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Outline

= [ntroduction to W mass measurements at the LHC
= Focus on ATLAS 7 TeV result
= issues affecting hadronic recoil resolution
= for transverse mass template fits
= and affecting lepton pt modelling
= theoretical model for W pr spectrum

= How future experimental uncertainty could be reduced
= Measuring W pr in low pile-up environment

= Summary
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W mass introduction

= Theoretical uncertainty on W boson mass smaller than world average experimental
= 8 MeV compared to 15 MeV

= potential to constrain new physics
= improve understanding of PDFs and higher :

. w w
order corrections

2 H
2 mW To w w
m - = (1 @ SRS e\
v m% V2G

= Measurements at LHC strongly affected by uncertainties on strange and charm
quark PDF

= 25% of W’s induced by charm and strange - 5% at Tevatron
= However larger statistics at LHC

= allows a more precise detector calibration

Samuel Webb (Johannes Gutenberg University, Mainz) - SM@LHC 2018 - 11.04.18 3



W mass measurement

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

at 7 TeV

= Currently one published measurement of the W boson mass at the LHC
= ATLAS @ 7 TeV - Eur. Phys. J. C 78 (2018) 110

= Template fit method in two kinematic variables
= pr of decay lepton (e or u), W transverse mass
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=  Also separated by W+, W- | and bins of lepton n
= 28 categories total

Samuel Webb (Johannes Gutenberg University, Mainz) - SM@LHC 2018 - 11.04.18 4



W mass measurement

Eur. Phys. J. C 78 (2018) 110 '
Systematic sources

= A large number of systematic sources to consider, each with many sub-
contributions

= Statistical uncertainties
= Experimental calibration All of these have to be
carefully controlled to get

= Muon calibration a precise measurement

= Electron calibration

= Recoll calibration
= Electroweak and multi jet background modelling
= Physics modelling uncertainties

= fixed order prediction

= higher order EW corrections

= PDF modelling
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Eur. Phys. J. C 78 (2018) 110 PhySiCS mOde”iﬂg

= Model used for fitting obtained by re-weighting NLO MC prediction from
Powheg+Pythia to an improved higher order prediction

factorisation of [mass] [rapidity] [angular coefficients] [pT]
/

cross section:

Breit-Wigner (A NNLO pQCD Parton Shower

= NNLO predictions cross-checked with published results

750 prr e

———
- ATLAS —4— Data

- ] g 700 ATLAS | — .
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Samuel Webb (Johannes Gutenberg University, Mainz) - SM@LHC 2018 - 11.04.18 6



Eur. Phys. J. C 78 (2018) 110 PhySiCS mOde”iﬂg

factorisation of [mass] [rapidity] [angular coefficients] [pT]
/

cross section:

Breit-Wigner (A NNLO pQCD Parton Shower

= [une Pythia8 pr distribution using Z boson pr measurement at 7 TeV

= Use Pythia8 to evaluate theory uncertainties on ratio
W pt/ Z pt (large ~6 MeV)

~ 1.04

> 0.08=ATLAS ~e= Data L - ATLAS Simulation
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Eur. Phys. J. C 78 (2018) 110 Transverse mass flt

= Transverse mass fit mr = \/ 2 p% p,rrniss(l — cos Ag)
= depends on calibration of the hadronic recoil, ur pniss — _ (ﬁ{i — ftT)
pT lepton
. = Three calibrations steps
PT : o
o 7 = correct pile-up profile in MC to
recoil. ur match data

= correct for residual differences
In transverse energy sum
distributions

= Scale and resolution corrections

from Z—=uu sample
The recoil is reconstructed from the vector sum HH P
of the transverse energy of all clusters

reconstructed in the calorimeters
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Eur. Phys. J. C 78 (2018) 110 Transverse mass flt

= Transverse mass fit mr = \/ 2 p% p,rrniss(l — cos Ag)

= Resolution of the hadronic recoil a limiting factor for mr measurement -
13 MeV (total 25 MeV) -
N

my [MeV] Stat. Unc. Muon Unc. Elec. Unc. / Recoil Unc. \ Bcekg. Unc. QCD Unc. EW Unc. PDF Unc. Total Unc.

80375.7 9.6 7.8 55 w 8.3 9.6 3.4 10.2 25.1

Combined W mass measurement, using transverse mass fit

10°

R e
= Mainly due to transverse energy sum =——w—___ 2 * :
re-weighting and transfer of calibration from .
/Z events
= pile-up large contributing factor ; e

 E* [GeV]
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Eur. Phys. J. C 78 (2018) 110 I_e ptOﬂ pT flt

= |Lepton pr fit

= Effect of the recoil calibration much smaller with respect to transverse
mass fit

= however strongly affected by modelling of W pr in the prediction

!

PN

my [MeV] Stat. Unc. Muon Unc. Elec. Unc. Recoil Unc. Bckg. Unc. QCD Unc. EW Unc. / PDF Unc.\ Total Unc.

80369.4 72 6.3 6.7 2.5 4.6 8.3 5.7 w 18.7

= PDF uncertainty anti-correlated between W+ W-

= reduced in combination
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Eur. Phys. J. C 78 (2018) 110 BOSOH pT mOde”iﬂg

= Many tests of the pr modelling show Pythia8 provides a good description (within the large
uncertainties)

-'(E 102_ T T T ] 1 1 1 T T T 1T _] S LI B S B N B ]
S - ATLAS g S ATLAS 7
~1015E (s _ 7 Tev, 4146 1" E ~ Is=7TeV,4.1-46f"
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o - o i
1.005 B Pythia 8 AZ ]
| —=— Powheg MiNLO + Pythia 8 |
DYRes (u"QVCD, uéCD corr)
0.99 = Pythia 8 AZ _§ .
—=— Powheg MiNLO + Pythia 8 7 T TR
0.985 8 DYRes (Yo MEop COIT.) _E -
e e e by ey by b by oy 9 L
0-98 5 10 15 20 25 30 30
u; [GeV] u [GeV]
Component of hadronic recoil Component of hadronic recoil
transverse to lepton direction parallel to lepton direction

= NNLO+NNLL predictions do not describe data
= due to incomplete heavy flavour treatment?
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Eur. Phys. J. C 78 (2018) 110 Fina| Combiﬂed I’eSU|t

20700 electron channel fits 20700 muon channel fits
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Eur. Phys. J. C 78 (2018) 110 Fina| Combiﬂed I’eSU|t

mwy = 80369.5 £ 6.8(stat.) £ 10.6(exp. syst.) £13.6(mod. syst.) MeV
= 80369.5 4+ 18.5MeV,

= Final result consistent with theory and previous measurements
= Uncertainty, 18.5 MeV, dominated by physics modelling uncertainties

T Ly B T T T v v v T [ T T T T ] 1T ]
ATLASI | ® m, l %) 805 - ATLAS — m,, =80.370 £ 0.019 GeV__
== Stat. Uncertainty G, - B m, =172.84 =+ 0.70 GeV .
— Full Uncertainty EE - . m,=125.09 = 0.24 GeV -
80.45[ s 68/95% CL of m,, and m, —
LEP Comb. @-80376:33 MeV C -
Tevatron Comb. @-80387216 MeV 80.4 —
LEP+Tevatron @ 50385=15 MeV 80.35 T e n
ATLAS @-50370:19 MoV - N
80.3 = i 68/95% CL of Electroweak ]|
i 80356:8 MeV - Fit w/o m,, and m, .
Flectioweal | T | ) | | - (Evr. thysr.T:v.vC 74 (2014) 3046) -
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Improvements for future

measurements

One of the dominant uncertainties in ATLAS measurement arises from W

pt modelling

= tune Pythia8 to Z pr distribution
evaluate uncertainties related to the difference between W and Z
transverse momentum distributions

ATLAS _]
\s=7TeV, 41-46f" 7
WS v

Pred. / Data

= 1) Improve theoretical modelling of W pr
and ratio between W pr and Z pr o

= (experimental uncertainty on Z pr small) 102p

. i
—— Pythia 8 AZ

—»— Powheg MiNLO + Pythia 8 |

m DYRes (W4 . uZ _ corr.) ]

I N B B B
098520 "0 0 020 30

s 2) Directly measure W pr distribution in data
u"' GeV
= removes the need for a transfer from Z -
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Previous W pr
Phys.Rev. D85 (2012) 012005

measurements - ATLAS

= ATLAS 7 TeV W pt measurement from 2010 (low pile-up, py=2)
= combined electron + muon channels
= uncertainty dominated by low statistics at high pt(31 pb-1)
= |ow statistics also affects efficiency and calibration sample size
= for example for the data-driven hadronic recoil calibration

T | T T T T | L | L ‘ 1T T T

W
o T

— 0T T T T T T T g ',D\_o| R
o 10T E .30 inaq) ATLAS 7
3 - ATLAS E > | Totall (Qombmed) . ]
102 - =S UL Statistical Ldt= 31 pb ]
s+ _[Ldtz 31pb’ E 825 ResponseMatrix * s 7Tov]
° - 1 C ata ,\Ns=7TeV]
E 107 Data 2010Ns =7 TeV = § - Eﬁ;kig:;l;nds 1
S f ] D20 ]
3 1% E © [ ]
6 F E c I
Z s ] g 15__ —
107 - --Data = (&}
g 3 © L
5 —RESBOS ] L F
106 = — 1 O_ AUEEREREEEN R RERaES o

e B I s, SN Fo
@n 1‘6: T El r :
Q  14f E B :
[an] E E 5— - —
R SN LI S N ! - ]
E 0_827 ' = =T w ..é-nu:-mlmllﬁ T T
‘g 0-6§ € O—tdl?T‘I'lfl:.‘:\“\“.l | [ | | L1 1 ‘ [ | | [ |—
a %% 0 700 & 200 250 300 0 50 100 150 200 250 300
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Previous W pr

JHEP 02 (2017) 096
measurements - CMS

= More recent CMS 8 TeV W pr measurement (also low pile-up, u=4)
= combined electron + muon channels
= uncertainty again dominated by low statistics at high pt(18.4 pb-1)

= as well as modelling of background from multi-jet processes
CMS 18.4 pb™! (8 TeV) CMS . 18.4 pb™! (8 TeV)
';' 10" I_r s '4E  ResBos-P W >ev
[ d T q2F
- — D -
S - E
2 . o -
o . = ~ =] ResBos scales Data stat+syst
O =
© 06—
BT - F
L E —— 8 145 POWHEG
— S 12F
1 0_4 L W —Sev =) g 1 ;... ,,,,,,,,,,,,,,,,,,,,,,,,,,, 775770877,
E 5 Q 0.8 [E]POWHEG stat Data stat+syst
—+— Data 06 []POWHEG PDF
- # "
10° E— : ResBos-P CT10 NNLL @ 1.4 ;— FEWZ
C I:I POWHEG CT10 NLO (QU 1.2F
= : o I W
10°F El FEWZ CT10 NNLO = S ! F e P
_GC') 0.8 > [ElFewzstat [/7] Data stat+syst
- | | | = 0.6 [CJFewzpprF []FEWZscales
-7 L 1 L1 1 111 1 L1 1 111 1 11 1 L L
10 1 10 102 Py [GeV] 1 10 107 p¥[GeV]
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Prospects for new W pr
ATL-PHYS-PUB-2017-021

measurements

= Jo reduce uncertainty from pr

modelling by ~factor of two $ 255_ «’%’i?ff;wi‘il Prefminary | y
= need measurements of Wprin 2 ¢ JVES s

: : 20— e —

bin sizes of 5 GeV or less (for : 007 ]

W pr < 30 GeV) 155 oo E

= only possible if recoil resolution 10f o .

IS comparable or better than st —o~ Highy Calorinetrstings

5 G eV E —®&— Low-u Calorimeter settings .

low pile-up run required S TV R | S R TS |

<u>

= |n November 2017, ATLAS+CMS collected ~280 pb-1 of low-pile-up data at
Vs =5 TeV, and ~160 pb-1 at+/s = 13 TeV in each case with {(u) of ~2.

= Many times more data than previous measurements
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ATL-PHYS-PUB-2017-021 I_OW p | |e— U p d ata

= The better recoil resolution may
also allow for a W mass

measurement in which the 350 ATLAS Online, 13 TeV [Lat-86.3 1"~
i B 2015: <u> = 13.4
transverse mass fit has a larger 300 0 205 - 1
contribution to the final value 250 O g -ars
otal: <u>=31.9

= complementary to previous
measurement at 7 TeV

Recorded Luminosity [pb/0.1]

UOIIBIQIED 81/2

= W pr measurements at 5 TeV
and 13 TeV could probe how the
importance of heavy quark
initiated processes increases
with centre of mass energy

|||||||

20 30 40 70
T Mean Number of Interactions per Crossing

m_llll|lII]IIIII|I]II|IIII|IIII|II

0

luminosity levelled to
low pile-up values
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Summary

= ATLAS W mass measurement at 7 TeV reached experimental uncertainty
of 18.5 MeV

= theoretical uncertainty 8 MeV - still room to improve measurement
= dominant uncertainties on the measurement from

= imperfect knowledge of PDFs in fixed order prediction

= theoretical description of W pt/ Z pr ratio

= Uncertainties could be reduced with a direct measurement of W pr
= bin sizes < 5 GeV required
= previous measurements suffered from low data statistics

= 280 pb-! of low-pile-up data at /s = 5 TeV, and 160 pb-! at v/s = 13
TeV now available
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DYNNLO predictions
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Entries / 0.2

Data / Pred.

Entries / 0.2
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Control distributions
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Control distributions

electron channel
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Control distributions muon

channel
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Control distributions muon

channel
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Uncertainties due to QCD

modelling

W-boson charge W+ W= Combined

Kinematic distribution pL  mr pL  mr pL mr

5mw' [I\I’IGV]
Fixed-order PDF uncertainty 13.1 149 120 142 80 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 pup with heavy-flavour decorrelation 5.0 6.9 50 6.9 50 6.9
Parton shower PDF uncertainty 3.6 40 26 24 10 1.6
Angular coefficients 58 53 58 53 58 53
Total 159 181 148 17.2 11.6 129

Samuel Webb (Johannes Gutenberg University, Mainz) - SM@LHC 2018 - 11.04.18 26



Uncertainties due to muon

calibration

In¢| range [0.0,0.8] (0.8, 1.4] [1.4,2.0] [2.0,2.4] Combined
Kinematic distribution pL mr pL mr pL mr ph mr py  mr
dmw [MeV]
Momentum scale 89 93 142 156 274 29.2 111.0 1154 84 8.8
Momentum resolution 1.8 2.0 1.9 1.7 1.5 2.2 3.4 3.8 1.0 1.2
Sagitta bias o7 08 17 1.7 31 3.1 4.5 4.3 0.6 0.6
Reconstruction and
isolation efficiencies 4.0 3.6 5.1 3.7 47 3.5 6.4 5.5 2.7 2.2
Trigger efficiency 56 5.0 7.1 5.0 11.8 9.1 12.1 9.9 4.1 3.2
Total 114 114 169 17.0 304 31.0 112.0 116.1 9.8 9.7
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Uncertainties due to

electron calibration

|m¢| range (0.0, 0.6] [0.6,1.2] [1.82,2.4] Combined

Kinematic distribution pfr mr pfr mr pfr mr pfr mr

dmw [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 6.7 104 15.5 3.5 5.5
Energy linearity 22 42 58 89 86 106 34 55
Energy tails 23 33 23 33 23 33 23 3.3
Reconstruction efficiency 105 88 99 78 145 11.0 7.2 6.0
Identification efficiency 104 7.7 11.7 88 16.7 12.1 7.3 5.6
Trigger and isolation efficiencies 0.2 0.5 03 0.5 20 22 08 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 21.1 194 30.7 30.5 14.2 14.3
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Uncertainties due to recoill

corrections

W-boson charge W W= Combined

Kinematic distribution pfr mr pgr mr prgF mr

dmw [MeV]
() scale factor 02 1.0 0.2 1.0 02 1.0
2 ET correction 0.9 122 1.1 10.2 1.0 11.2
Residual corrections (statistics) 20 27 20 27 20 27
Residual corrections (interpolation) 14 31 14 31 14 31
Residual corrections (Z — W extrapolation) 0.2 58 0.2 43 0.2 5.1
Total 26 142 27 11.8 2.6 13.0
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Number of selected W

bosons

In¢| range 0-0.8 0.8-1.4 1.4-2.0 2.0-2.4 Inclusive

W+ — pTry 1283332 1063131 1377773 885582 4609818
W= —=pu v 1001592 769 876 916163 547329 3234960

In¢| range 0-0.6 0.6-1.2 1.8-2.4 Inclusive
W+t — ety 1233960 1207136 956 620 3397716
W= —e v 969 170 908 327 610028 2487525
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