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Motivation: a picture to start with

• The standard model
• Describes known particles and 

interactions
• Does not (verifiably) describe

• Spontaneous symmetry breaking of 
U(1)×SU(2)

• Fermion masses

2
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Motivation: a picture to start with

• The standard model
• Describes known particles and 

interactions
• Does not (verifiably) describe

• Spontaneous symmetry breaking of 
U(1)×SU(2)

• Fermion masses

• Simple explanation: Higgs mechanism
• Explains EWSB and fermion masses
• Physical manifestation of Higgs boson

• Alternatively: ????
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Cracking/checking the picture with colliders
1. Direct searches. e.g.:

2. Precision measurements
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TABLE II: Expected number of events for backgrounds, event
yields in data and expected number of events for a signal with
R−1 = 260 GeV after the final selection and requiring a BDT
output > 0 (for illustrative purpose, this cut is not used for
limit estimation). The total uncertainties are also given.

Process Final Selection BDT output > 0
Diboson 21± 3 6± 1
Z+jets 39± 9 13± 3
W+jets 109± 14 38± 5
tt̄ 6± 1 2± 1
Multijet 95± 41 63± 27
Total Background 271± 45 123± 28
Data 273 126
Signal 18± 1 18± 1

BDT output
-1 -0.5 0 0.5

Ev
en

ts

1

10

210 Data
Multijet
Z + jets
W + jets
Diboson

AttSignal

BDT output
-1 -0.5 0 0.5

Ev
en

ts

1

10

210 -1 = 260 GeV-1R -1DØ, 7.3 fb

FIG. 3: Distribution of the BDT output for data and back-
ground, compared to a signal with R−1 = 260 GeV. The
shaded band shows the statistical uncertainty on the back-
ground estimation.

muon reconstruction and isolation (2%).

The entire differential distribution of the BDT output
is used to set limits on the product of the cross section
and the branching ratio with the CLs method [21] and
a profiling technique to reduce the impact of systematic
uncertainties [22]. Observed and median expected upper
limits at 95% CL on the product of the cross section
σ and the branching fraction B into like-charged muon
pairs are shown in Fig. 4 as a function of R−1. The
theoretical cross section of the mUED model intersects
the expected limit at R−1 = 275 GeV and the observed at
R−1 = 260 GeV, which corresponds to a mass of 317 GeV
of the lightest KK quark in the mUED model.

In summary, we present a search for extra dimensions
in the mUED model using 7.3 fb−1 of integrated luminos-
ity collected by the D0 experiment. The first direct lower
limit on the compactification scale of the extra dimension
in the mUED model is set as R−1 = 260 GeV.

We thank the staffs at Fermilab and collaborating
institutions, and acknowledge support from the DOE
and NSF (USA); CEA and CNRS/IN2P3 (France);
FASI, Rosatom and RFBR (Russia); CNPq, FAPERJ,
FAPESP and FUNDUNESP (Brazil); DAE and DST (In-

 [GeV]-1R
200 220 240 260 280 300

) [
pb

]
±
µ±

µ
 B

 (
× 

σ

0

0.05

0.1

0.15

0.2

0.25

0.3
 Observed Limit
 Expected Limit

 1 SD Expected± 
 2 SD Expected± 

 Theoretical

 -1DØ Run II, L = 7.3 fb

FIG. 4: Observed and median expected 95% CL limits on
σB(µ±µ±) as a function of R−1 compared to σB(µ±µ±) cal-
culated with the mUED model. The bands represent ±1 and
±2 standard deviations around the median expected limits.

dia); Colciencias (Colombia); CONACyT (Mexico); NRF
(Korea); CONICET and UBACyT (Argentina); FOM
(The Netherlands); STFC and the Royal Society (United
Kingdom); MSMT and GACR (Czech Republic); BMBF
and DFG (Germany); SFI (Ireland); The Swedish Re-
search Council (Sweden); and CAS and CNSF (China).

[1] T. Appelquist, H.-C. Cheng and B. A. Dobrescu, Phys.
Rev. D 64, 035002 (2001).

[2] H.-C. Cheng, K. T. Matchev and M. Schmaltz, Phys.
Rev. D 66, 056006 (2002).

[3] H.-C. Cheng, J. L. Feng and K. T. Matchev, Phys. Rev.
Lett. 89, 211301 (2002).

[4] V. M. Abazov et al., (D0 Collaboration), Phys. Rev. Lett.
105, 221802 (2010).

[5] G. Aad et al. (ATLAS Collaboration), Eur. Phys. J. C
71, 1744 (2011).

[6] G. Aad et al. (ATLAS Collaboration), J. High Energy
Phys. 10, 107 (2011).

[7] K. Agashe, N. G. Deshpande and G. H. Wu, Phys. Lett.
B 514, 309 (2001); T. Appelquist and B. A. Dobrescu,
Phys. Lett. B 516, 85 (2001).

[8] V. M. Abazov et al. (D0 Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 565, 463 (2006).

[9] The D0 detector coordinate system is right-handed with
the z axis pointing in the proton beam direction. The y
axis points upward and the azimuthal angle φ is mea-
sured from the x axis. Pseudorapidity is defined as η =
− ln[tan(θ/2)], where θ is the polar angle.

[10] G. C. Blazey et al., arXiv:hep-ex/0005012 (2000).
[11] Missing transverse energy is defined as "%ET =

−
∑

i

(Ei
T,x, E

i
T,y), where Ei

T,x = Ei sin θi cos φi, Ei
T,y =

Ei sin θi sinφi. Here Ei is the energy deposited in ith

calorimeter cell and the angles θi and φi define the direc-
tion from the origin of the coordinate system to the ith

calorimeter cell. We also define "ET ≡ |"%ET |.
[12] M. L. Mangano et al., J. High Energy Phys. 07, 001

(2003). We use version 2.05.

e+

e−

γ

f
−

f

e+

e−

Z

f
−

f

Figure 1.1: The lowest-order s-channel Feynman diagrams for e+e− → ff. For e+e− final states,
the photon and the Z boson can also be exchanged via the t-channel. The contribution of Higgs
boson exchange diagrams is negligible.
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Figure 1.2: The hadronic cross-section as a function of centre-of-mass energy. The solid line is
the prediction of the SM, and the points are the experimental measurements. Also indicated
are the energy ranges of various e+e− accelerators. The cross-sections have been corrected for
the effects of photon radiation.
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• Electroweak sector of the standard model (SM) is constrained by

• These inputs give a prediction of mW

• Radiative corrections Δr dominated by top and Higgs loops

• Precision measurements of mW and mtop constrain SM Higgs mass
Where should the Higgs be?
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What the W mass tells us
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mZ = 91.1876(21) GeV/c2
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Measurements of MW

• State-of-the-art (Jan 2012)
• DØ MW=80401±43 MeV [1 fb-1, e]

       PRL 103:141801 (2009)
• CDF MW=80413±48 MeV [200 pb-1, e+µ]

       PRL 99:151801 (2007)
       PRD 77:112001 (2008)
• Combining with LEP ∆MW = 23 MeV

• Achieved: exceed precision of e+e- machine 
measurements with hadron collider

• Goal: match precision of all previous 
measurements with single CDF measurement

5
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The top quark mass

• mtop = 173.2 ± 0.9 GeV
• Equivalent to ∆mW = 6 MeV on mH fit
• mW is limiting factor on mH prediction! 
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Impressive results from LHC

Single best measurement
mtop = 172.8±1.1 GeV [CDF]
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Putting it together

7

As of July 2011:
mH = 92+34-26 GeV
mH < 161 GeV @95% CL
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Since then...

8

• ATLAS and CMS observe a boson with mass ~125-126 GeV
• CDF and DØ see evidence of a boson decaying to bbar

• Do precision measurements indicate a Higgs boson with this mass?



Analysis strategy
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The Tevatron at Fermilab

• 1.96 TeV ppbar collider
• Highest energy collider in the world
• Typical inst. lumi.: 3x1032 cm-2s-1

• 2011 LHC: ~3x1033 cm-2s-1

• Bunch spacing: 396 ns
• 2011 LHC: 50 ns

• Ceased operations Sep 30, 2011
• ~12 fb-1 delivered to CDF and DØ

• Analysis presented utilizes 2.2 fb-1

10
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CDF II (2001-2011)

11

Central EM calorimeter

Central hadronic calorimeter

Muon drift chambers

n = 1.0

(COT)
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Precision?
• Start with clean, low-background events

• i.e., no taus, no hadronic decays
• Lepton pT carries most information

• Precision achieved: 0.01%
• Hadronic recoil affects inference of neutrino energy

• Calibrate to ~0.5%
• Reduce impact by requiring pT(W) << MW

• Need:
• Accurate theoretical model

• Including boson pT model and QED radiation
• Tunable fast simulation

• Parameterized detector description for study of 
systematic effects

• Large data samples of well-measured states
• Various dimuon resonances
• Z boson

12

W and Z production at the Tevatron

Isolated, high pT leptons, 
missing transverse momentum in W's

Typically small hadronic (jet) 
activity

Z events provide excellent
control sample
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Measurement strategy (broadly speaking)

• Maximize internal constraints and cross-checks 

• Why?
1. Robustness: Constrain the same parameter multiple ways

2. Precision: After demonstrating 1), combine independent measurements

13



• Perform COT alignment with cosmic ray data
• Calibrate track momentum scale using dimuon 

resonances (J/ψ, Υ).
• Cross-check with Z mass measurement and 

add as further calibration point
• Calibrate calorimeter energy using E/p of W and Z 

decays
• Cross-check with Z mass measurement

• Calibrate hadronic recoil with Z decays to µ, e
• Cross-check with W recoil distributions

• Perform fits to e/µ pT, ν pT, and transverse mass

• Binned maximum likelihood fit to templates from 
tuned simulation

• Combine all six fits to yield final answer

LAPP Seminar, 5-Oct-2012 Bo Jayatilaka

Measurement strategy (more specifically)

14

Lake Louise 2009 Oliver Stelzer-Chilton - TRIUMF 3

W/Z Bosons at CDF

Z events:
•  2 high pT charged leptons
   (µ+µ- or e+e-)

•  Both charged leptons are

   detected and their

   momenta/energy measured

W events:
•  1 high pT charged lepton, 1 high pT

    neutrino (µ! or e!).

•  Charged lepton is detected and

   momentum/energy measured

•  Neutrino escapes detection

   pT
! is inferred by the “missing ET”

   in the detector.

W and Z production at the Tevatron

Isolated, high pT leptons, 
missing transverse momentum in W's

Typically small hadronic (jet) 
activity

Z events provide excellent
control sample
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Selecting W (and Z) bosons at CDF

15

C. Hays, University of Oxford 5

σ (W     lν ) = 2775 pb

After event selection 
(l, ν  E

T
 > 30 GeV):

51,128 W     µ ν  candidates
63,964 W     eν  candidates

Dominant production mechanism:  qq(') annihilation

σ (Z     ll) = 254.9 pb

After event selection 
(l E

T
 > 30 GeV):

4,960 Z     µ µ  candidates
2,919 Z     ee candidates

W & Z Boson Production and Decay 

Select eν and µν 
decays with high-pT 

lepton triggerProduction 
dominated by qq 

(~80%)
Lepton candidates: 
Electron ET>30 GeV 
(track pT>18 GeV)

or Muon pT>30 GeV

W boson candidates:
1 lepton passing cuts

|u| < 15 GeV
pTv > 30 GeV

60 < mT < 100 GeV

Z boson candidates:
2 lepton passing cuts
66 < mll < 116 GeV

Analysis dataset: 2.2 fb-1 

Candidate events:
W: 470126 (e), 624708 (µ)

Z: 16134 (e), 59738 (µ)



Theoretical model
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Event generation and boson pT
• Generator level simulation from RESBOS1

• QCD effects, tunable parameters for non-
perturbative regime (low-pT)

• QED radiation simulated by PHOTOS2

• FSR multiphoton simulation
• Fit parameters in boson pT shape

• Low pT sensitive to g2

• Intermediate-high pT sensitive to αs

• Tuning with Z data applied to Ws

17

}∆MW =5 MeV

Data
Simulation

Data
Simulation

1C Balazs and C-P Yuan, PRD 55, 5558 (1997)
2P. Golonka and Z. Was, Eur. J. Phys. C 45, 97 (2006)
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QED Radiation
• Extensive studies of QED effects using HORACE1

• Leading log approximation vs. exact single photon 
calculation 

• Multi-photon calculations
• Higher-order soft/virtual corrections
• e+e- pair creation 
• ISR/FSR interference
• Dependence on electroweak parameters/scheme

• Detailed comparison of HORACE and PHOTOS
• Use PHOTOS in final model

• Total systematic uncertainty due to QED ∆MW = 4 MeV
• c.f. ∆MW=11 MeV in 200/pb measurement 

(uncertainty dominated by subleading photons)
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HORACE
PHOTOS

HORACE
PHOTOS

1C.M. Carloni Calame, G. Montagna, O. Nicrosini and A. Vicini, JHEP 0710:109 (2007)
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COT alignment with cosmic rays

• COT consists of ~30k wires organized 
into ~2400 “cells”

• Accurate measure of wire positions 
crucial for precision track pT

• Use in-situ cosmic ray data for 
alignment
• Fit of COT hits on either side of 

vertex to single helix
• A. Kotwal, H. Gerberich, C. Hays, 

NIM A 506, 110 (2003)

20

Internal Alignment of COT

● Use a clean sample of ~400k cosmic rays for cell-by-cell internal 
alignment

● Fit COT hits on both 
sides simultaneously 
to a single helix (AK, 
H. Gerberich and C. Hays, 
NIMA 506, 110 (2003))

– Time of incidence is a 
floated parameter in 
this 'dicosmic fit'



Residuals of COT cells after alignment

Final relative alignment of cells ~2 µm (initial alignment ~50 µm)
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Tracker alignment
• Improve relative alignment precision from ~50µm to ~2µm

21

After alignment
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Track momentum scale
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Track momentum scale: J/ψ

• Utilize large samples of µµ resonances (J/ψ, Υ, Z) to set overall scale
• Size of J/ψ sample allows subsample fits

• Fit J/ψ mass in bins of <1/pT(µ)> and apply material scale calibration (4%) 
to remove dependence

• Apply calibration from J/ψ to Υ

23

Data
Simulation
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Track momentum scale: Υ

• Υ sample provides higher-pT sample 
• Υs produced promptly: validation of beam-constraining (BC) procedure

• Perform fit with BC and non-BC tracks
• Take average of two fits, assign systematic

• Combine J/ψ and Υ scales and apply to Zs

24
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Track momentum scale: systematic uncertainties

• Dominated by QED and B-field non-uniformity
• BC vs NBC comparison contributes additional  0.036x10-3

25

23

Run range 1 (run ≤ 220000) Run range 2 (run > 220000)
Fit result (−1.185 ± 0.028) · 10−3 (−1.190 ± 0.030) · 10−3

Inst. Lum. ≤ 5.7 · 1031 Inst. Lum. > 5.7 · 1031

Fit result (−1.185 ± 0.028) · 10−3 (−1.195 ± 0.030) · 10−3

Table 5: Measured ∆p/p as a function of run range and instantaneous luminosity, from
the beam-constrained Upsilon mass fit.

∆p/p (·10−3)
J/ψ → µµ −1.311 ± 0.004stat ± 0.092syst

Υ → µµ (NBC) −1.335 ± 0.025stat ± 0.068syst(excluding BC/NBC)

Υ → µµ (BC) −1.185 ± 0.020stat ± 0.068syst(excluding BC/NBC)

Table 6: Measured momentum scale deviations from unity

Source J/ψ (·10−3) NBC-Υ (·10−3) common (·10−3)
QED 0.080 0.045 0.045

B field non-uniformity 0.032 0.034 0.032
Ionizing material 0.022 0.014 0.014

Resolution 0.010 0.005 0.005
Backgrounds 0.011 0.005 0.005
Misalignment 0.009 0.018 0.009

Trigger efficiency 0.004 0.005 0.004
Fitting window 0.004 0.005 0.004
∆p/p step size 0.002 0.003 0
World-average 0.004 0.027 0

Total systematic 0.092 0.068 0.058
Statistical 0.004 0.025 0

Total 0.092 0.072 0.058

Table 7: Systematic uncertainties on the momentum scale deviation from unity, derived
from the non-beam-constrained Υ mass measurement, and the systematics that are
common with the J/ψ mass measurement.

(

∆p

p

)

J/ψ+NBC Υ

= (−1.329 ± 0.004stat ± 0.068syst) · 10−3 . (6)

We take the final momentum scale to be the midpoint of this NBC combination and
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J/ψ → µµ −1.311 ± 0.004stat ± 0.092syst

Υ → µµ (NBC) −1.335 ± 0.025stat ± 0.068syst(excluding BC/NBC)

Υ → µµ (BC) −1.185 ± 0.020stat ± 0.068syst(excluding BC/NBC)

Table 6: Measured momentum scale deviations from unity

Source J/ψ (·10−3) NBC-Υ (·10−3) common (·10−3)
QED 0.080 0.045 0.045

B field non-uniformity 0.032 0.034 0.032
Ionizing material 0.022 0.014 0.014

Resolution 0.010 0.005 0.005
Backgrounds 0.011 0.005 0.005
Misalignment 0.009 0.018 0.009

Trigger efficiency 0.004 0.005 0.004
Fitting window 0.004 0.005 0.004
∆p/p step size 0.002 0.003 0
World-average 0.004 0.027 0

Total systematic 0.092 0.068 0.058
Statistical 0.004 0.025 0

Total 0.092 0.072 0.058

Table 7: Systematic uncertainties on the momentum scale deviation from unity, derived
from the non-beam-constrained Υ mass measurement, and the systematics that are
common with the J/ψ mass measurement.

(

∆p

p

)

J/ψ+NBC Υ

= (−1.329 ± 0.004stat ± 0.068syst) · 10−3 . (6)

We take the final momentum scale to be the midpoint of this NBC combination and

∆MW ~ 6 MeV
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Muon Z mass measurement
• Perform independent measurement of Z mass using tuned momentum scale

• Fit central value kept blind during scale calibration
• MZ = 91180±12stat±9p-scale±5QED±2alignment=91180±16 MeV
• Excellent agreement with world average (91188±2 MeV)

26



LAPP Seminar, 5-Oct-2012 Bo Jayatilaka

Final momentum scale
• Add Z data as final calibration point for momentum scale

• ∆p/pfinal = (-1.29±0.07stat±0.05QED±0.02align)×10-3 
• Apply scale to W muons and E/p calibration
• Systematic uncertainty ∆MW = 7 MeV
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EM calorimeter scale
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Simulation for electrons and photons

• EM energy loss studied using detailed 
GEANT4-based simulation
• Leakage into hadronic calorimeter
• Absorption into coil
• Dependence on incident angle and ET

• Improved model of Landau-Pomeranchuk-
Migdal (LPM) suppression of bremsstrahlung
• Sophisticated material map for tracker 

region of detector

29
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Energy scale calibration
• Calibrate EM calorimeter response using W and Z E/p distributions

• Fit to peak to obtain scale (central value of 1 by construction)
• ∆SE = (9stat±5non-linearity±5mat±9p-scale)×10-5

• Fit to tail to tune amount of radiative material
• Apply scale factor to material model SX0=1.026±0.003stat±0.002bkg

• Systematic uncertainty ∆MW=13 MeV

30
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EM scale non-linearity
• Fit E/p in bins of electron ET

• Parameterize non-linearity as SE = 1 + β log(ET/39 GeV)
• Tune using W and Z data and obtain β = (5.2±0.7stat)x10-3

• ∆MW = 4 MeV
• Obtain flat response in ET after tuning

31
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Electron Z mass and final EM energy scale
• Perform independent measurement of Z mass using calibrated EM scale

• MZ = 91230±30stat±10E/p±8p-scale±5QED±2alignment=91230±33 MeV
• Excellent agreement with world average MZ = 91188±2 MeV

• Combine E/p calibration with MZ to obtain final EM calibration
• Systematic uncertainty ∆MW =10 MeV
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Z mass with electron tracks
• Measurement made with only track momenta of Z electrons
• Validates material model and application of momentum scale to high-pT 

electron tracks

33



• Muons
• Track resolution determined by uncertainty on beamspot size (35±1 µm) 

and track hit resolution (150±1 µm) 
• Tuned using widths of Z and Υ peaks

• Electrons
• EM calorimeter resolution defined by sampling term and constant term

• Constant term tuned using E/p distribution κ = (0.58±0.05)%
• Apply secondary constant term for radiative electrons (E/p > 1.1)

• κγ =(7.4±1.8)%

• Resolution terms total ∆MW = 4 MeV

LAPP Seminar, 5-Oct-2012 Bo Jayatilaka

Lepton resolution

34
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Hadronic recoil: lepton removal
• Hadronic recoil u is vector sum of all calorimeter towers minus towers 

containing lepton energy
• Some underlying event energy removed with “lepton towers”

• Estimate using rotated lepton removal windows
• Systematic uncertainty ∆MW = 2 MeV
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Recoil model
• Parametrize recoil model and tune using data

• Two components
1. Soft “spectator interaction” component

• Randomly oriented (~2 additional interactions per event)
• Model using minimum-bias data

2.Hard “jet” component
• Boson pT dependent response and resolution
• Tune by balancing boson pT and recoil

37
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Calibrating recoil response

• Recoil scale R=umeas/utrue

• Calibrate by balancing Z pT against pT+u along 
eta axis  ∆MW = 4 MeV
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Calibrating recoil resolution

• Recoil resolution
• Calibrate balancing Z pT against rms(pT+u) 

along both axes ∆MW = 4 MeV
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Recoil validation
• Test recoil model with W events

• Compare measured recoil in data to model tuned with Z

40

Recoil projection in direction of lepton
(muons)

Recoil projection perpendicular to lepton
(electrons)

Data
Simulation

Data
Simulation

for u ≪ pTl :
mT ≈ 2pTl + u||, pTv ≈ 2pTl + 2u||
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Recoil validation
• Test recoil model with W events

• Compare measured recoil in data to model tuned with Z

40
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Parton distribution functions

• Utilize CTEQ6.6 PDF as default
• Evaluate 90% CL uncertainty eigenvectors for MSTW2008 and CTEQ6.6 

(consistent)
• Use 68% CL MSTW2008 to determine systematic ∆MW=10 MeV
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Figure 1: The observed shift for MW in MeV/c2 by fitting Monte Carlo pseudo-data against
templates generated with the nominal PDF set using the 68% confidence interval MSTW
2008 NLO set. The observed shift in the electron and muon channels is shown for the S+

k

and S�k for each eigenvector, k.
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Backgrounds
• Electroweak backgrounds (Z→ll, W →τν)

• Model using standard CDF detector simulated MC
• Tune recoil model and lepton response

• QCD backgrounds (hadronic jets, meson decay-in-flight)
• Model using control regions in data 

• Except Z→µµ (lost forward muon), backgrounds are small
• Include all estimated background shapes in final templates

42

∆mW (MeV)∆mW (MeV)∆mW (MeV)∆mW (MeV)∆mW (MeV)∆mW (MeV)
Background Fraction of W data (%)Fraction of W data (%) mTmT pTlpTl pTvpTv

Z→ll 7.35±0.09 0.139±0.014 2 1 4 2 5 1
W→τν 0.880±0.004 0.93±0.01 0 1 0 1 0 1
QCD 0.035±0.025 0.39±0.14 1 4 1 2 1 4
Decay-in-flight 0.24±0.02 1 3 1
Cosmic Rays 0.02±0.02 1 1 1
Total 3 4 5 3 6 4

electrons

muons
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A word on blinding

• During development of analysis, all fits blinded with random offset from 
[-75,75] MeV
• Common offset applied to all six mass fits

• Allows for comparison and cross-check
• During calibration of energy scales, separate offset applied to Z mass fits

• Blinding offset removed only after analysis frozen
• No changes made since removal 

44
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Example mass fits
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pTl: electrons mT: muons
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All fits

46

Fit Fit result (MeV) χ2/dof
W→eν (mT) 80408±19stat±18syst 52/48
W→eν (pTl) 80393±21stat±19syst 60/62
W→eν (pTν) 80431±25stat±22syst 71/62
W→µν (mT) 80379±16stat±16syst 58/48
W→µν (pTl) 80348±18stat±18syst 54/62
W→µν (pTν) 80406±22stat±20syst 79/62
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Combined results

47

Combine using BLUE
L. Lyons, D. Gibaut, and P. Clifford, 

NIM A 270, 110 (1988).
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Combined results

• All electron fits combined
MW = 80406 ± 25 MeV, χ2/dof = 1.4/2 (49%)

47

Combine using BLUE
L. Lyons, D. Gibaut, and P. Clifford, 

NIM A 270, 110 (1988).
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Combined results

• All electron fits combined
MW = 80406 ± 25 MeV, χ2/dof = 1.4/2 (49%)

• All muon fits combined
MW = 80374 ± 22 MeV, χ2/dof = 4/2 (12%)

47

Combine using BLUE
L. Lyons, D. Gibaut, and P. Clifford, 

NIM A 270, 110 (1988).
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Combined results

• All electron fits combined
MW = 80406 ± 25 MeV, χ2/dof = 1.4/2 (49%)

• All muon fits combined
MW = 80374 ± 22 MeV, χ2/dof = 4/2 (12%)

• All fits combined
MW = 80387 ± 19 MeV, χ2/dof = 6.6/5 (25%)

47

Combine using BLUE
L. Lyons, D. Gibaut, and P. Clifford, 

NIM A 270, 110 (1988).
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Combined uncertainties

48

MW = 80387±12stat±15syst MeV/c2

Source
Uncertainty 

2.2 fb-1 (MeV)
Lepton energy scale 7
Lepton energy resolution 2
Recoil energy scale 4
Recoil energy resolution 4
Lepton removal 2
Backgrounds 3
pT (W) model 5
PDFs 10
QED radiation 4
Total systematics 15
W statistics 12
Total 19
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Combined uncertainties

48

MW = 80387±12stat±15syst MeV/c2

Source
Uncertainty 

2.2 fb-1 (MeV)
Uncertainty 

0.2 fb-1 (MeV)
Lepton energy scale 7 23
Lepton energy resolution 2 4
Recoil energy scale 4 8
Recoil energy resolution 4 10
Lepton removal 2 6
Backgrounds 3 6
pT (W) model 5 4
PDFs 10 11
QED radiation 4 10
Total systematics 15 34
W statistics 12 34
Total 19 48

Statistics limited by 
control data

Theory based 
(external inputs)
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Tevatron and world combinations

49
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Tevatron and world combinations

49
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Tevatron and world combinations

49

nb: 2009 world average
MW = 80399±23 MeV

New CDF measurement 
significantly exceeds 
precision of all previous 
measurements of MW 
combined!



LAPP Seminar, 5-Oct-2012 Bo Jayatilaka

Sidetrack down memory lane

50

2004 indirect mt and mw 

2004 direct mt and mw 

1995 direct mt and mw 

1995 indirect mt and mw 

68% cl 

P. Renton, ICHEP 2004
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Standard model fit

51
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Standard model fit

51

With MW = 80385±15 MeV

MH = 94+29-24 GeV
MH < 152 GeV @95% CL

LEPEWWG/ZFitter
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Standard model fit

51

With MW = 80385±15 MeV

MH = 94+29-24 GeV
MH < 152 GeV @95% CL
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Standard model fit

51

With MW = 80385±15 MeV

MH = 94+29-24 GeV
MH < 152 GeV @95% CL
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Uncertainty projections

• Projection assumes PDF+QED errors (11 MeV) fixed
• Become limiting uncertainty for measurements with full Tevatron dataset
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Where could we be?
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4 2 The LEP3 Physics case

Patrick Janot 

LEP3'Motivation'(2)'
!  A'350'GeV'e+e�'(linear)'collider'can'measure'mtop'to'50^100'MeV/c2'

◆  An'interesting'measurement,'but'…'
●  Does'not'challenge'the'standard'model'here.'

18 June 2012 
EuCARD LEP3 Meeting 

14 

Z pole 

mW 

What'is'top'“mass”'anyway'?'
•  Top'quark'is'not'a'colour'singlet'
•  What'about'colour'reconnection'?''Patrick Janot 

!  Improve'the'W'mass'and'the'Z'pole'measurements'by'factors'10'and'20:'

◆  Can'be'done'at'a'high'luminosity'e+e-'collider'with'√s'='mZ'and'√s'='2mW'

●  With'at'least'100'times'the'LEP1'/'LEP2'luminosity'(i.e.,'>'100'p^1'/'experiment)'

LEP3'Motivation'(3)'

18 June 2012 
EuCARD LEP3 Meeting 

15 

mW 

Z pole 

New Physics 

Figure 3: The effect of improving the precision of the top mass measurement by a factor 10 (left), or the
precision of the Z pole and the W mass measurements by factors of 25 and 10, respectively (right), in the
(mW, mtop) plane.

The LEP3 programme would therefore consists in three different phases (in whichever order)
for an overall duration of 5 to 10 years: (i) precise Z pole measurements at

p
s ' mZ, for one

year; (ii) a precise W mass measurement at the WW production threshold,
p

s ' 2mW, for one
year; and (iii) a precise Higgs mechanism characterization at

p
s = 240 GeV, for five years. The

characteristics of the LEP3 proposal for each of these three phases are quickly examined in turn
in Sections 2.2 to 2.4.

2.2 LEP3 as a Higgs factory:
p

s = 240 GeV

2.2.1 Centre-of-Mass Energy

The centre-of-mass energy of a Higgs factory can be chosen to maximize the Higgs boson pro-
duction cross section. This cross section, determined with the HZHA generator [11] used by
the four LEP collaborations during the LEP2 phase, is displayed in Fig. 4 as a function of the
centre-of-mass energy for mH = 125 GeV/c2. The maximum cross section of ⇠ 212 fb, arguably

Figure 4: The Higgs boson production cross section as a function of the centre-of-mass energy. The red
curve corresponds to the Higgsstrahlung process only, e+e� ! HZ, and the blue curve includes the
WW and ZZ fusion processes as well, together with their interference with the Higgsstrahlung process.
The right graph is a zoom of the left graph around the maximum of the cross section.

optimal for precision Higgs boson studies, is obtained for
p

s ⇠ 260 GeV, and it stays above
200 fb from 240 to 285 GeV. Going from 240 to 260 GeV corresponds to a cross-section increase

From CMS Note 2012/003
P. Azzi et al. 
“Prospective Studies for LEP3
with the CMS Detector”

Future Tevatron mW and
Tevatron+LHC mt

or... back to e+e- ?
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Conclusion
• CDF has performed the most precise measurement of the W boson mass

• MW = 80387±19 MeV [Phys. Rev. Lett. 105, 158103]
• More precise than all previous measurements combined
• Improves world average uncertainty from 23 MeV to 16 MeV

• New combinations (including DØ [Phys. Rev. Lett. 105, 158104])
• Tevatron: MW = 80387±16 MeV (TeVEWWG, preliminary)
• World: MW = 80385±15 MeV (TeVEWWG, preliminary)

• Results in SM fits of MH < 152 GeV @ 95% CL
• Previously MH < 161 GeV @ 95% CL
• MW still is the limiting factor in MH prediction

• Full Tevatron dataset (~10 fb-1) on hand
• ∆MW < 15 MeV per experiment achievable
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EM calorimeter spatial uniformity
• Apply tower-by-tower correction to flatten response in eta

• Response after tuning flat
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Residual alignment corrections
• Some “weakly constrained modes” not corrected by cosmic alignment
• Study these using difference in <E/p> between e+ and e- events

• Apply correction to alignment based on this difference
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Figure 3: The difference in 〈E/p〉 between positrons and electrons as a function of
cot θ. The closed red triangles correspond to track measurements from reconstruction
after the custom COT alignment, and the open blue diamonds correspond to the
measurements after curvature corrections based on the 〈E/p〉 difference. Also shown
are polynomial fits to the data after corrections (solid blue lines) and fits to the data
after ±1σ variations of the cot θ-dependent corrections holding the other corrections
fixed (dashed blue lines).

Parameter Value
a −(12 ± 8) × 10−6 GeV−1

b −(91 ± 5) × 10−6 GeV−1

c −(57 ± 13) × 10−6 GeV−1

Table 2: The values of the parameters in Eq. 2 measured using the difference in
< E/p > between positrons and electrons as a function of cot θ.

curvature corrections of the form:

∆p−1
T

= d sin(φ− δ) cot θ + e sin(φ− ε) cot2 θ. (3)

To determine the parameters in this questions, we plot 〈E/p〉(e+ − e−) as a function
of cot θ in four equal slices of φ centered around 0, π/2, π, and 3π/2. Figure 4 shows
the results before and after applying corrections using the parameters in Table 3.
The figure also shows the effect of varying d by ±1σ, and Fig. 5 shows polynomial
fits to the distribution when varying e by ±1σ. For simplicity, the uncertainties
are determined by finding the input parameters for which a polynomial fit to the
most sensitive φ region gives fit values that are at least 1σ from zero, with the other
corrections set to their default values.
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W mass fits: mT

58

Data
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Data
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W mass fits: lepton pT
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W mass fits: neutrino pT
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Electron fit residuals
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Muon fit residuals
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Fit window variation: mT
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Systematic (MeV) Electrons Muons Common

Lepton Energy Scale 10 7 5
Lepton Energy Resolution 4 1 0

Recoil Energy Scale 5 5 5
Recoil Energy Resolution 7 7 7

u|| E�ciency 0 0 0
Lepton Removal 3 2 2

Backgrounds 4 3 0
pT (W ) Model (g2, g3,�s) 3 3 3

Parton Distributions 10 10 10
QED Radiation 4 4 4

Total 18 16 15
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Systematics: mT
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Systematic (MeV) Electrons Muons Common

Lepton Energy Scale 10 7 5
Lepton Energy Resolution 4 1 0

Recoil Energy Scale 6 6 6
Recoil Energy Resolution 5 5 5

u|| e�ciency 2 1 0
Lepton Removal 0 0 0

Backgrounds 3 5 0
pT (W ) model (g2, g3,�s) 9 9 9

Parton Distributions 9 9 9
QED radiation 4 4 4

Total 19 18 16
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Systematics: pTl
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Systematic (MeV) Electrons Muons Common

Lepton Energy Scale 10 7 5
Lepton Energy Resolution 7 1 0

Recoil Energy Scale 2 2 2
Recoil Energy Resolution 11 11 11

u|| e�ciency 3 2 0
Lepton Removal 6 4 4

Backgrounds 4 6 0
pT (W ) model (g2, g3,�s) 4 4 4

Parton Distributions 11 11 11
QED radiation 4 4 4

Total 22 20 18
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Systematics: pTv
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Some cross-checks

67

Stat. uncertainty only. pTl fits only. 

Lepton Fit Result (MeV)

Electron MW+ - MW- -49±42

Electron MW(ϕ>0) - MW(ϕ<0) -58±45

Muon MW+ - MW- 71±69

Muon MW(ϕ>0) - MW(ϕ<0) -54±36
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Mass fit combinations

• Electron and muon mT fits combined
mW = 80390 ± 20 MeV, χ2/dof = 1.2/1 (28%)

• Electron and muon pT fits combined
mW = 80366 ± 22 MeV, χ2/dof = 2.3/1 (13%)

• Electron and muon MET fits combined
mW = 80416 ± 25 MeV, χ2/dof = 0.5/1 (49%)

• All electron fits combined
mW = 80406 ± 25 MeV, χ2/dof = 1.4/2 (49%)

• All muon fits combined
mW = 80374 ± 22 MeV, χ2/dof = 4/2 (12%)

• All fits combined
mW = 80387 ± 19 MeV, χ2/dof = 6.6/5 (25%)
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Uncertainty progress
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MSSM allowed region
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Heinemeyer, Hollik, Stockinger, Weiglein, Zeune


