X

~
o
o

650
600
550
500
450
400
350
300
250H\\H\\H\\\H\\H\\\\\\HMHMHMHMHMH
0 02040608 1 12141618 2 22 2.4
]

—»— Data (W)
—+— Data (W)
E=== Prediction (CT10nnlo)

Stefano Lacaprara (INFN Padova)

=3

<

Fit SM

12—
- ATLAS —4— Data
1-Vs=8TeV,20.3fb™ [ DYNNLO (CT10nnlo)

F pp-Z+X

0.8

0.6 .

0.4 -

02 ]
O;ﬁ S IS S S S I SO SO SO TS SO S N S 1;
0 20 40 60 80 100

pl [GeV]
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D
ATLAS: physics modelling summary

W-boson charge w* w- Combined

Kinematic distribution p% mr [14 mr ,')[T mr

omy [MeV]
Fixed-order PDF uncertainty 13.1 149 120 142 8.0 87
AZ tune 30 34 30 34 30 34
Charm-quark mass 1.2 1.5 1.2 1.5 1.2 15
Parton shower up with heavy-flavour decorrelation 5.0 69 50 69 50 69
| Parton shower PDF uncertainty 36 40 26 24 10 16
Angular coeflicients 58 53 58 53 58 53
Total 159 18.1 148 172 11.6 129

o PDFs are the dominant uncertainty, followed by p, W
uncertainty due to heavy-flavour-initiated production

¢ PDF uncertainties are partially anti-correlated
between W+ and W-, and significantly reduced by the
combination of these two categories.

e p, W uncertainties are similar for m,, extracted from P,
lepton and from m_
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2= brati
~ abemd M, ( calibration

@ ( calibration (scale and resolution) from Z — ¢4

o Calibration with Z — ¢¢ where ¢ is considered as a a v
e measure M7 as My, (template fit)
e CMS did this also [10], using also MET

El
CMS Preiiminary \s=7 TeV 4.7 b ")
: . P e D
o, Zoe'e ATLAS ' gfam)ﬂwmlm % — Total unc.
Vs =7TeV, 4.1-46 b — Full Uncertainty S m e —— == Stat. unc.
Pl Zosun = mg (LEP Comb) o Exp. unc.
v ————— + Full Uncetainty iT‘
= —— ] ——— P0G
Pl Zo 1 am—— E; ME% unc.
m, 2 e'e ua’ Py 0
©
53
m. D — —
my, Z p'w —_—— u:; T 0
=
my, Z 11 B — 2 g, |—e———
PR YOI AR RS N S SRR BRI [ S RIN RN SRR AR R
91120 91140 91160 91180 91200 91220 91240 150 —100 50 0 50 100 150
m, [MeV] MR - M PP (Mev)
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D
¢ calibration Systematics

|n¢| range [0.0,0.6] [0.6, 1.2] [1.8,2.4] Combined

Kinematic distribution p{ mr p,i mr pﬁ mr p{ mr

Sdmw [MeV]
Energy scale 10.4 10.3 10.8 10.1 16.1 17.1 8.1 8.0
Energy resolution 5.0 6.0 7.3 6.7 10.4 15.5 35 5.5
Energy linearity 22 4.2 58 8.9 8.6 10.6 34 5.5
Energy tails 23 33 23 33 23 3.3 2.3 3.3
Reconstruction efficiency 10.5 8.8 9.9 7.8 14.5 11.0 7.2 6.0
I[dentification efficiency 10.4 7.9 11.7 8.8 16.7 12.1 7.3 5.6
Trigger and isolation efficiencies 0.2 0.5 0.3 0.5 2.0 2.2 0.8 0.9
Charge mismeasurement 0.2 0.2 0.2 0.2 1.5 1.5 0.1 0.1
Total 19.0 17.5 21.1 19.4 30,7 305 14.2 14.3

Stefano Lacaprara (INFN Padova) Fit SM Padova May 4, 2020

53/66



w oA e Recoil calibration

The recoil u_is the vector sum of the transverse energy of all the

calorimeter clusters: u_is a measure of p. W

Calibration steps:
@ Correct pile-up multiplicity in MC to
match the data

@ Correct for residual differences in the
ZET distribution

@ Derive scale and resolution corrections
from the p_balance in Z events

x10°
3 120 ) i i o Data Ik
0] ATLAS e e
S 100F (so7Tev,aqty! g 2K (belomlerst) -
& s B Z'y (atter transt)
2 80 B
= E
2 60 =
il E
40 E
20 3
=] +
8 1055 = e {
N e — .JuaﬂHﬁH#ﬁﬂﬂ_{
% 200 400 600 800 1000 1200 1400
- £ E [GeV]
Stefano Lacaprara (INFN Padova) Fit SM
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<up e > (Gev]
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=
ur

T
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Eis=7TeVv, 41f0" |
E —+Data
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E. - Z-sp (aher corr) e

N @ s o @

5 10 15 20 25 30 35 40 45 5
o, Gev]

0.4/

0.2E s
: Ot = |

-0.2F -

=04
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g

@ recoil calibration from Z — ¢¢

@ look at distribution of

> u) (to Z direction): scale

> u resolution
> uj (W events).

@ apply correction on MC based on Z

hiua(ZET. pT)

= hi(ZEf pH (

-~ e~

Stefano Lacaprara (INFN Padova)

ux + ({ux)daa — (Ux)mc) >

ty + ((1y)gua = (yhic ) -

hia(ZED 7 i (ZED
hic(ZEN 1 h§(ZEf

: el M), recoil calibration

)

Events /2 GeV Data / Pred. Events / 2 GeV
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“fD

Recoil calibration Systematics

W -boson charge w w- Combined

Kinematic distribution Py my Py m Py mi

dmw [MeV]
(pe) scale factor 0.2 1.0 0.2 1.0 0.2 1.0
Y Ej correction 0.9 122 1.1 10.2 1.0 11.2
Residual corrections (statistics) 2.0 2.7 2.0 2.7 2.0 2.7
Residual corrections (interpolation) 1.4 3.1 1.4 3.1 1.4 3.1
Residual corrections (Z — W extrapolation) 0.2 5.8 0.2 4.3 0.2 5.1
Total 2.6 14.2 2.7 11.8 2.6 13.0

Larger for M, than pET

Stefano Lacaprara (INFN Padova)
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Template fit to evaluate background pJ* M, and
— CIM
= oom,

-D

T T T T T T T > 10°F T T T T T I T T T T T
ATLAS —~baa 3 1 .E ATLAS —oas S L0EATLAS —Dae
5=7TeV, 46" tresut ~ W0E g=7Tev, 461" A = \5=7TeV, 4.6 ib" i resutt
W ev+EW 7 EEW- ev+EW P 6 W ev+EW
[ Multijets 3 10 [ Mutijets £ 10 [ Multjets b
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] i e e
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3 8 oosp-[ 8 o 71 G s S i
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“ D
'/é Belle I

%' sl ATLAS Ap, (W] [IStal Unc.
= 8085 ¥p, (W) —Total Unc.
=7 TeV, 4.1 b Am W) [IStal Unc

] ; ¥ my (W} —Total Unc.

Wes uv | d — Comb Fit []Total Unc

0.0<|<08 0.8<inj<14 1.4<|<20 20<h<2.4
Category

< 80700
= E AP (W) [@Stat. Unc.
2 806501 ATLAS YouW)  —Total Une.
= Fis=7TeVv, 46" Am(W) [Stat. Une
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soaso;:;f* + : +
80300f- * + !
80250F- :
80200E :
0.0<nj<0.6  0.6<fn|<1.2 1.8<fj<2.4
Category
oW T . T e T
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= Stat. Uncertainty

e extractions of m

— my, (Full Comb.)

Stat. Uncertainty
Full Uncertainty
@ Strong validation of
physics modelling and

Stefano Lacaprara (INFN Padova)
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<

35cpT<d5GQU
32¢thdﬂGeV
Eﬂcprr\SClGeU

31 <p <46 GeV
32 <p, <46 GeV
34<PT<466W
35<p_ <46 GeV

e P

I <p <50 GeV
32€pT€SDGeV
M<p1~=5{JGeV
35<p, <50 GeV

Results stability vs fit range

LN B S S B B B R S B (N S B s R

ATLAS
Vs=7TeV,4.1-46 fb”

m; Fit-Range:
66 < m, < 99 GeV/

® my, (Varied DT-Fil Range)
= Uneor, Stat, Uncertainty
= Full Uncor. Uncertainty
—m,, (Full Comb.)

Stat. Uncertainty

Full Uncertainty

8060 40 20

(a)

Amy, [MeV]

INFN

67 < m, <98 GeV
68 < m; < 96 GeV
70 < m, < 95 GeV
65 <m, <90 GeV |
65 <m, <93 GeV
65 < my < 97 GeV
65 <m, < 100 GeV
70<my <90 GeV |
70 < m, <93 GeV
70 < m, = 97 GeV

70 < m, < 100 GeV

ATLAS

P, Fit-Range:
32< p< 45 Gey

— my, (Full Comb.)
Stat. Uncertainty
Full Uncertainty

1

L L i i S ELi

Vs=7TeV,4.1-4.6 b

® m,, (Varied rnT-Fit Range)
= Uncar, Stat. Uncertainty
= Full Uncor. Uncertainty

(a) varying pr fit range (b) variying m fit range.

Demonstrate good understading of physics model
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Systematics

Systematics and results

source | MeV

My, =80370 + 7(stat) £ 11(exp syst) £ 14(mod syst) MeV stat 6.8
=80370 £ 19 MeV s 0.6

e 6.4

recoil 2.9

Bkgn 4.5

@ Combination of all categories. SVC\/D gg
o Competitive with CDF (£19 MeV) and DO (£23 MeV) PDF 92
@ Additional masurement AMWi = —29 + 28 MeV Total 18.5
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D )
! o . INFN
My, combined
T T T T T T T T
ALeRR ATLAS | ———— ATLAS o my
=u Stat. Uncertainty
DELPHI ———
— Full Uncertainty
L3 —
LEP Comb. a 00376133 MeV
OPAL o — =
E)HF 777777777777777777777777777777 ;: 7777777777777 Tevatron Comb. - 038716 MeV
_D_D _______________________________ - LEP+Tevatron —.wl 5MeV
ATLAS W — ) )
. ® Measurement | ATLAS | g 8037019 MaY
ATLASW Stat. Uncertainty
ATLAS W* — FuII Uncenalnty _"_ Electroweak Fit g 8035628 MeV/
. . 1 1 | 1
80250 80300 80350 80400 80450 8050(} 80320 80340 80360 80380 80400 80420
m,, [MeV] m,, [MeV]

In some better agreement with SM global fit than TeVatron results
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“fD

My, combined

[ATLAS, EPJC 78 (2018) 110]

% "m,, (Partial Colib. )|

T
DML L
Pl W= Tv ATLAS Stat. Uncertainty
LW Py = 1 — Full Uncertainty
B.woly | B=TTev 41480 oy | ATLAS
mr, W Tv Stat. Uncertainty

Full Uncertainty

t 14 (mod. syst) MeV

Mw = 80370 + 7(sr.at) + | |(exp.syst)

vl 1, S TEe ) L 1
80 80300 80320 80340 80360 80380 80400 80420 80440 80460
m,, [MeV]
LEP
Tevatron [CDF, DO, 1204.0042]
Mw = 80387 + 8(stat) + B(exp.sysr.)

12 (mod. syst) MeV

ATL.

Ave
M, =

New average
smaller by 6 MeV, uncertainty of 13 MeV

Tevatron
M, = 80387 = 16 MeV/

M,, = 80376 = 33 MeV

M,, = 80370 = 19 MeV

(Uncorrelated + 0.12 MeV)

AS

rage

80379 = 13 MeV

(15 MeV previously)

Obtained by assuming 50% correlation of model systematic,
very robust against changes
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My vs M,,, ATLAS

L T T T | T T T T T T T | T T T T | T T T T | T ]
% C ATLAS = m,, = 80.370 £ 0.019 GeV ]
@ 80.5— B m - 172,84 4+ 0.70 GeV ]
f C --m,, = 12508+ 0.24 GeV
80.45 % 68/95% CL of m,, and m, |
80.4— -
80.35F

80. 3:— / 4 68/95% CL of Electroweak
= Fit w/a m,, and m, ]
- [Ewr. Phys_ ) G 74 (2014 3048)
C 1 1 1 | 1 1 1 1 | 1 Il 1 | 1 1 1 1 | 1 1 1 1 | 1 ]

8025 165 170 175 180 185

m, [GeV]
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