
Measurement of W mass and width at OPAL: 
the journey from within

• From Europe to Chicago and back
• Francesco meet OPAL 
• W mass: the works (2000-2004)
• Memories and lessons: images of the mind
• Coming back to where we began
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From November 1999...

•My first trip to Chicago and UofC
•Meet Jim PIlcher, Mel Shochet..
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.. to April 2000
•Join OPAL/ATLAS with Jim Pilcher as 

advisor.
• ...moving to Hyde Park, start courses, 

setting down..

High energy Physics

Kersten Phys 
Teaching Center

Internationl House
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You should go to CERN...........

• End of Spring quarter 2000: Jim suggests to go to CERN to make a 
decision on thesis project.
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• Mature experiment  with large available data set, still more to come (maybe 
even some more data taking at WW production threshold..)

One outsanding topic: W mass and width measurement 

• Attend OPAL week, talk to phys coordinator, talk to Chicago people  resident 
at CERN

• Chicago has leading role and one Ph.D. candidate is completing her thesis 
on that topic ( ...who might that be:-) )

• Francesco, meet !

• Impressive and fascinating task: perform measurement using full data 
set collected by OPAL extending it from data collected @ √s=189 GeV 

mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch


fracesco.spano@cern.ch W mass  and width @ OPAL: the journey PilcherFest, 22nd Sept, The University of Chicago

Why W Boson(s)? 

         W+ and W- :  SM mediators of weak interactions 

Mw  and  Γw are key parameters of SM

Stringent test of SM, 
constraints on  SM Higgs 
Boson mass and on physics 

beyond  SM 

Precise and unbiased 
measurement by 
direct production

Existence confirms (with Z0)  Standard Model SU(2)xU(1) gauge symmetry

Are massive:  related to SM EWK symmetry breaking → Higgs
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W mass in SM: the 

Hadron colliders (pp and ppbar) : large 
statistics, sizeable (a-priori) uncertainties 

LEP2 (e+e-collider ): ideal clean, 
controlled environment for W 
precision  studies. 

 

Precise and unbiased measurement by direct production

Need δMW~ 15 
MeV if  δMtop ~ 2 

GeV 

~Cm2
top +Dln(M2

H)

δα/α~0.014% at Q2~M2
Z

δGF/GF ~0.0009%

• χ2 test of SM  → MW does not dominate 
uncertainty on a) test of rad. corrections b) Higgs 
mass estimate IF δMW ~7·10-2 δMtop

•  Indirect determination (LEP1/SLD) : δMW ~32 MeV

~1-M2
W/M2

Z 
δMZ/MZ~0.004%
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The Omni Purpose Apparatus at LEP

Onion-like detector covering 
99% of solid angle with

• Em. Res = 5/6%/√E+0.2%
• Had. Res: ~100-120%/√E
• σ(p)/p2=1.25·10-3 GeV-1 

(for 45 GeV muons)

• e+e- collider at Ecm~ 160-209 GeV
• Peak lumi: ~0.5-1 ·1032 cm-2 s-1

• Bunch crossing frequency~45 KHz 

WW rate ~0.8-1.6 10-3 Hz

LEP
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W physics @ LEP2

Add  O(α) EWK corr.:required 
for precision measurement

At tree  level
@ LEP2  :  e+e- →  W+W- → 4fermions

~ 44% ~46% ~ 10%

qqlν qqqq lνlν

W+

W-

e-

e+

γ/Z

e+ W+

W-e-

ν

NOT GAUGE 
INVARIANT
e+e-  → 4f

has
 other 

intermediate
states

Add other 
 e+e- → 4f
for gauge 
invariant 

description 
also of BKGG 

Chan Main Bkg

lνlν ZZ, Zee, γγ

qqlν Weν, Z /γ →qq(γ)

qqqq    Z/γ → qq(γ)

3 final state topologies

(CC03 diagrams)
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Building the group for W analysis 
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Jim Pilcher

Eric Torrence
Ambreesh 
Gupta

Research 
Associate, then 
Res Scientist
@ Chicago

@ CERN

Alain Bellerive
Richard Teuscher

McCormick Fellow

Chicago, CERN, 
Chicago

Ph.D. Candidate
FS

i.e. your group makes your success..:-) 

• Jim’s insight (my view..)
• connect the relevant people to work on the analysis and 

arrange for smooth continuation of previous work

• agree with Ambreesh to make W analysis a priority 

• arrange for Eric to help FS and AG to start on W analysis

• send FS  to CERN in 2001 to connect with  OPAL & Eric
Research Associate, 
then Res Scientist

Research 
Associate

mailto:fracesco.spano@cern.ch
mailto:fracesco.spano@cern.ch


fracesco.spano@cern.ch W mass  and width @ OPAL: the journey PilcherFest, 22nd Sept, The University of Chicago

Event selection

Total OPAL ∫Ldt  ~ 680 pb-1 

    (1997-2000) in 
Ecm ~ 172-209 GeV      

~ 10 pb-1 @ Ecm ~ 161 GeV

Chan Efficiency Purity Expected Selected 

qqlν 81% 86% 4836 4822

qqqq 86% 79% 5831 5893

Performance

Complex multi-steps event selection (cut based pre-
selections, likelihood discriminants) for efficient 

and clean identification

~11K WW

~10K 4f bkg

~63K Z/γ → qq(γ)

lνlν: two neutrinos → little mass information→ separate analysis 

Widest  det acceptance
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The strategy @ OPAL
• Three main steps

– Reconstruction: build final state 4f 4-
momenta from measured tracks and 
clusters  

– Kinematic fitting: precise beam energy 
knowledge to constrain total four 
momentum → improves mass resolution 

– Mass and width extraction: likelihood

• Three mass extraction methods: 
Convolution, Reweighting, Breit-
Wigner 

‣ Small differences at reconstruction and 
kinematic fitting level

– Clear difference in likelihood building

Definitions
• In qqqq: 4-mom. conservation (4C 
fit) . 4C+ equal mass for Ws (5Cfit)

• In qqlν: neutrino →1C/2C fit 
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‣ Data Set:189 GeV data set  ∫Ldt = 
183 pb-1

‣ Reco:  separate kine fit and jets-to-W 
lkl pairing for  4 & 5 jets events  

‣ MW, ΓW: 1 dim. Reweighting:binned 
lkl scan by re-weighting MC shape for 
varying (MW ,ΓW ), least biased, fully 
exploit MC reco 
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Doug Glezinski
Res. Associate

DataSet: Extend to full data 
set (680 pb-1, ~11K W pairs)

•Robin’s thesis was OPAL main 
measurement @ √s =189 GeV

Taking it from Robin’s solid foundation..

MW, ΓW: 2d/3d Reweghting  : spread bkg (4j) + more weight to better 
resolution (qqlν)  new flexible binning: enough ev/bin  avoid biases

Reco & kine :  fully had: fit as 5jets, merge 
jets to 4,  new lkl for comb  bkg handling 
(matrix el + reco quantities)

..towards a new approach

Robin Coxe
Ph.D. Candidate

Full analysis of all syst.uncertainties: new data driven (LEP-wide) strategy + Final combination
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Event reconstruction in qqlν channel

• Identify energy deposits 
associated with lepton 

•Reconstruct lepton (only in qqeν 
and qqµν)

• Force remainder of event in 2 
jets (Durham)

Apply small calibration corrections to 
jets and lepton   

χ2  : 2C and 1C fits (or semi-
analytic minimization) 

χ2 : simplified analytic 
minimization using di-jet 

system only 

qqτνqqeν and qqµν
Kinematic fit
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Fig. 7. Distributions of 5C fit masses for the qq̄!ν and qq̄qq̄
channels in the reweighting a, b and Breit-Wigner c, d fits. For
the reweighting fits, the histograms show the reweighted tem-
plate distributions corresponding to the fitted W mass values,
and for the Breit-Wigner fits, the fitted functions are indicated
by the solid lines drawn over the fit regions (70–88 GeV). In both
cases, the estimated background contributions are indicated by
the shaded regions

6.3 Reweighting fit results

The reweighting fit is used to analyse the data from each
year and channel separately, and the results for the different
years are combined to give the values shown in Tables 2
and 3. The results from each year are also shown separately
as the ‘RW’ points in Figs. 4 and 5. As discussed above the
mass values are determined using a one parameter fit to
mW only, and the width values are determined using a
two parameter fit to mW and ΓW. In the latter fits, the
correlation coefficients between mW and ΓW are 0.08 in
the qq̄"ν channel and 0.07 in the qq̄qq̄ channel, and the
mass results agree with those from the one parameter fits
to within 1 MeV. No separate ΓW results are shown for the
individual qq̄eν, qq̄µν and qq̄τν channels in 1996 due to
the small numbers of selected events, but the 1996 data are
included in the overall averages. The expected statistical
errors are also given in Tables 2 and 3, evaluated using
Monte Carlo subsample tests. The statistical errors on the
data results are again consistent with those expected from
Monte Carlo, taking into account the expected level of
statistical fluctuations.

The reconstructed mass distributions from the 5C fits
can be seen in Figs. 7a and b, for both the qq̄"ν and qq̄qq̄
channels (for the latter only the selected jet assignment
combinations are shown). The reweighted Monte Carlo
template distributions corresponding to the fitted values of
mW in each channel are also shown, including both signal
(WW events with the correct jet assignment) and back-

ground contributions. The width of the qq̄"ν mass peak is
smaller than that from the convolution fit shown in Fig. 2
because the latter displays the average of the two fitted
W masses in each event. This average does not take into
account the better resolution of the qq̄ system mass com-
pared to that of the "ν system, informationwhich is however
included in the convolution fit itself.

7 The Breit-Wigner fit

The Breit-Wigner fit is based on a simple likelihood fit to
the distribution of W boson masses reconstructed using a
5C kinematic fit in each event, and is very similar to that
described in [5]. The main motivation for this analysis is to
extract the W mass using a simple and transparent method,
to act as a cross-check for the convolution and reweighting
fits. The Breit-Wigner fit does not measure the W width.

The event selection and reconstruction are very similar
to those of the convolution and reweighting fits. In the qq̄"ν
channel, only events with a 5C kinematic fit probability
exceeding 10−3 are used in the analysis. Events in each of
the lepton sub-channels (qq̄eν, qq̄µν and qq̄τν) are treated
separately, and the qq̄τν channel is further divided into
events where the τ decays leptonically or hadronically. In
the qq̄qq̄ channel, events are reconstructed as five jets if the
Durham jet resolution parameter y45 > 0.0037 (about 23 %
of the events), and as four jets otherwise. In four-jet events,
5C kinematic fits are performed on all three possible jet
pairings. The fit with the highest probability P1 is used if
P1 > 0.003 for the p2.5 jet direction reconstruction method,
and P1 > 0.01 for the J0 method. The fit with the second-
highest probability P2 is also used (with equal weight) if it
passes both the previous probability cut and P2 > 1

3 P1; this
occurs in approximately 20 % of events. In five-jet events, at
most one of the possible ten jet assignment combinations is
used, selected according to the output of the jet assignment
likelihood algorithm used in [7]. The likelihood inputs are
the difference between the two W masses in a 4C fit, the
largest inter-jet opening angle between jets in the three-jet
system, and the cosine of the polar angle of the three-jet
system. The jet combination giving the largest likelihood
value is used provided the value is greater than a minimum
cut requirement, which happens in 73 % of selected five-jet
WW events.

In all channels, the fitted W mass value is extracted
using an unbinned maximum likelihood fit to the distri-
bution of reconstructed 5C fit masses m in the region
70 < m < 88 GeV. The fit function is chosen empirically
and consists of two terms: S(m) describes the signal con-
tribution and B(m) the combinatorial and non-WW back-
ground. In the qq̄"ν channel, the signal function consists
of an asymmetric relativistic Breit-Wigner function with
different widths above and below the peak:

S(m) = A
m2Γ 2

1,2

(m2 − m2
0)2 + m2Γ 2

1,2
, (13)

where m0 is the fitted mass and Γ1,2 are fixed parameters,
Γ1 being taken for m < m0 and Γ2 otherwise, and A is

√s=172-207 GeV
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Event reconstruction in qqqq channel
 Force event into
• 5jets to account for additional gluon jet /4jets or 5jets depending on 

jet res par (5j~23%)  (Durham)

Kinematic fit: 5C and 4C fits  
implemented

Apply small calibration 
corrections to jets

jet direction from tracks 
and clusters with p>2.5 GeV 
→reduce MW syst. error 

from final state 
interactions, slightly worse 

angular res. 

Pcut analysisStandard 
analysis

W-Jet Pairing
13
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Fig. 7. Distributions of 5C fit masses for the qq̄!ν and qq̄qq̄
channels in the reweighting a, b and Breit-Wigner c, d fits. For
the reweighting fits, the histograms show the reweighted tem-
plate distributions corresponding to the fitted W mass values,
and for the Breit-Wigner fits, the fitted functions are indicated
by the solid lines drawn over the fit regions (70–88 GeV). In both
cases, the estimated background contributions are indicated by
the shaded regions

6.3 Reweighting fit results

The reweighting fit is used to analyse the data from each
year and channel separately, and the results for the different
years are combined to give the values shown in Tables 2
and 3. The results from each year are also shown separately
as the ‘RW’ points in Figs. 4 and 5. As discussed above the
mass values are determined using a one parameter fit to
mW only, and the width values are determined using a
two parameter fit to mW and ΓW. In the latter fits, the
correlation coefficients between mW and ΓW are 0.08 in
the qq̄"ν channel and 0.07 in the qq̄qq̄ channel, and the
mass results agree with those from the one parameter fits
to within 1 MeV. No separate ΓW results are shown for the
individual qq̄eν, qq̄µν and qq̄τν channels in 1996 due to
the small numbers of selected events, but the 1996 data are
included in the overall averages. The expected statistical
errors are also given in Tables 2 and 3, evaluated using
Monte Carlo subsample tests. The statistical errors on the
data results are again consistent with those expected from
Monte Carlo, taking into account the expected level of
statistical fluctuations.

The reconstructed mass distributions from the 5C fits
can be seen in Figs. 7a and b, for both the qq̄"ν and qq̄qq̄
channels (for the latter only the selected jet assignment
combinations are shown). The reweighted Monte Carlo
template distributions corresponding to the fitted values of
mW in each channel are also shown, including both signal
(WW events with the correct jet assignment) and back-

ground contributions. The width of the qq̄"ν mass peak is
smaller than that from the convolution fit shown in Fig. 2
because the latter displays the average of the two fitted
W masses in each event. This average does not take into
account the better resolution of the qq̄ system mass com-
pared to that of the "ν system, informationwhich is however
included in the convolution fit itself.

7 The Breit-Wigner fit

The Breit-Wigner fit is based on a simple likelihood fit to
the distribution of W boson masses reconstructed using a
5C kinematic fit in each event, and is very similar to that
described in [5]. The main motivation for this analysis is to
extract the W mass using a simple and transparent method,
to act as a cross-check for the convolution and reweighting
fits. The Breit-Wigner fit does not measure the W width.

The event selection and reconstruction are very similar
to those of the convolution and reweighting fits. In the qq̄"ν
channel, only events with a 5C kinematic fit probability
exceeding 10−3 are used in the analysis. Events in each of
the lepton sub-channels (qq̄eν, qq̄µν and qq̄τν) are treated
separately, and the qq̄τν channel is further divided into
events where the τ decays leptonically or hadronically. In
the qq̄qq̄ channel, events are reconstructed as five jets if the
Durham jet resolution parameter y45 > 0.0037 (about 23 %
of the events), and as four jets otherwise. In four-jet events,
5C kinematic fits are performed on all three possible jet
pairings. The fit with the highest probability P1 is used if
P1 > 0.003 for the p2.5 jet direction reconstruction method,
and P1 > 0.01 for the J0 method. The fit with the second-
highest probability P2 is also used (with equal weight) if it
passes both the previous probability cut and P2 > 1

3 P1; this
occurs in approximately 20 % of events. In five-jet events, at
most one of the possible ten jet assignment combinations is
used, selected according to the output of the jet assignment
likelihood algorithm used in [7]. The likelihood inputs are
the difference between the two W masses in a 4C fit, the
largest inter-jet opening angle between jets in the three-jet
system, and the cosine of the polar angle of the three-jet
system. The jet combination giving the largest likelihood
value is used provided the value is greater than a minimum
cut requirement, which happens in 73 % of selected five-jet
WW events.

In all channels, the fitted W mass value is extracted
using an unbinned maximum likelihood fit to the distri-
bution of reconstructed 5C fit masses m in the region
70 < m < 88 GeV. The fit function is chosen empirically
and consists of two terms: S(m) describes the signal con-
tribution and B(m) the combinatorial and non-WW back-
ground. In the qq̄"ν channel, the signal function consists
of an asymmetric relativistic Breit-Wigner function with
different widths above and below the peak:

S(m) = A
m2Γ 2

1,2

(m2 − m2
0)2 + m2Γ 2

1,2
, (13)

where m0 is the fitted mass and Γ1,2 are fixed parameters,
Γ1 being taken for m < m0 and Γ2 otherwise, and A is

√s=172-207 GeV
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Event reconstruction in qqqq channel 
(cont)

  Assign jets to Ws with different algorithms

• Reweighting  and Breit Wigner: choose one assignment 
with
– CC03 matrix element and multivariate discriminant  

(different treatement for standard and pcut) (RW)
– Kinematic fit probability for 4j , multivariate 

discriminant for 5j (BW)

• Convolution : use all assignment. Neural Network to give 
weight to each assignment

14
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 Reweighting

• Distributions use multi dimensional binning 
to spread bkg (mainly qqqq), give more 
weight to events with better resolution 
(mainly qqlν)

• qqeν/qqµν: 3D grid (2C mass,error on
   2C mass,1C had mass),

• qqτν: 2D grid (analytic mass and its error)
• qqqq: 3D grid (5C mass,error on 5C 

mass,difference between 4C masses)

• Reweighting function is product of Breit-
Wigners

• Binned likelihood fit

• No external bias 
correction needed

• Fully exploit  MC power 

• Basic idea: likelihood  from MC distribution of (MW,ΓW) sensitive 
variables for signal and bkg.  (MW,ΓW) lkl. scan performed by 
reweighting  signal MC sample  for varying W mass and width 
hypothesis MW=80.33 Mw= 81.33

Mgen
W
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Systematics and combination, 
the long and winding road

•2002-2003: a long effort on systematics 
•Ultimately four “core” groups are left
‣ Chicago (RW),  CERN (Convolution) , Cambridge (BW), Munich

(Convolution measuring width)

16

•Detailed studies : show RW can ride the tide
‣ final state interactions LEP wide studies: de-sensitize analysis in fully 

had channel + data driven limits.→ update jet pairing + higher dim RW
‣ hadronization: different baryon-kaon content in data/MC 
‣ higher order corrections: include WW data driven limit

Time to be back: FS in 
Chicago at beginning 2002 

•solid connections with the 
OPAL “family” established 
•maximize “in house” 
coherence/activity  (FS + AG)

Jim’s advise

and more..
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W mass and width  extraction

• Check/correct for bias (Monte Carlo) and expected errors (pulls)  
• Evaluate syst. uncertainties

• For each event in a data set, build likelihood to have a certain 
value (be in a certain bin) of one (or more) (MW,ΓW) sensitive 
variables for signal and bkg

• Produce likelihood for each data set and maximize it as a 
function of MW, ΓW → determine MW,ΓW and  uncertainties

 Two types of fits are performed (consistent results):
• Two parameter fit: (MW, ΓW) are independent parameters 

• One Parameter fit: fit for MW ( ΓW fixed to the SM relation :ΓW ∝ 
MW

3) , fit for ΓW (MW set to 80.33 GeV)
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W mass and width extraction 
(cont)

• Results (years/channels) combined by generalized least-square 
minimization taking into account correlations and systematic 
uncertainties 

• Strongly correlated methods (65% to 88%) → small stat. gain in 
combination (~2% decrease in δMW

stat) → Use CV for central 
values: best expected statistical uncertainty on MW

•  final LEP beam energy uncertainty and correlation 
matrix

• MW pcut analysis to get significant reduction in FSI  
syst.  and improvement of total uncertainty

Use

18
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W mass and width extraction (LEP)

Breit Wigner (O):

asymmetric BW,
robust for preliminary

estimation

Reweighting  (A,L,O): 
MC shape reweighted 

for varying assumed W 
mass,least biased, fully 

exploit MC reco

Convolution (D,O):  
physics function ⊗ 
detector response, 

statistically 
powerful

Maximum Likelihood fit to extract MW 
Γw:from SM relation  or 2 parameter Fit

Different likelihood building methods

OPAL

final
final
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Uncertainties on MW

Source       Error on MW (MeV)      Error on MW (MeV)      Error on MW (MeV)

qqlv qqqq (pcut) qqqq

Higher Order Corr.   11  9 9

Hadronisation  14   20 6

Detector Syst.  20    10 10

LEP Beam Energy  8    10 10

Colour Reconnection   -   41 125

Bose-Einstein Correlations    -   19 35

Other   5   26 20

Total Systematic 28 (22,29) 58 (56,56) 133
Statistical 56 (58,64) 60 (64,73) 51 
Overall 63 (62,70) 83 (85,92) 142

Detailed discussion uses CV values  - RW and BW are consistent
In parenthesis: RW and BW summary values 

•Use final LEP beam 
energy uncertainty 

and correlation 
matrix

• MW Pcut analysis 
→significant 

reduction in FSI  
syst→qqqq weight in 
combination: from 

10% to 34%  
(If no FSI, comb.
stat~38 MeV, now 
42 MeV→use most 
of qqqq stat power)
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Uncertainties on ΓW

Source       Error on MW (MeV)      Error on MW (MeV)

qqlv qqqq

Higher Order Corr.   11  10

Hadronisation  77   68

Detector Syst.  29 6   

LEP Beam Energy  3    2

Colour Reconnection   -   151

Bose-Einstein Correlations    -   32

Other   25   54

Total Systematic 91 (85) 177 (180)
Statistical 135 (131) 112 (130)
Overall 163(156) 209 (222)

Detailed discussion uses CV values  - RW is consistent
In parenthesis: RW summary values. BW does not measure the width 
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OPAL Results 

Mw  ± δMW
stat ± δMW

syst(GeV)

CV 80.416 ± 0.042 ± 0.032 
RW 80.405 ± 0.044 ± 0.028

BW 80.390 ± 0.048 ± 0.032 

 Γw  ± δ ΓW
stat ± δΓW

syst(GeV)
CV 1.996 ± 0.096 ± 0.102
RW 2.113 ± 0.101 ± 0.097

MW

ΓW

Combining 
lνlν and threshold measurement

MW= 80.415 ± 0.042 (stat) ± 0.030 (syst) ± 0.009 (Ebeam)
ΓW=1.996 ± 0.096 (stat) ± 0.102 (syst) ± 0.003 (Ebeam)

Final OPAL results

Previous published result
(√s=161-189 GeV)

MW= 80.432 ± 0.066(stat) ± 
0.045 (syst) 

ΓW=2.04 ± 0.16 (stat) ± 0.09 

(syst) 
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P.O. Günther3, A. Gupta9, C. Hajdu29, M. Hamann25, G.G. Hanson4, A. Harel21, M. Hauschild8, C.M. Hawkes1,
R. Hawkings8, R.J. Hemingway6, G. Herten10, R.D. Heuer25, J.C. Hill5, D. Horváth29,c, P. Igo-Kemenes11,
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Some personal recollections(I) images

26

•Jim suggesting to move on from hadronization 
studies ...

• Jim making time to talk to me 
in his HEP office..

•Jim arriving by bike on a Saturday sunny afternoon to carry 
a corrected copy of my thesis to my apartment..

• Jim and Carla inviting me to a reception at their house 
at a very close time to my handing in my thesis ..
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Some  personal recollections (II)  Making it 
possible: the Chicago way

•A strongly supportive environment at “home” (ATLAS/OPAL 
group, HEP) in the collaboration (“OPAL”)
‣ nurture independence, while providing tools 

❖tools for analysis
❖participation in meetings, conferences, being there where the action is

27

•Solid advise at the right moment
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Some personal recollections (III): The lessons

•Concreteness and constructive approach

•Group work 

•Solid, careful analysis work

•Asking the (deep) questions

• Independence & trust

•Teaching by example

28
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Fig. 2 Distributions of the reconstructed (a-b) tt̄ mass, mtt̄ , (c-d) the tt̄ transverse momentum, pT,t t̄ , and (e-f) the tt̄ rapidity, ytt̄ , before background
subtraction and unfolding. Data are compared to the expectation derived from simulation and data-driven estimates. All selection criteria are
applied for the (a, c, e) e+ jets and (b, d, f) µ+ jets channels. The uncertainty bands include all contributions given in Sect. 6 except those from
PDF and theory normalization.
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Figure 1: Jet multiplicity distributions (i.e. number of jets with pT > 25 GeV). Top row - pre-tag samples:
(a) electron channel, (b) muon channel and (c) electron/muon combined. Bottom row - tagged samples:
(d) electron channel, (e) muon channel and (f) electron/muon combined. The data are compared to the
sum of all expected contributions. For the totals shown, simulation estimates are used for all contributions
except QCD multi-jet, where a data-driven technique is used. The background uncertainty on the total
expectation is represented by the hatched area. The ≥4-jet bin in the tagged sample represents the signal
region.
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What I am doing now: top pairs i.e. WW bb

Top re-observation

arXiv1012.1792,  
EPJC 71, 1577

(2011)
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Fig. 5 Relative differential cross-section versus (a-b) mtt̄ , (c) pT,t t̄ and (d) ytt̄ . Note that the histograms are a graphical representation of Table 3.
This means that only the bin ranges along the x-axis (and not the position of the vertical error bar) can be associated to the relative differential cross-
section values on the y-axis. The relative cross-section in each bin shown in Table 3 is compared to the NLO prediction from MCFM [6]. For mtt̄
the results are also compared with the NLO+NNLL prediction from Ref. [5]. The measured uncertainty represents 68% confidence level including
both statistical and systematic uncertainties. The bands represent theory uncertainties (see Sect. 8 for details). Predictions from MC@NLO and
ALPGEN are shown for fixed settings of the generators’ parameters (details are found in Sect. 8).
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I can’t seem to abandon 
Ws...:-)Importance of associated production 

• t- (u-) channel models predict flavor violating (t-j) resonances in t-associated 
production

• Important influence on inclusive tt production (Z’ example)

• constraints from top-jet resonance searches

• measured jet multiplicity distributions in tt sample

• mtt distributions
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2

large AFB measurements and the SM-like AC measure-

ments, as the underlying candidate NP processes often

yield correlated positive contributions to both [12, 13].
1

The main purpose of this paper is to point out that

there is a class of models in which positive contributions

to AFB and AC are correlated with an additional nega-

tive contribution to AC . Therefore, the latter tends to

be small, in agreement with current data. A state with

[t̄u] or [t̄d] flavor quantum numbers is required. The pos-

sible examples are the [t̄u] flavored Z �
[16] (see also [17])

or [t̄d] W �
[18] vector mediators, and the [t̄u] flavored

SU(2)L doublet scalar mediator φ [19]. In this paper

we focus on the Z �
color- and weak-singlet, with a cou-

pling to the right-handed up and top quarks. Exchange

of the Z �
in the t-channel, see Fig. 1a, would lead to an

increase in AFB vs. mtt̄, and a positive contribution to

AC in excess of the measurements [12, 13], due to for-

ward peaking. However, associated production of the Z �

with a top-quark would produce an additional negative

contribution to AC . Presumably, this would also be the

case for the W �
and φ. However, we leave the question

of the overall viability of these models for future studies.

The leading order ug → Z �t → ut̄t Feynman diagrams

are shown in Figs. 1b and 1c. The effect we are interested
in is due to the top quark exchange diagram in Fig. 1b.

The Z �
decay yields a t̄ quark which tends to be boosted

in the same direction as the incoming u quark. Taking

into account the harder u quark vs. gluon PDF’s in the

proton, one concludes that on average the t̄ is produced
with a larger rapidity than the t, thus yielding a negative

contribution to AC . The efficiency of this mechanism is

illustrated in Fig. 2 for one of the Z �
benchmark points

(p3) listed in Table II. The pp → (Z �t, Z �†t̄) → t̄tX differ-
ential cross section plots in Fig. 2a and Fig. 2b, respec-

tively, exhibit the dominance of t̄ (t) production at larger

(smaller) rapidities and the dominance of tt̄ production
for |yt| − |yt̄| < 0. According to Fig. 2b, the charge

asymmetry from associated vector mediator production

alone can be large and negative, e.g., AC = −18% for the

example shown.

At the LHC, the cross section for the CP conjugate

process, ūg → Z �†t̄ → ūtt̄, is typically an order of mag-

nitude smaller, due to the ū-quark PDF in the initial

state. A corollary is that the negative contribution to

AC does not depend on whether the Z �
is self conjugate

or not. However, bounds on same sign top production

can rule out a self conjugate Z �
. In fact, flavor symmet-

ric realizations of the vector t-channel models [20, 22, 24]

proposed to trivially evade the bounds on same sign top

or single top production and FCNC’s, e.g., D − D̄ mix-

ing, would contain a CP conjugate pair of [t̄u] and [tū]

1
However, in the case of a light s-channel axigluon, it has recently
been shown that different couplings to the u and d quarks can

lead to partial cancelations between the uū and dd̄ contributions,

thus sufficiently suppressing AC , with only a small impact on

AFB , which can be sizable and positive [14, 15].

u t

t̄ū

Z �

g t

t̄u

u
Z �t

g t

t̄

u
uZ �

u

Figure 1: Feynman diagrams for (a) t-channel Z� exchange
contribution to uū → tt̄, and associated single Z� production
in the t channel (b) and s channel (c).

flavored Z �
’s. At the Tevatron, associated production of

the vector mediators produces a negative contribution to

AFB . However, this effect is suppressed relative to the

positive AFB contribution from Fig. 1a by the smaller

gluon vs. u-quark PDF’s inside the proton.

It is worth pointing out that in models for enhanced

AFB in which a mediator is exchanged in the u-channel
rather than the t-channel, e.g., a color triplet or sextet

scalar S [22, 24–27] with couplings S tR uR (where the

color indices have been suppressed), single mediator pro-

duction via the analog of Fig. 1b would lead to a positive

contribution to AC [28]. This is easily understood, as in

this case the mediator would decay to a top quark rather

than an anti-top quark.

Associated Z �
production is subject to several con-

straints which need to be checked in order to estab-

lish the viability of our mechanism for reducing AC .

The most relevant ones are: i) the LHC tt̄ cross sec-

tion measurement, which constrains the product σ(pp →
Z �t)× Br(Z � → tū) [29]; ii) the CDF, CMS and ATLAS

collaborations Z � → t + jet resonance searches [30–32],

that yield direct bounds on the above product [33]; iii)
the CMS measurement of the jet multiplicity distribu-

tion in semileptonic tt̄ events, which is consistent with

SM Monte Carlo studies [34], thus potentially constrain-

ing NP models which produce extra jets [35].

Constraints ii) and iii) become weaker as the Z �
mass

approaches mt from above. Because the u quark be-

comes softer, the resonance searches lose sensitivity and

the jet multiplicities become more SM like. Furthermore,

a reduction of Br(Z � → tū) trivially reduces the impact

of searches i)-iii). In fact, we will see that the ranges

MZ� ∼ 200 − 300 GeV and Br(Z � → t̄u) ∼ 1/4 − 1/3

_

Drobnak, Kagan, J.F.K., Perez & Zupan, to appear soon.

_
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Figure 6: The measured Tevatron [11] and LHC [23] mtt̄ spec-
tra (1σ grey bands), the SM (black solid lines), and p1 (***),
p2 (***), p3 (***), p4 (***), p5 (***) Table II benchmark
point predictions***JD: please fill in the parenthesis,
solid dashed etc.***

III. CONSTRAINTS FROM TOP+JET
RESONANCE SEARCHES, AND JET
MULTIPLICITY DISTRIBUTIONS

A. top+jet resonance

The Z �
models we discuss can be searched for by hunt-

ing for a bump in the t+jet distribution in the tt̄j final

state [33]. Such searches have been performed both at the

LHC [31, 32] and the Tevatron [30]. The ATLAS search

obtains a bound of σ(pp → tZ �
)+σ(pp → t̄Z �

) � 23, 14, 7
pb for mZ� = 200, 300, 400 GeV respectively. For a

comparison we list in Table III the two cross sections,

σ(pp → tZ �
) and σ(pp → t̄Z �

), for the four benchmark

points. We see that for Br(Z � → ut̄) = 1/4 the bench-

mark points are not excluded. The comparison of the

ATLAS bound with the regions in the gut, mZ� parame-

ters space preferred by the tt̄ asymmetry and cross sec-

tion measurements are also shown in Figs. 3-5. The

CDF search [30] is slightly less sensitive so that for the

four benchmarks no bound on Br(Z � → ut̄) is obtained.

The hard cuts in the CMS analysis [31] lead to a loss

of sensitivity for light Z �
’s with masses below 400 GeV,

making the analysis irrelevant for our case.

The “wrong flavor” Z � → ūt decay could also give a

contribution to the same-sign top pair cross section from

σ(pp → Z�t) [pb] σ(pp → Z� t̄) [pb]

TEV LHC TEV LHC

p1 0.57 61.6 0.57 5.74

p2 0.19 40.2 0.19 3.13

p3 0.39 47.5 0.39 4.39

p4 0.079 25.9 0.079 1.89

p5 0.24 40.3 0.24 3.43

Table III: The LO pp → Z�t and pp → Z� t̄ cross sections at
the Tevatron (TEV) and the LHC for Table II benchmarks.

pp → Z �t production. By our assumption Z �
only decays

into ut̄, as is the case in the flavor symmetric models, so

this is not a problem. The experimental bounds from [46]

are saturated for Br(Z � → ūt) < 3 − 5%, depending on

the benchmark (the bounds in [47] and [48] are even less

severe). They thus need to be an order of magnitude

smaller than the allowed decay channel, Br(Z � → ut̄) �
25%.

B. Jet multiplicities

Associated t+Z � → tt̄j production would lead to some

deviation in the jet multiplicity distribution for tt̄ events
relative to the SM prediction [35]. While it would be

negligible at the Tevatron (cf. Table III), some sensitiv-

ity to such deviations might be expected at the LHC. In

Ref. [34] such a study was made for tt̄ semileptonic candi-

date events characterized by the number of b-tags, lepton
flavor and the number of jets. We focus on the double

b-tagged subsample since it is subject to smaller back-

ground contamination. The subsample is binned in terms

of the number of jets. In the experimental analysis [34]

a fit to the theoretical prediction was made, allowing the

different backgrounds as well as the SM tt̄ contributions
to float in their normalization. Following this procedure,

reasonable agreement with the SM Monte Carlo predic-

tion was observed. The statistical error in bins of differ-
ent jet multiplicities is of order a few percent. However,

the background contamination is O(30%) or more in the

bins with three or fewer jets and is O(10%) for the bins

with four jets, and five or more jets.

In order to check the viability of our mechanism we

have performed the following semi-quantitative analysis.

Using MadGraph5 [49], Pythia8.1.45 [50] JFK: Cor-
rect? and FastJet [51] we have produced an MLM

matched tt̄+tt̄j sample with and without the new physics

contributions, mimicking the jet reconstruction and cuts

employed by CMS. The computed jet multiplicities are

compared with the experimental values obtained from

Ref. [34] for the lepton plus jets channel (third column of

Table 2). The results for the SM and for the five bench-

mark points in Table II are shown in Fig. 8. In none of

the bins is the difference between the SM only and the

Expect observable deviations soon!

!

!

Gresham et al., 1102.0018
...
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Coming back to where we began

30

THANK YOU JIM !!!

Still I cannot say it better than in 2004 
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Back up
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Jets & metrics

•Jade

32

center of mass energy

•Durham
(KT)

• in Jet clustering combine object i and j with smallest  d(i,j)  

minimum kt of soft particle w.r.t. hard one  in the small angle limit

improper for soft gluons
emitted close in angle to 

high en quarks 

mailto:fracesco.spano@cern.ch
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 W masses

33
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Event reconstruction in qqqq channel 
(cont)

  Assign jets to Ws with different algorithms

• Reweighting  and Breit Wigner: 
choose one assignment with
– CC03 matrix element and 
multivariate discriminant 
(RW)

– Kinematic fit probability for 
4j , multivariate discriminant 
for 5j (BW)

• Convolution : use all assignment. 
Neural Network to give weight 
to each assignment

34

RW
• Rec. 5 jets: 4C fit+ merge 2 

“closest” jets (JADE) : 4jets 
→reduce combinatorial bkg

• Choose comb. with

• highest 
CC03 
Matrix El

• If sum of 
di-jet 
angles is 
smallest, 
choose 
second- 
highest ME 
comb

Standard pcut

• Highest lkl 
discr value

 - CC03 Matrix 
El,

 -4C mass diff. 
- sum of di-jet 

angles

Assign jets 
to Ws 

mailto:fracesco.spano@cern.ch
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Event reconstruction

• Rec. 5jets: choose 
assignment with 
highest pairing 
likelihood >thr
– MW  diff in 4C fit
– Largest inter-jet 

opening angle in 3-
jet system

– Cosθ  of 3-jet 
system

• 4jets: choose 
assign, with highest 
5C kin fit prob P(1)
>Pt(h( + 2nd highest P

BW

Pthr
 varies for 

standard and 
pcutanalysis

• Rec. 5 jets :  4C fit+ 
energy ordering 
(using 4 jet)

• Discard 3 improb. 
combinations (W 
made from one split 
jet+ large energy 
imbalance)

• Evaluate 7 Mass 
differences by 
Neural Network: 
values from 0 (bkg) to 
1 (signal). 

• Keep all comb with  
NN value>threshold

    (most often 3 or 4)

CVRW
• Rec. 5 jets: 4C fit+ merge 

2 “closer” jets : 4jets 
→reduce combinatorial 
bkg

• Choose comb. with
• highest 

CC03 
Matrix El

• If sum of 
di-jet 
angles is 
smallest, 
choose 
second- 
highest 
ME comb

Standard pcut

• Highest 
lkl discr 
value

 - CC03 Matrix 
El,

 -4C mass diff. 
- sum of di-jet 

angles

Assign jets to Ws 
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Breit-Wigner

• qqqq: BW→BW•Gaussian 
centred at mw→better 
description of 5C mass 
shape

• Unbinned fit to mass 
distribution: 2C mass for 
qqlν and 5C mass for qqqq

• Derive bias corrections from 
MC

• Basic idea: Likelihood  from  empirical analytic 
function:  asymmetric BW+ Background term 
(parameterize from MC)

Robust and 
transparent
 cross-check

fitted function 
in (70-88) GeV mass
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Convolution

• R(m1,m2) on event-by-event basis from 
kin. fit. χ2 : 

        exp (χmin
2-χ2(m1,m2) ) 

– qqlν: neutrino→ less constraints →non 
gaussian shape; χ2 mapped  with 6C kin. fits 
(4-mom cons + fixed mass values) 

– qqqq: double Gaussian centred at 
(m1rec ,m2rec ) from 4C kin fit x combinatorial 
bkg. parameterization. Likelihood : sum of 
selected jet assignments weighted with NN 
output.

• Unbinned likelihood fit
•Exploit all resolution info
•Statistically powerful

Basic idea: likelihood from analytic function. 
Bkg: parameterization from MC  
Signal: physics function ⊗ detector response:  
              P(m1,m2|MW,ΓW)⊗R(m1,m2) 
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Combination : the 
example of MW

y*= ∑ i  yiwi

wi = ∑k (E-1)ik

∑i ∑k (E-1)ik

where Smin is distributed as a χ2 with n-1 degrees of freedom

• MW is a linear combination of the results from fits to separate data sets

σ2(y*)=∑i (σi)2

•Weights and errors  ← y* must be unbiased and have minimum variance

•E is covariance matrix  with stat., syst. errors (k) and  correlations ρ
   E is 9x9 (√s comb) or 18x18 (√s and chan. comb)

(σl)2 =∑i ∑k wi wk σli σlk ρ

•Equivalent to minimizing   S = ∑i ∑k (y*-yi) (y*-yk)(E-1)ik 

with

lik
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Systematic Uncertainties
Estimation

Implement only the 
variation  due to 
effect under study

√s-averaged difference ( “varied”  - default)  is taken as syst..   

(varied – default) = 

Monte Carlo data
Leave as is: default

Do N default fits for (MW,ΓW )_

Build N data-sized varied
sub-samples 

Build N data-sized default
sub-samples 

Do N varied fits for (MW,ΓW)

Many “varied”options (models) →take largest diff.

N
∑i (Xi

varied  - Xi
default) RMS of (v-d)

estimates error
 ><
√s
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LEP Beam Energy

Experiments (indirectly) : from 
physics events 

Kinematic fit: energy scale from Ebeam   δMW/MW~ δEbeam/ Ebeam 

Ebeam  (√s = 2Ebeam ) measured by

All results: 
consistent

LEP (directly) :  average over 
3 different check methods to 

reduce syst. uncertanties

Uncertainty for each data set (from LEP):
δEbeam = 10 to 20 MeV

correlation matrix used in  MW and ΓW combination

Obtain shift as   “use kin fit(Ebeam+δEbeam )” – “use kin fit (Ebeam)” → 
δMW = 9 MeV, δΓW = 3 MeV
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Detector Modelling
Direct reconstruction is sensitive to detector modelling→ 

energy scale, resolution and  
linearity, angular scale and 
resolution  for leptons and 
jets,  mass scale for jets 

Use uncertainties  to shift 
calibrations → 
“calib+δ(calib)”  - “calib.” → δMW 
=  20 MeV , δΓW=24 MeV

Dominant effects 
•For MW :jet mass 
and lepton en scale 
(qqlv)/jet angular 
bias (qqqq)
•For ΓW jet and 
lepton en.res

Use samples of e+e- →Z0 @Ecm=91.2  
(taken year-by-year  ∫Ldt~13  pb-1 for 
inst. ~400k Z→had) to calibrate



W mass and width @ OPAL F Spanò          CERN EP Seminar

Higher Order Corrections
Incomplete description of  EWK corrections →  imperfection in

 probability shape→ δMw, δΓW

δMW= 10 MeV
δΓW = 11 MeV

• KoralW (Monte Carlo generator for e+e-→ 4f) used in the analysis   

• Cross check with KandY (KoralW and YFSWW) : improved 
treatment of photon  radiation and photon exchange between Ws

Syst. shifts estimated  with  KandY : switch on-off improved corrections 
w.r.t. KoralW and sum in quadrature.

(Use OPAL σ(WWγ) to constrain shift from photon radiation effects)     
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Quark→hadrons: not understood mechanism → modelling  → δMW , δΓW

Use hadronisation  models tuned at Z0 
 

JETSET (JT): Lund string model 
HERWIG (HW): singlet cluster model   

Residual Largest shift  
(model – JT): genuine had. 

Different baryon and kaon rates in 
models explain part of  δMW →  
re-weight other MC  to JT (def.)

Hadronization

δΓW = largest shift (model –JT) (b/k rates not useful) =74 MeV

JT  baryon/kaon rates different 
from PDG →apply correction to MW, 

δMw = (genuine had err) ⊕ (error on JT corr) = 16 MeV

Syst: error on JT corr.  
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Final State Interactions

• Colour cross-talk 
between  Ws: 
bias in qqqq but 

not qqlv . 

• QM interference  
Momentum space 
correlation of 
bosons pairs from 
different W (inter-
W) decays: bias 
qqqq only

• 1/ΓW~0.1 fm << lhad~1 fm →two (colour singlet) with 
significant space-time overlap→ possible interaction of 
final products

• Effect not simulated in Monte Carlo→ possible mass/

width bias only in qqqq channel

Colour Reconnection
Bose-Einstein
Corrrelations

•  Established in Z0 decays
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Colour Reconnection

Desensitize 
analysis to  
CR effects

δMW,δΓW =  largest  (CR – no CR ) shift in different models

Sjostrand-Khoze models 
(I,II,II’): variable CR 
strength 
HERWIG 
ARIADNE 

Model δMW
4q(MeV) δΓW

4q(MeV)

Herwig 40 27  
Ariadne 66 128  
SKI(prec=58%) 125 150  

OPAL PF analysis sets 
68% CL upper limit on 

CR strength in SKI 
model (prec< 56%)→ Data 
Driven δΓW  and δMWfor 

SKIIntra-W Inter-W

Particle Flow technique 
Final step

Measure ratio of 
particle densities in 
intra- and inter- W 

planes : sensitive to CR

prec = CR probability ← CR strength 
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Colour Reconnection (cont)

δMW
CR  : 125 → 41 MeV

δMW
stat 

 : 51 → 60 MeV 
Total δMW improves:
142 MeV→ 83 MeV
δΓW

CR = 151 MeV

CR affects mostly soft particles 
between jets  ⇒ changes jet direction
 Re-calculate jet dir. from particles: 
     1. with momentum P larger than Pthr

     2. by weighted momentum vector 
        sum (weight = |P|κ) 
    3. within cone of radius R 
Use Pthr=2.5 GeV  for Mw only (best stat-
syst compr). Standard analysis is best 
for ΓW.   

Mw(p2.5)- Mw(κ-0.5 ) is sensitive to 
CR → measure in data→ combine 

with particle flow : Combined 
68%CL upper limit on CR strength 

in SKI (prec< 58%)  

(standard) OPAL MC
SKI
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Bose Einstein Correlations

Use LUBOEI  model tuned to BEC in Z0 decays: 
• obtain shift in (MW,ΓW) from samples 

“with” (full BEC)- “without” (intra BEC) BEC 
between Ws. 

• MW shift: 40 MeV (std) →~24 MeV (Pcut). 

Use OPAL 1σ limit on FoM : take 0.77 of the shifts in Mw and  ΓW δMW ∼ 
35 MeV (std) →19 MeV (Pcut);  δΓW~32 MeV

BEC investigated at OPAL : No 
evidence for BEC between Ws as 
predicted by LUBOEI

model(full)-model(intra)
Data-model(intra)Determine the Fraction of the 

model: Percentage of LUBOEI 
inter-W corr. allowed by data 
(Linear in δMW from LEP studies)

BEC
 strength

OPAL FoM = 0.33±0.45
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Results for MW 

• Very good 
stability and 
agreement over 
data samples and 
channels 

standard analysispcut analysis
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W-mass extraction in W→lν

D0
D0

Sensitive to detector hadronic response 
        and to multiple-interactions etc.
Insensitive to PT,W  at Tevatron
…but residual sensitivity at LHC

Insensitive to detector hadronic response 
Need correct model for PT,W

measured

-> need to understand soft hadron production 
-> missing higher orders of QCD corrections

• MW-sensitive variables:
– Tranverse mass MT  = √(2 pT

l pTν(1- cosθ)) (mostly used)
– Transverse lepton momentum pT

– Transverse missing energy 
• Use maximum likelihood fit to data. Likelihood built from templates with 

varying W mass

MT

PT
lep
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CDF’s most precise W mass measurement

•Template fits to 6 distrib, combine with belt linear estimator including  
correl (70% between mT and pT, ~30% between pTneu  pTlep)

50
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yet unobserved Higgs boson, which is predicted by the
electroweak symmetry-breaking mechanism in the SM.
Previous measurements [1–4] yield a world average value
of MW = 80 399 ± 23 MeV [5, 6] and, in conjunction
with other electroweak data, determine the Higgs boson
mass to be MH = 89+35

−26 GeV [7]. If the Higgs boson is
observed, the comparison of its directly-measured mass
with the SM prediction will be a powerful test of the
model. An exclusion of the Higgs boson in the predicted
mass range by direct searches would decisively point to
new physics beyond the SM, for example radiative cor-
rections from supersymmetric particles to MW [8].

The production of W bosons at
√
s = 1.96 TeV at

the Fermilab Tevatron pp̄ collider is dominated by the
annihilation process q′q̄ → W + X where X is initial-
state QCD radiation. Leptonic decays of the W boson,
W → !ν! (! = e, µ), provide high-purity samples that
allow a precise measurement of MW .

In this Letter we report a measurement of MW us-
ing fits to three kinematic distributions in W → µν and
W → eν decays. This measurement uses data corre-
sponding to an integrated luminosity of 2.2 fb−1 of pp̄ col-
lisions collected by the CDF II detector between 2002 and
2007, and supersedes an earlier result obtained in a subset
of these data [3, 4]. The CDF II detector [4] is a general-
purpose apparatus designed to study pp̄ collisions at the
Tevatron. In this analysis, charged-particle trajectories
(tracks) are reconstructed and measured using a drift
chamber (COT) [9] immersed in a 1.4 T solenoidal mag-
netic field. Electromagnetic (EM) and hadronic calorime-
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Distribution W -boson mass (MeV) χ2/dof

mT (e, ν) 80 408 ± 19stat ± 18syst 52/48

p!T (e) 80 393 ± 21stat ± 19syst 60/62

pνT (e) 80 431 ± 25stat ± 22syst 71/62

mT (µ, ν) 80 379 ± 16stat ± 16syst 58/48

p!T (µ) 80 348 ± 18stat ± 18syst 54/62

pνT (µ) 80 406 ± 22stat ± 20syst 79/62

TABLE I: Fit results and uncertainties for MW . The fit win-
dows are 65 − 90 GeV for the mT fit and 32 − 48 GeV for
the p!T and pνT fits. The χ2 of the fit is computed using the
expected statistical errors on the data points.

from jets misidentified as leptons, Z → !! decays with
only one reconstrcted lepton, W → τν → !νν̄ν, pion and
kaon decays in flight (DIF), and cosmic rays. We esti-
mate jet, DIF, and cosmic ray backgrounds from the data
and Z → !! and W → τν backgrounds from simulation.
Background fractions for the muon (electron) datasets
are evaluated to be 7.35% (0.14%) from Z → !! decays,
0.88% (0.93%) fromW → τν decays, 0.04% (0.39%) from
jets, 0.24% from DIF, and 0.02% from cosmic rays.
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FIG. 3: The mT distribution for muons (top) and the p!T
distribution for electrons (bottom). The data (points) and
the best-fit simulation template (histogram) including back-
grounds (shaded) are shown. The arrows indicate the fitting
range.

The fit results (e.g., Fig. 3) are summarized in Table I.
As with the Z-boson mass measurements, theMW fit val-

Source Uncertainty (MeV)

Lepton energy scale and resolution 7

Recoil energy scale and resolution 6

Lepton removal 2

Backgrounds 3

pT (W ) model 5

Parton distributions 10

QED radiation 4

W -boson statistics 12

Total 19

TABLE II: Uncertainties for the final combined result onMW .

ues were blinded during analysis by adding another un-
known offset in the range [-75,75] MeV. The consistency
of these results confirms that the W -boson production,
decay, and the hadronic recoil are well-modeled. System-
atic uncertainties from analysis parameters are propa-
gated toMW by fitting events, generated with the param-
eter values varied by their uncertainties, with the nom-
inal templates. The statistical correlations between fits
are evaluated with simulated experiments and are found
to be 69% (68%) between mT and p!T (pνT ) fit values, and
28% between p!T and pνT fit values. We perform a numeri-
cal combination of the six individually fitted MW values,
including correlations, using the BLUE [22] method and
obtain MW = 80 387 ± 19 MeV, with χ2/dof = 6.6/5.
The mT , p!T and pνT fits in the electron (muon) channel
contribute weights of 17.5% (35.5%), 13.8% (17.3%), and
7.1% (8.8%), respectively. The systematic uncertainties
for the combined result are shown in Table II.

In conclusion, we report a new measurement of the
W -boson mass with the CDF II detector at the Fer-
milab Tevatron using data corresponding to 2.2 fb−1

of integrated luminosity. The measured value MW =
80 387± 12stat ± 15syst = 80 387± 19 MeV is more pre-
cise than all previous measurements of MW combined.
The world average [5] becomes MW = 80 390± 16 MeV.
This result has a significant impact on the global elec-
troweak fit [7]; the limit on the fitted mass of the SM
Higgs boson has been reduced from MH < 158 GeV to
MH < 145 GeV at the 95% C.L.
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ters provide shower energy measurements as well as po-
sition measurements via wire chambers embedded at the
EM shower maximum. Surrounding the calorimeters,
drift chambers [10] identify muon candidates. Events
are selected online if they have a muon (electron) with
pT > 18 GeV (ET > 18 GeV) [6].
Offline we select muon candidates defined by a COT

track having pT > 30 GeV and associated with a
minimum-ionizing energy deposition in the calorimeter
and matching hits in the muon chambers. Cosmic rays
are rejected with high efficiency using COT hit tim-
ing [11]. Electron candidates are required to have a COT
track with pT > 18 GeV and an EM calorimeter cluster
with ET > 30 GeV and must pass quality requirements
on the COT track and the track-cluster matching. Addi-
tionally, they must satisfy requirements on the following
quantities: pseudorapidity (|η| < 1) [6], the ratio of clus-
ter energy to track momentum (E/p < 1.6), the ratio
of energies detected in the hadronic and EM calorime-
ters (EHad/EEM < 0.1), and a χ2-based difference be-
tween the expected and observed transverse shower pro-
files [4, 12]. We impose calorimeter fiduciality require-
ments on electron candidates to ensure uniformity of re-
sponse. When selecting the W -boson candidate sam-
ple, we suppress the Z-boson background by rejecting
events with a second lepton. Events composing control
samples of Z-boson candidates are required to have two
oppositely-charged leptons satisfying the above criteria
and an invariant mass (m!!) between 66 and 116 GeV
and vector-summed pT (p!!T ) less than 30 GeV.
We define the hadronic recoil #u = ΣiEi sin(θi)n̂i, where

the sum is performed over calorimeter towers [13], with
energy Ei, polar angle θi, and transverse directions spec-
ified by unit vectors n̂i. The sum excludes towers that
contain energy deposition from the charged lepton(s).
From #pT conservation, the transverse momentum of the
neutrino is inferred as #p ν

T ≡ −#p !
T − #u, where #p !

T is the
vector pT (ET ) of the muon (electron). We calculate the
W -boson transverse mass as

mT =
√

2 ( p!T pνT − #p !
T · #p ν

T ). (1)

To obtain high-purity samples of W bosons, we require
30 < p!T < 55 GeV, 30 < pνT < 55 GeV, |#u| < 15 GeV,
and 60 < mT < 100 GeV. The final samples consist of
470 126 (16 134) W → eν (Z → ee) candidates and
624 708 (59 738) W → µν (Z → µµ) candidates.
Measurements of MW are extracted by performing

binned maximum likelihood fits to the observed distri-
butions of mT , p!T , and pνT using simulated line-shapes
(“templates”) as a function of MW . A custom Monte
Carlo simulation is used to generate templates between
80 GeV and 81 GeV. The simulation includes a boson
production and decay model, and a detailed model of
detector response. The kinematics of W and Z bo-
son production and decay are modeled using the res-

bos [14] generator. Using the Z-boson data, we tune the
non-perturbative form factor in resbos, which describes
the boson pT spectrum at low pT (∼5 GeV), and αs,

which describes the boson pT spectrum at intermediate
pT (∼15 GeV). The radiation of multiple final-state pho-
tons is modeled with photos [15]. The photos QED
model was checked with horace [16], which in addi-
tion to a leading-logarithm calculation of multiple initial-
and final-state photons, also performs an exact O(α)
calculation. We use the CTEQ6.6 [17] parton distribu-
tion functions (PDFs) of the (anti)proton and verify that
the MSTW2008 [18] PDFs give consistent results. The
CTEQ6.6 and MSTW2008 PDFs yield similar estimates
of the MW uncertainty. We quote the 68% confidence
level (C.L.) uncertainty from the MSTW2008 ensemble
of PDFs as a systematic uncertainty on MW .
The charged-lepton track is simulated using a detailed

model of the passive material in the tracking volume
and of individual position measurements in the COT.
We use a highly granular lookup table to model ioniza-
tion and radiative energy loss, multiple Coulomb scat-
tering, and Compton scattering in the tracking volume.
The simulation generates and propagates bremsstrahlung
photons and conversion electrons to the calorimeter and
includes Landau-Pomeranchuk-Migdal [19] suppression
for soft photon emission. Muon tracks from Υ,W , and
Z-boson decays are used to determine the COT posi-
tion measurement resolution (≈150 µm), which is imple-
mented in the simulation as a function of radius. A helix
fit (with beam constraint for promptly-produced tracks)
is performed to simulate the reconstructed track.
A high-purity sample of cosmic ray muons collected

concurrently with the collider data is used to perform a
precise alignment of the COT. The trajectory of each cos-
mic ray muon is fitted to a single helix through the entire
COT. This fit provides a robust reference for the inter-
nal alignment of sense wires, including gravitational and
electrostatic displacements, resulting in a 2-5 µm preci-
sion in relative wire positions. We remove the remaining
weakly-constrained modes of COT deformation, based on
the observed difference of 〈E/p〉 between positrons and
electrons from W -boson decays.
We calibrate the tracker momentum scale using J/ψ →

µµ andΥ(1S) → µµ samples, by performing a maximum-
likelihood fit of the data to simulated invariant mass tem-
plates generated using the known mass values of these
mesons [20]. The momentum scale is calibrated after
alignment and energy loss corrections are derived from
the J/ψ sample. Nonuniformities in the tracker mag-
netic field are corrected by measuring the dependence of
the J/ψ mass on the mean polar angle of the muons. The
dependence of the momentum scale on the difference of
the muon polar angles is used to calibrate the polar angle
measurement and the residual bias in track curvature as
a function of polar angle. A 4% correction to the ioniza-
tion energy loss is applied to eliminate the dependence
of the momentum scale on 〈1/pT 〉 of the muons.
After finalizing this calibration, we perform a mea-

surement of the Z-boson mass in the dimuon channel
(see Fig. 1), initially blinded with an additive offset ran-
domly selected from a flat distribution in the range [-
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Distribution W -boson mass (MeV) χ2/dof

mT (e, ν) 80 408 ± 19stat ± 18syst 52/48

p!T (e) 80 393 ± 21stat ± 19syst 60/62

pνT (e) 80 431 ± 25stat ± 22syst 71/62

mT (µ, ν) 80 379 ± 16stat ± 16syst 58/48

p!T (µ) 80 348 ± 18stat ± 18syst 54/62

pνT (µ) 80 406 ± 22stat ± 20syst 79/62

TABLE I: Fit results and uncertainties for MW . The fit win-
dows are 65 − 90 GeV for the mT fit and 32 − 48 GeV for
the p!T and pνT fits. The χ2 of the fit is computed using the
expected statistical errors on the data points.

from jets misidentified as leptons, Z → !! decays with
only one reconstrcted lepton, W → τν → !νν̄ν, pion and
kaon decays in flight (DIF), and cosmic rays. We esti-
mate jet, DIF, and cosmic ray backgrounds from the data
and Z → !! and W → τν backgrounds from simulation.
Background fractions for the muon (electron) datasets
are evaluated to be 7.35% (0.14%) from Z → !! decays,
0.88% (0.93%) fromW → τν decays, 0.04% (0.39%) from
jets, 0.24% from DIF, and 0.02% from cosmic rays.
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FIG. 3: The mT distribution for muons (top) and the p!T
distribution for electrons (bottom). The data (points) and
the best-fit simulation template (histogram) including back-
grounds (shaded) are shown. The arrows indicate the fitting
range.

The fit results (e.g., Fig. 3) are summarized in Table I.
As with the Z-boson mass measurements, theMW fit val-

Source Uncertainty (MeV)

Lepton energy scale and resolution 7

Recoil energy scale and resolution 6

Lepton removal 2

Backgrounds 3

pT (W ) model 5

Parton distributions 10

QED radiation 4

W -boson statistics 12

Total 19

TABLE II: Uncertainties for the final combined result onMW .

ues were blinded during analysis by adding another un-
known offset in the range [-75,75] MeV. The consistency
of these results confirms that the W -boson production,
decay, and the hadronic recoil are well-modeled. System-
atic uncertainties from analysis parameters are propa-
gated toMW by fitting events, generated with the param-
eter values varied by their uncertainties, with the nom-
inal templates. The statistical correlations between fits
are evaluated with simulated experiments and are found
to be 69% (68%) between mT and p!T (pνT ) fit values, and
28% between p!T and pνT fit values. We perform a numeri-
cal combination of the six individually fitted MW values,
including correlations, using the BLUE [22] method and
obtain MW = 80 387 ± 19 MeV, with χ2/dof = 6.6/5.
The mT , p!T and pνT fits in the electron (muon) channel
contribute weights of 17.5% (35.5%), 13.8% (17.3%), and
7.1% (8.8%), respectively. The systematic uncertainties
for the combined result are shown in Table II.

In conclusion, we report a new measurement of the
W -boson mass with the CDF II detector at the Fer-
milab Tevatron using data corresponding to 2.2 fb−1

of integrated luminosity. The measured value MW =
80 387± 12stat ± 15syst = 80 387± 19 MeV is more pre-
cise than all previous measurements of MW combined.
The world average [5] becomes MW = 80 390± 16 MeV.
This result has a significant impact on the global elec-
troweak fit [7]; the limit on the fitted mass of the SM
Higgs boson has been reduced from MH < 158 GeV to
MH < 145 GeV at the 95% C.L.
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TABLE I: Fit results and uncertainties for MW . The fit win-
dows are 65 − 90 GeV for the mT fit and 32 − 48 GeV for
the p!T and pνT fits. The χ2 of the fit is computed using the
expected statistical errors on the data points.

from jets misidentified as leptons, Z → !! decays with
only one reconstrcted lepton, W → τν → !νν̄ν, pion and
kaon decays in flight (DIF), and cosmic rays. We esti-
mate jet, DIF, and cosmic ray backgrounds from the data
and Z → !! and W → τν backgrounds from simulation.
Background fractions for the muon (electron) datasets
are evaluated to be 7.35% (0.14%) from Z → !! decays,
0.88% (0.93%) fromW → τν decays, 0.04% (0.39%) from
jets, 0.24% from DIF, and 0.02% from cosmic rays.
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FIG. 3: The mT distribution for muons (top) and the p!T
distribution for electrons (bottom). The data (points) and
the best-fit simulation template (histogram) including back-
grounds (shaded) are shown. The arrows indicate the fitting
range.

The fit results (e.g., Fig. 3) are summarized in Table I.
As with the Z-boson mass measurements, theMW fit val-
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Lepton energy scale and resolution 7

Recoil energy scale and resolution 6

Lepton removal 2

Backgrounds 3

pT (W ) model 5

Parton distributions 10

QED radiation 4

W -boson statistics 12

Total 19

TABLE II: Uncertainties for the final combined result onMW .

ues were blinded during analysis by adding another un-
known offset in the range [-75,75] MeV. The consistency
of these results confirms that the W -boson production,
decay, and the hadronic recoil are well-modeled. System-
atic uncertainties from analysis parameters are propa-
gated toMW by fitting events, generated with the param-
eter values varied by their uncertainties, with the nom-
inal templates. The statistical correlations between fits
are evaluated with simulated experiments and are found
to be 69% (68%) between mT and p!T (pνT ) fit values, and
28% between p!T and pνT fit values. We perform a numeri-
cal combination of the six individually fitted MW values,
including correlations, using the BLUE [22] method and
obtain MW = 80 387 ± 19 MeV, with χ2/dof = 6.6/5.
The mT , p!T and pνT fits in the electron (muon) channel
contribute weights of 17.5% (35.5%), 13.8% (17.3%), and
7.1% (8.8%), respectively. The systematic uncertainties
for the combined result are shown in Table II.

In conclusion, we report a new measurement of the
W -boson mass with the CDF II detector at the Fer-
milab Tevatron using data corresponding to 2.2 fb−1

of integrated luminosity. The measured value MW =
80 387± 12stat ± 15syst = 80 387± 19 MeV is more pre-
cise than all previous measurements of MW combined.
The world average [5] becomes MW = 80 390± 16 MeV.
This result has a significant impact on the global elec-
troweak fit [7]; the limit on the fitted mass of the SM
Higgs boson has been reduced from MH < 158 GeV to
MH < 145 GeV at the 95% C.L.
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FIG. 3: The mT distribution for muons (top) and the p!T
distribution for electrons (bottom). The data (points) and
the best-fit simulation template (histogram) including back-
grounds (shaded) are shown. The arrows indicate the fitting
range.

The fit results (e.g., Fig. 3) are summarized in Table I.
As with the Z-boson mass measurements, theMW fit val-

Source Uncertainty (MeV)

Lepton energy scale and resolution 7

Recoil energy scale and resolution 6

Lepton removal 2

Backgrounds 3

pT (W ) model 5

Parton distributions 10

QED radiation 4

W -boson statistics 12

Total 19

TABLE II: Uncertainties for the final combined result onMW .

ues were blinded during analysis by adding another un-
known offset in the range [-75,75] MeV. The consistency
of these results confirms that the W -boson production,
decay, and the hadronic recoil are well-modeled. System-
atic uncertainties from analysis parameters are propa-
gated toMW by fitting events, generated with the param-
eter values varied by their uncertainties, with the nom-
inal templates. The statistical correlations between fits
are evaluated with simulated experiments and are found
to be 69% (68%) between mT and p!T (pνT ) fit values, and
28% between p!T and pνT fit values. We perform a numeri-
cal combination of the six individually fitted MW values,
including correlations, using the BLUE [22] method and
obtain MW = 80 387 ± 19 MeV, with χ2/dof = 6.6/5.
The mT , p!T and pνT fits in the electron (muon) channel
contribute weights of 17.5% (35.5%), 13.8% (17.3%), and
7.1% (8.8%), respectively. The systematic uncertainties
for the combined result are shown in Table II.

In conclusion, we report a new measurement of the
W -boson mass with the CDF II detector at the Fer-
milab Tevatron using data corresponding to 2.2 fb−1

of integrated luminosity. The measured value MW =
80 387± 12stat ± 15syst = 80 387± 19 MeV is more pre-
cise than all previous measurements of MW combined.
The world average [5] becomes MW = 80 390± 16 MeV.
This result has a significant impact on the global elec-
troweak fit [7]; the limit on the fitted mass of the SM
Higgs boson has been reduced from MH < 158 GeV to
MH < 145 GeV at the 95% C.L.
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Top signatures
•High PT jets
•b-jets
•1 to 2 high PT leptons
•Missing energy

bkgs_tt: W/Z(+jets), single 
top, QCD, Di-bosons
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Event reconstruction in qqqq channel 
(cont)

  Assign jets to Ws with different algorithms

• Reweighting  and Breit Wigner: choose one assignment 
with
– CC03 matrix element  and multivariate discriminant 

(RW)
– Kinematic fit probability for 4j , multivariate 

discriminant for 5j (BW)

• Convolution : use all assignment. Neural Network to 
give weight to each assignment
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Event reconstruction in qqqq channel 
(cont)

  Assign jets to Ws with different algorithms

• Reweighting  and Breit Wigner: 
choose one assignment with
– CC03 matrix element  and 

multivariate discriminant (RW)
– Kinematic fit probability for 4j , 

multivariate discriminant for 5j 
(BW)

• Convolution : use all assignment. 
Neural Network to give weight to 
each assignment
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RW
• Rec. 5 jets: 4C fit+ merge 2 

“closest” jets (JADE) : 4jets 
→reduce combinatorial bkg

• Choose comb. with

• highest 
CC03 
Matrix El

• If sum of 
di-jet 
angles is 
smallest, 
choose 
second- 
highest ME 
comb

Standard pcut

• Highest lkl 
discr value

 - CC03 Matrix 
El,

 -4C mass diff. 
- sum of di-jet 

angles

Assign jets 
to Ws 
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