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The EW sector of the SM, relates MW

£ 2
to «, GF, and sin GW

Radiative corrections Ar are

dominated by Top and Higgs loops

m[eEM]

My

- V2[GA =g /M) (1 ~(r)) <

» Ihe relation between M | M and M
top H W

provides a stringent test of the SM
* The comparison between the
measured M and the predicted M is

sensitive to new physics
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Indirect determination
of M, (x8 MeV) is

more precise than the
experimental
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http://arxiv.org/abs/1407.3792

Status and prospects for W mass measurement

» Methodology for the M extraction

» The Tevatron experience on M |

» Measurements of M, and M_at the LHC

» Theoretical uncertainties for M at the LHC

* ATLAS and CMS measurements to constrain
uncertainties on MW

» Prospect for M and M_ measurements at future colliders
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Methodology for the W mass extraction

* Event selection: W leptonic decay
Wolv, l=e
» The full kinematic of the W decay cannot be

reconstructed, since the longitudinal
momentum of the neutrino is unknown

~*~.._Neutrino

Traditional analyses are based on a template fit
extraction from observables sensitive to M

1

Lepton transverse momentum pl
T
W transverse mass [ v
Mr =1/2-pip4 - (1 — cos Ao(l, v)
Neutrino transverse momentum Y

(from hadronic recoil)

In the same spirit, a common strategy of

# template fits analyses is to use Z — |i
events to constraint both experimental and

theory systematics

More sophisticated analysis techniques
suggest simultaneous measurements of

W and Z observables TS2008-022
Eur.Phys.J. C69 (2010) 379-397
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http://cds.cern.ch/record/1311215/
http://arxiv.org/abs/arXiv:1004.2597

Tevatron measurements of M_ - Methodology

W

Phys. Rev. D 89, 072003 (2014)

Phys. Rev. D 89, 012005 (2014) E 18005(@) DO, 4.3 fb™ —Datw
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— Calibration of the track curvature in 2 :
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Tevatron measurements of MW - Results

CDF
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CDF p_* template fit

I %
MW extracted from P, MT, o

in electron and muon channels
L=2.2fb"

My = 80.387 =19 MeV

Phys. Rev. D 89, 072003 (2014)
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I
M,, extracted from p_, M_

in electron channel
L=4.3(+1) fb”

My = 80.375 &= 23 MeV

Phys. Rev. D 89, 012005 (2014)
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W mass measurement at the LHC

» The M  measurement at the LHC follows a strategy similar to the Tevatron

* Important differences:
» Higher pile-up environment — affect hadronic recoil calibration
» Potentially larger theoretical uncertainties due to pp instead of pp collisions
» W*" and W' production is not symmetric — Require a charge dependent

analysis
Most precise observables for the M, extraction
|
P; M,
Observable does not depend on hadronic Depends on hadronic recoil measurement,
recoil, smaller experimental uncertainty expected larger experimental uncertainties
Larger theory uncertainty due to higher order M_is quite stable wrt perturbative QCD
QCD, pTW modelling, PDF, W polarisation, corrections, smaller PDF uncertainties,
charm mass smaller non-perturbative QCD uncertainties
M extraction is likely to be limited Final balance between theory and exp
W by th fical ainti uncertainties will depend on pile-up
y theoretical uncertainties mitigation algorithms
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Z mass measurement at the LHC

Afirst step towards the Test the methodology of the M, extraction:

meas.urement of M, at the — Neglect one of the two leptons,
LHC is the measurement of M, extract M, from p_"and hadronic recoil

The lepton energy scale is calibrated . _
by comparing the reconstructed M, ZIy* — Il lineshape

measurement
to the LEP measurement of MZ
. . > 10 B ICI\}IS‘ F;réllir}llinar
Electron calibration from S 107 19710 ee, 197 " pp, (B TeV) y
. . o) =
/Z — ee Iinvariant mass S 10° ‘ :
L 5 10 YL -
S 450E- arias | f ‘ 5
= ' \s=8TeV, |Ldt =203 fb T
S 400E- = 10
©  350E- -4 Calibrated data 1072
® S00E ---- MC, uncorrected 3
£ 2505 ¢ 10
W 200E- 107
150 5 —— Dat
100E- 10_6 aa
50, 10 B FEWZ, NNLO CT10
2 S B SR 107 N
&) E ' ' ' ' ' ' ' ' ' = -8
% 1-15_ Calibration uncertainty E - 107 = SR ‘ -— =
5 1.0515— e —_ = g 1.55— . E
g = T — — A £ {Eateteielonnoosinmmmentpatad i o —$ E
€ 0955 . .- — ) 3 S - = -
095 | | | | | | | = & 05F =
80 82 84 86 88 90 92 94 96 98 100 15 30 60 120 240 600 m[Ge%;]oo
arXiv:1407.5063 Mee [GeV] CMS-PAS-SMP-14-003

Physics at LHC and beyond Stefano Camarda 8


http://arxiv.org/abs/1407.5063
https://cds.cern.ch/record/1728320

Theory systematics for M at the LHC

W BOSON

Why theory systematic uncertainties are crucial
for the W mass measurement at the LHC?

W production at the LHC is relatively cheap
7(8) TeV, 5(20) fbo* — ~15(75)x10°
~ inW-—-lv(l=e,

4

e Statistics is not an issue
— expected ~6(2) MeV
statistical uncertainty on M |

ool felt with gravel fill
W+ side Jor maximum mass.

Sy
. 2
0000000000000 $16.49).....
LIGHT HEAVY

W BOSON

SPARTICLEZ 0

* Main experimental systematic uncertainties
- Lepton energy scale, resolution, efficiency
- hadronic recoil scale and resolution

Estimates depend on the analysis strategy: Theory uncertainties at the
between 5-15 MeV Tevatron: 10-15 MeV
Expected similar or higher
Eur.Phys.J.C57:627-651,2008 TS2008-022 uncertainties at the LHC
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http://arxiv.org/abs/0805.2093
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Constrain M theory uncertainties at the LHC

ATLAS and CMS are performing measurements of alternative W, Z
observables to control the theoretical models and reduce the
uncertainties on the measurement of MW

Measurements which can provide

Theory uncertainties constraints to the theoretical models
p." modelling p.", p.°
PDF W asymmetry, Z rapidity, W + charm

Angular coefficients in W, Z

W polarization _
production

Physics at LHC and beyond Stefano Camarda 10



p." and p_“ modelling

Theory uncertainties at low W, Zp_

@ Factorization, renormalization,
resummation or PS scales

* PDF, low x gluon PDF —
» Non perturbative QCD parameters

s Strong-interaction coupling o (M)

1A 0 e

ATLAS \s=7TeV; j Ldt=471fo"
= Data uncertainty

= ResBos-GNW (PDF + sca. unc.)

%) ResBos-GNW (PDF unc.)

= ResBos-BLNY

Prediction / Data

||II|II|||IIII

IIII|IIII|IIII|IIII

* Heavy flavour masses, HF \/ ' :
thresholds in the PDF : :
B R N A S AR N o 1Io | H1'(|)2
B of  ewo ] - Z[GeV]
D 1.5 +Z:"V ATLAS G arXiv:1406.3660 PT
T 4 J.Ldt=30-40 pb —f
; E Data 2010, \s =7 TeV E W
5o E » Measurement of p_" is less

o { 1 I [ precise in the low p_ region
1.1 L] — . .
LT e oo

F # I important cross check

o.s%— —é

0'70:I - |5|0‘ - ‘1(‘)OI - |15|0‘ - ‘2(|)OI - IZELO‘ - I33)0

Phys.Rev. D85 (2012) 012005 IO\T’ [GeV]
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http://arxiv.org/abs/1406.3660
http://arxiv.org/abs/1108.6308

Constraining p_" and p_* theory uncertainties

CDF W mass measurement = 1800 e —
3 1800
s RESBOS used to model o) W2z 3 1600 = 8.921 GeV 11 = 8.856 = 0.052 GeV
T Emu:— o = 6.693 GeV o = 6.698 + 0.037 GeV
s Fit non-pQCD parameter g, and o 1200
to pTZ data 1:::§ 421 dof = 19 /28
» Uncertainties propagated to M | s00f
400 —
3,9, 4, MeV for M, pT', p.’ mof-
Ve o4 "5|""1:n""1|5'"'25"";%';{;3"30
h p. (Z—ee) (Ge
S = gl‘lu —— | — g12310g(100xx;.) | b '
[ &) (ZQ{}) s18310g(100x/5,) Phys. Rev. D 89, 072003 (2014)
S [ vmmemy | aTiAS
© L Data uncertainty §
% 1 4} —— POWHEG+PYTHIA8 4C N ATLAS
% _ POWHEG+PYTHIA8 AZNLO | E @ POWHEG+PYTH|A8 model
£ ] » Fit non-pQCD parameters primordial

k_and ISR cut-off to p_* data

0.8 \s-7 TeV: I Ldt=4.71f0"
1 1 1 I

1 IIIH1O 102
arxiv:1406.3660 o2 [GeV]
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http://arxiv.org/abs/1406.3660
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PDF uncertainties

PDF uncertainties on MW extraction from MT (DYNNLOQ) Phys.Rev.D83:113008,2011
arXiv:1309.1311

NLO-QCD, normalized transverse mass distribution

sas | CEee—— ] @ Normalised distribution are essential
NonNPDF2. 1+ to reduce PDF uncertainties
5 sas| Lo T T L] larger at the LHC than at the Tevatron,
E - and different between W* and W
TEV  LHC7W® LHC7W LHC14W* LHC14W
80.39
@ pp collision — no symmetry (.97 __ | (@, pp _

between W* and W' lepton p_due = . Tevatron Sz G oA
tou #d and W polarization : £ |

— Larger PDF uncertainties at e
LHC than Tevatron | ety —
s Atthe LHC, a charge-dependent = e T T

separate analysis of W* and W’ Eur.Phys.J. C69 (2010) 379-397

helps to reduce PDF uncertainties
Physics at LHC and beyond Stefano Camarda 13
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http://arxiv.org/abs/arXiv:1004.2597
http://arxiv.org/abs/1104.2056
http://arxiv.org/abs/1309.1311

PDF uncertainties

3 .
, L=471t atNs=7TeV
T | T T T T | T T T

@ Crucial to reduce the valence PDF uncertainty
» The strange PDF uncertainty could be large for

the M_ extraction from p_
W T

» ATLAS and CMS have provided several
measurements of W, Z inclusive and W+charm,
which can constrain PDF uncertainties

CMS NLO 13 parameter fit

0.3 -

Q%= m\f;
Il HERAIDIS + CMS A,

~— HERAIDIS

— (HERAIDIS + CMS A,) / (HERA 1 DIS)
1 IIIIIII| 1 IIIII\I| 1 IIIIIII| 1 ) —

-3 2 -1
10 10 10
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arxiv:1312.628
CMS
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w
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(a) P, > 25 GeV

—e— Data

Charge asymmetry
5

o .
n
T T T T T ] T T T

0%t
0.15 R TS

NLO FEWZ + NLO PDF, 68% CL -
CcT10 —
K NNPDF23 E
HERAPDF15
= msTw2008
177! MSl'I'W2OOSCPdeut
1 1 1 1
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T T T | T T T | T | T T T
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Hi— A MSTW2008
HWa— v NNPDF2.3
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Stat =L+ A NNPDF2.3coll
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W, Z polarization

@ Set of 8 observables: angular coefficients AN _
A — ratio of helicity cross sections — o |1+ cos™ )|+
» A are functions of the leptons kinematic A(p_", y', M") Ap % (1 — 3cos?d) +
» A coeffiicients can be calculated form MC sample Ay sin29 cos p +
with moments method ot Aa % S
(m) = fda(pT, y,0,¢) m dcosfd¢o \Ag siniffcuscp—i—
f do(pr,y,0,4) dcosfdg Phys.Rev. D50 (1994) 5692 <A oosias

. y . 2 P . s
» A can be measured precisely for Z,  Nucl.Phys. 387 (1992) 3 As sin” Usin2p +

: _ Ag sin2vsinyp +
the W measurement is more challenging

A7 sinvsiny .
@ Related to boson

CDF Preliminary Result with | L = 2.1 fb”

polarization, V-A coupling < 08 @
. . . . 0.7 qg:5 1/(§PT+M§)
» Provide insight into QCD 0.6] - RosBos Resummation
anc_l EW dynamlcs o 0.5 :—+ s;’tt::: Z+1jet l*f/r
» Stringent test of predictions 04 - Dyrad P
and MC generators 03F v Powheg A
.. - —— Data
s A -A, coefficients measured at CDF ‘;21%
» Precise measurements at the LHC of A -A_ op=s= uu S E— B Rtun el alis

. - - 01J02310410560780
can discriminate between different predictions phys. Rev. Lett. 106, 241801 (2011) Z P
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http://arxiv.org/abs/1103.5699

Prospects for M at ILC and TLEP

| d | L |
201 LEP :
YFSWW and RacoonWWwW .
4

M, can be measured at e“e” colliders through
an energy scan of the WW production threshold

Gyw (PD)

Near threshold, the WW cross sectionis ——  ~a." :
proportional to the non-relativistic W velocity | /7 W _
o(WW) «x Bw F I A
arXiv:1306.6352 oo w0 200
ILC Giga-Z program Phys.Rept. 532 (2013) 119-244 ps (GeV)
» Energy scan 160 to 170 GeV - S £ TC simulated data
s M, = 6-7 MeV bl (4
g .. 80.31 GeV ]
JHEP 1401 (2014) 164 o | E
TLEP OkuW program * t + [
s M = 0.5 MeV 3 - ']
— dominated by statistical uncertainty " 50,47 Ger - 3
Dominant theory uncertainties : 7 ]
@ |nitial state QED corrections SR

162 164 166 168 170
Centre-of-mass Energy (GeV)

* Parametrization of cross section near threshold | .. 001 509
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http://arxiv.org/abs/arXiv:1306.6352
http://www-flc.desy.de/lcnotes/notes/LC-PHSM-2001-009.ps.gz
http://arxiv.org/abs/arXiv:1308.6176
http://arxiv.org/abs/arXiv:1302.3415

Prospects for M_ at TLEP

» TeraZ program: 7 x 10" Phys.Rept.427:257-454,2006

visible Z in one year of E S ,ﬂ\""> ALEPH —@— 91.1893+0.0031
data taklng at 91 Gev bE ’ ‘ 7 DELPHI ~e— 91.1863%0.0028
M, extracted from Z lineshape 3 L3 e 9LI8%40.0030
e Statistical uncertainty: 5 keV ol OPAL —=  SLI8SH.029
@ Systematic uncertainty: 100 keV e
— dominated by beam energy 1 X/DoF = 2213
calibration IR TR TRTRETE)
m,, [GeV]

Dominant theory uncertainties
@ |nitial state QED corrections < 100 keV -
» Additional lepton pairs < 300 keV

* Lineshape parametrization < 100 keV

— Need to revisit theory predictions
JHEP 1401 (2014) 164

Factor of 20 improvement
wrt LEP MZ measurement

Quantity Physics Present ' Measured | Statistical Systematic Key [ Challenge
precision from uncertainty uncertainty

mz (keV) Input | 91187500 + 2100 | ZLine shapescan |  5(6) keV < 100 keV Flreas calibration | QED corrections |
| Tz (keV) Ap(not Aag.g) | 2495200 £ 2300 | Z Line shape scan [ 8(10) keV < 100 keV Flenm calibration | QED corrections ‘
R 0. Ob [ 20767 £0.025 | Z Peak [ 0.00010 (12) < 0.001 Statistics | QED corrections
N, PMNS Unitarity, .. | 2088 £0.008 | Z Peak [ 0.00008 (10} < 0.004 ‘ Bhabha scat.
N, ..andsterilev’s | 202+005 | Z+.161GeV | 0.0010(12) < 0.001 Statistics |
Ry, 8, [70.21629 £ 0.00066 | Z Peak [T0.000003 (4) | < 0.000060 Statistics, small IP | Hemisphere correlations |
| ALr Ap, €3, Aapad | 01514 £0.0022 | Z peak, polarized [0.000015 (18) | < 0.000015 | 4 bunch scheme, 2exp [ Design experiment ‘
Cw (MeV) | Ap. €3, €2, Dahad | 80385 + 15 | "WW threshold scan | 0.3 (0.4)MeV | < 0.5 MeV Ebeam. Statistics | QED corrections
[ mitop (Me V) Input | 173200 £ 900 | tt thresholdscan | 10 (12) MeV | < 10 MeV Statistics | Theory interpretation
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» The indirect determination of M from the global fit of the SM

parameters calls for a target precision of 10 MeV on the
measurement of M

» For the measurement of the W mass at the LHC it is necessary to
control and reduce many sources of experimental and theoretical
uncertainties

o Afirst step towards the measurement of M is the lepton calibration,

and the validation of the analysis techniques through the
measurement of M,

» ATLAS and CMS have an extensive program of W, Z measurements
which can help constraining many of the theoretical uncertainties

» Prospects at future e’e colliders ILC (TLEP) for approximately a
factor of 2 (20) improvement on oM and oM,
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W mass uncertainties at CDF

my fit uncertainties Pg" fit uncertainties
Source W — v W — ev Common Source W —uv W —ev Common
Lepton energy scale 7 10 5 Lepton energy scale 7 10 5
Lepton energy resolution 1 4 0 Lepton energy resolution | 4 0
Lepton efficiency 0 0 0 Lepton efficiency 1 2 0
Lepton tower removal 2 3 2 Lepton tower removal 0 0 0
Recoil scale 5 5 5 Recoil scale 6 6 6
Recoil resolution 7 7 7 Recoil resolution 5 5 5
Backgrounds 3 4 0 Backgrounds 5 3 0
PDFs 10 10 10 PDFs 9 9 9
W boson pr 3 3 3 W boson pr 9 9 9
Photon radiation 4 4 4 Photon radiation 4 4 4
Statistical 16 19 0 Statistical 18 21 0
Total 23 26 15 Total 25 28 16
py fit uncertainties
Source W — uv W —ev Correlation
Lepton energy scale 7 10 5
Lepton energy resolution 1 7 0 PhyS. Rev. D 89, 072003 (2014)
Lepton efficiency 2 3 0
Lepton tower removal 4 6 4
Recoil scale 2 2 2
Recoil resolution 11 11 11
Backgrounds 6 4 0 .. . .
PDEs . " . Uncertainties are given in MeV
W boson pr 4 4 4
Photon radiation 4 4 4
Statistical 22 25 0
Total 30 33 18
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http://arxiv.org/abs/1311.0894

W mass uncertainties at DO

Phys. Rev. D 89, 012005 (2014)

Source Section mr P 7.
Experimental
Electron Energy Scale NVITCA 16 17 16
Electron Energy Resolution VITCH 2 2 3
Electron Shower Model e 4 6 7
Electron Energy Loss 4 4 4
Recoil Model VIID J 5 6 14
Electron Efficiencies VITB 10 1 3 5)
Backgrounds VIl 2 2 2
> (Experimental) 18 20 24
W Production and Decay Model
PDF VIQ 11 11 14
QED NVTE] 7 7 9
Boson pr VTAl 2 5 2
> " (Model) 13 14 17
Systematic Uncertainty (Experimental and Model) 22 24 29
W Boson Statistics X 13 14 15
Total Uncertainty 26 28 33

Physics at LHC and beyond

Stefano Camarda

Uncertainties are given in MeV
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http://arxiv.org/abs/1310.8628

PDF uncertainties on MT

CTEQG6.6 MSTW2008 NNPDF2 1
mw + par | (X*) | mw & Opar (X*) | mw + Opat O) || g
Tevatron, W* || 80.398 + 0.004 | 1.42 | 80.398 + 0.003 | 1.42 | 80.398 £ 0.003 | 1.30 | 4
LHC 7 TeV W+ | 80.398 + 0.004 | 1.22 | 80.404 + 0.005 | 1.5 | 80.402 + 0.003 | 1.35 | 8
LHC 7 TeV W~ || 80.398 + 0.004 | 1.22 | 80.400 + 0.004 | 1.19 | 80.402 + 0.004 | 1.78 | 6
LHC 14 TeV W+ || 80.398 £ 0.003 | 1.34 | 80.402 + 0.004 | 1.48 | 80.400 + 0.003 | L4 | 6
LHC 14 TeV W~ || 80.398 £ 0.004 | 1.44 | 80.404 + 0.006 | 1.38 | 80.402 £ 0.004 | 157 | 8
Phys.Rev.D83:113008,2011
Tevatron | LHCTW+ | LHOTW- | LHC14W+ | LHC14W- |
az(mz) =0.118 80.398 50.400 80.398 80.402 80.400
as(mz) = 0.119 (ref) | 80398 | 80402 | 80.402 80.400 80.402
ag(mz) =0.120 80.398 50.400 80.398 80.402 80.402

Table 7: Central value of the fit of m, obtaimed with NNPDF2.1, using PDF sets that differ by
the a;(mgz) value, for different colliders and energies. The fit has been done on normalized distribu-
tions and using normalized templates, and the distributions have been generated at NLO-QCD with

DYNNLO.
| my, (GeV) | Tevatron | LHCTW+ | LHCTW- | LHC14W+ | LHC14W- |
m. = 1414 (ref) | 80.398 [ 80402 | 80.402 §0.400 80.402
m. = 1.5 80.398 | 80400 | 80.398 §0.398 80.399
| me= L6 80.398 | 80400 | 80.400 §0.398 80.399
| m.=LT 80.396 | 80400 | 80.400 §0.396 80.398

Table 8: Central value of the fit of my obtained with NNPDF2.1 sets with different values of m, for
different colliders and energies. We include the default value mn NNPDF2.1, m2 = 2 GeV? as well.
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