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Spontaneous Sym
m

etry B
reaking 

●
2008 N

obel Prize in Physics 

"for the discovery of the m
echanism

 of spontaneously broken sym
m

etry 
in subatom

ic physics"

●
Experim

entally, jury is still out on H
iggs m

echanism
 of Electrow

eak 
Sym

m
etry B

reaking in the Standard M
odel of Particle Physics

Yoichiro N
am

bu



O
utline 

●
Im

portance of precision electrow
eak observables in the gauge and H

iggs 
sectors of the Standard M

odel

●
C

urrent and future m
easurem

ents of the W
 boson m

ass at the Tevatron

●
W

 boson m
ass m

easurem
ent at the LH

C
–

potential for high precision
–

issues to address

●
Sum

m
ary

Peter H
iggs



●
The electrow

eak gauge sector of the standard m
odel is 

constrained by three precisely know
n param

eters

–
α

EM  (M
Z ) = 1 / 127.918(18)

–
G

F  = 1.16637 (1) x 10
-5 G

eV
-2

–
M

Z  = 91.1876 (21) G
eV

●
A

t tree-level, these param
eters are related to M

W
 by

–
M

W
2 = πα

EM  / √2G
F sin

2ϑ
W

 

●
W

here ϑ
W

 is the w
eak m

ixing angle, defined by (in the on-
shell schem

e)
          cos ϑ

W
 = M

W
/M

Z  

M
otivation



●
R

adiative corrections due to heavy quark and H
iggs loops and exotica

M
otivation

M
otivate the introduction of the ρ param

eter:  M
W

2 = ρ
 [M

W
(tree)] 2

w
ith the predictions (ρ -

1) ~
 M

top 2  and (ρ -
1) ~

 ln M
H

●
In conjunction w

ith M
top , the W

 boson m
ass constrains the m

ass of the 
H

iggs boson, and possibly new
 particles beyond the standard m

odel



Progress on M
top at the Tevatron

●
From

 the Tevatron, δM
top  = 1.3 G

eV
 => δM

H
 / M

H
 = 11%

●
equivalent δM

W
 = 8 M

eV
 for the sam

e H
iggs m

ass constraint
●

C
urrent w

orld average δM
W

 = 23 M
eV

–
progress on δM

W
 now

 has the biggest im
pact on H

iggs constraint!



U
ncertainty from

 α
EM (M

Z )

●
δα

EM  dom
inated by uncertainty from

 non-perturbative contributions: 
hadronic loops in photon propagator at low

 Q
2 

●
equivalent δM

W
 ≈

 4 M
eV

 for the sam
e H

iggs m
ass constraint

–
W

as equivalent δM
W

 ≈
 15 M

eV
 a decade ago !

Line thickness 
due to δα

EM



C
ontributions from

 Supersym
m

etric Particles

●
R

adiative correction depends on m
ass splitting betw

een squarks in SU
(2) 

doublet
●

A
fter folding in lim

its on SU
SY

 particles from
 direct searches, SU

SY
 loops 

can contribute 100-200 M
eV

 to M
W

●
R

atio of squark m
asses > 2.5 already disfavored by precision electrow

eak 
m

easurem
ents

(or any other m
odel of new

 physics w
ith calculable radiative corrections)



U
pdated M

W
 vs M

top
M

W
 vs M

top

H
ow

 w
ill this plot change after (if) LH

C
 observes 

(I) the H
iggs        (ii) one or m

ore SU
SY

 particles      (iii) som
ething else  ? 



U
pdated M

W
 vs M

top
M

W
 vs M

top

H
iggs discovery w

ith a large H
iggs m

ass (m
easured w

ith say 25%
 precision) 

w
ould create an interesting landscape



C
urrent H

iggs C
onstraint from

 SM
 Electrow

eak Fit

● C
an the χ

2 parabola in ln M
H  be narrow

ed? 
● W

here w
ill it m

inim
ize in the future?

● C
an Tevatron exclude the H

iggs in the preferred (M
H <200 G

eV
) range?

● W
ill LH

C
 see the (SM

 or non-SM
) H

iggs inside or outside the preferred m
ass

  range?  



● Tevatron sensitivity w
ithin factor of 2 of standard m

odel for M
H  < 185 G

eV
● D

oubling of dataset (10 fb
-1 per experim

ent) quite likely by 2011
● A

nalysis im
provem

ents have contributed as m
uch as lum

inosity increases
● M

ore analysis im
provem

ents being developed

C
urrent Tevatron SM

 H
iggs Lim

its



●
SM

 H
iggs fit: M

H  = 83
+30-23  G

eV
 (gfitter.desy.de)

●
LEPII direct searches: M

H  > 114.4 G
eV

 @
 95%

 C
L (PLB

 565, 61)

M
otivation IIIn addition to the H

iggs, 
is there another m

issing piece 
in this puzzle?

( A
FB

b vs A
LR : 3.2σ

 )

M
ust continue im

proving
precision of M

W
 , M

top ...

other precision m
easurem

ents
constrain H

iggs, equivalent
 to δM

W  ~ 15 M
eV

M
otivate direct m

easurem
ent of M

W
 at the 15 M

eV
 level and better



●
SM

 H
iggs fit: M

H  = 83
+30-23  G

eV
 (gfitter.desy.de)

●
LEPII direct searches: M

H  > 114.4 G
eV

 @
 95%

 C
L (PLB

 565, 61)

M
otivation II

?
M

W
G

F

Sin
2θ

W

M
top

M
Z

In addition to the H
iggs, 

is there another m
issing piece 

in this puzzle?

( A
FB

b vs A
LR : 3.2σ

 )

M
ust continue im

proving
precision of M

W
 , M

top ...

other precision m
easurem

ents
constrain H

iggs, equivalent
 to δM

W  ~ 15 M
eV

M
otivate direct m

easurem
ent of M

W
 at the 15 M

eV
 level and better

νN



●
Separate fits for M

H  using only leptonic and only hadronic 
m

easurem
ents of asym

m
etries: m

arginal difference in preferred H
iggs 

m
ass  (from

 M
. C

hanow
itz, February 2007 Sem

inar, Ferm
ilab)

M
otivation II

Possible explanations:
Statistical fluctuation

 
System

atic experim
ental bias

N
ew

 physics contributions:

M
SSM

   
  

    A
ltarelli et. al.

4
th fam

ily  
    O

kun et. al.
O

paque branes      C
arena et. al.

      To raise M
H  prediction of leptonic

      asym
m

etries

      N
ew

 physics in b-quark asym
m

etry
      requires large m

odification to 
Zbb vertex

    



●
G

eneric param
eterization of new

 physics contributing to W
 and Z 

boson self-energies: S, T, U
 param

eters
–

D
oes not param

eterize new
 physics in boson-ferm

ion vertices

M
otivation III

A
sym

m
etries and M

W  are the m
ost pow

erful observables in this param
eterization

(From
 PD

G
 2009)

U
=0 assum

ed



●
A

t the daw
n of the LH

C
 era, w

e don't know

–
M

echanism
 of electrow

eak sym
m

etry breaking
–

Solution to electrow
eak scale vs Planck scale hierarchy

–
…

●
If there is new

 physics, there is a large range of m
odels

●
Precision electrow

eak m
easurem

ents have provided m
uch guidance

–
B

ut som
e intriguing tension in electrow

eak fits already
●

W
ill LH

C
 discoveries decrease or increase this tension? 

●
H

igher precision on electrow
eak observables m

akes LH
C

 discoveries 
even m

ore interesting:
–

G
uide interpretation of w

hat w
e see

–
Triangulate for w

hat is not yet seen
–

M
W  has becom

e a m
ajor player, and becom

es m
ore pow

erful as 
precision keeps im

proving

M
otivational Sum

m
ary



W
 B

oson M
ass

A
nalysis Strategy



W
 B

oson Production at the Tevatron

Neutrino

Lepton
W

G
luon

Q
uark

A
ntiquark

Q
uark-antiquark annihilation

dom
inates (80%

)

Lepton p
T carries m

ost of W
 m

ass 
inform

ation, can be m
easured precisely (achieved 0.03%

)

Initial state Q
C

D
 radiation is O

(10 G
eV

), m
easure as soft 'hadronic recoil' in

calorim
eter (calibrated to ~1%

)
Pollutes W

 m
ass inform

ation, fortunately p
T (W

) << M
W



W
 B

oson Production at the Tevatron

Initial state Q
C

D
 radiation is O

(10 G
eV

), m
easure as soft 'hadronic recoil' in

calorim
eter (calibrated to ~1%

)
Pollutes W

 m
ass inform

ation, fortunately p
T (W

) << M
W



 Q
uadrant of C

ollider D
etector at Ferm

ilab (C
D

F)

. η = 1

C
entral electrom

agnetic calorim
eter

C
entral hadronic calorim

eter

Select W
 and Z bosons w

ith central ( | η
 | < 1 ) leptons

C
O

T provides
precise lepton 
track m

om
entum

m
easurem

ent

EM
 calorim

eter 
provides precise
electron energy
m

easurem
ent

C
alorim

eters m
easure 

hadronic recoil particles



 C
ollider D

etector at Ferm
ilab (C

D
F)

C
entral

hadronic
calorim

eter

M
uon

detector

C
entral

outer
tracker
(C

O
T)



  D
O

 D
etector

             IN
N

E
R

 
T

R
A

C
K

IN
G

  SY
ST

E
M

C
A

L
O

R
IM

E
T

R
Y

M
U

O
N

  SY
ST

E
M



W
 B

oson M
ass M

easurem
ents

(D
0 R

un II: PR
L 103:141801, 2009 )

(C
D

F R
un II: PR

L 99:151801, 2007; PR
D

 77:112001, 2008)

C
D

F: 200 pb
-1, electron

and m
uon channels

D
0: 1 fb

-1, electron
channel



Signal Sim
ulation and Tem

plate Fitting
●

A
ll signals sim

ulated using a custom
 M

onte C
arlo

–
G

enerate finely-spaced tem
plates as a function of the fit variable

–
perform

 binned m
axim

um
-likelihood fits to the data

●
C

ustom
 fast M

onte C
arlo m

akes sm
ooth, high statistics tem

plates
–

A
nd provides analysis control over key com

ponents of the sim
ulation  

M
W

 = 80 G
eV

M
W

 = 81 G
eV

M
onte C

arlo tem
plate

●
C

D
F and D

0 extract the W
 m

ass from
 three kinem

atic distributions: Transverse 
m

ass, charged lepton p
T  and neutrino p

T







O
utline of C

D
F A

nalysis
Energy scale m

easurem
ents drive the W

 m
ass m

easurem
ent

●
Tracker C

alibration
–

alignm
ent of the central drift cham

ber  (C
O

T w
ith ~2400 cells) using 

cosm
ic rays

–
C

O
T m

om
entum

 scale and tracker non-linearity constrained using            
J/ψ

      μμ  and Υ
      μμ m

ass fits

●
C

onfirm
ed  using Z       μμ m

ass fit

●
EM

 C
alorim

eter C
alibration

–
 C

O
T m

om
entum

 scale transferred to EM
 calorim

eter using a fit to the peak 
of the E/p spectrum

, around E/p ~ 1

–
C

alorim
eter energy scale confirm

ed using  Z       ee m
ass fit

●
Tracker and EM

 C
alorim

eter resolutions
●

H
adronic recoil m

odelling
–

C
haracterized using p

T -balance in  Z       ll events



Internal A
lignm

ent of C
O

T
●

U
se a clean sam

ple of ~200k cosm
ic rays for cell-by-cell internal 

alignm
ent

●
Fit C

O
T hits on both 

sides sim
ultaneously 

to a single helix (A
K

, 
H

. G
erberich and C

. H
ays, 

N
IM

A
 506, 110 (2003))

–
Tim

e of incidence is a 
floated param

eter

●
Sam

e technique being 
used on ATLA

S and 
C

M
S



R
esiduals of C

O
T cells after alignm

ent

Final relative alignm
ent of cells ~5 µm

 (initial alignm
ent ~50 µm

)

Residual (microns)

C
ell num

ber (φ)

C
ell num

ber (φ)

B
efore alignm

ent

after alignm
ent

C
D

FII



C
ross-check of C

O
T alignm

ent
●

Final cross-check and correction to track curvature based on 
difference of <E/p> for positrons vs electrons (red points)

●
Sm

ooth ad-hoc curvature corrections applied => δM
W

 = 6 M
eV

●
System

atic effects also relevant for LH
C

 trackers
C

D
FII                                L = 200 pb

-1



Signal Sim
ulation and Fitting



M
onte C

arlo D
etector Sim

ulation
●

A
 com

plete detector sim
ulation of all quantities m

easured in the data
●

First-principles sim
ulation of tracking

–
 Tracks and photons propagated through detector geom

etry

–
A

t each m
aterial interaction, calculate

●
Ionization energy loss according to com

plete B
ethe-B

loch form
ula

●
G

enerate brem
sstrahlung photons dow

n to 4 M
eV, using detailed cross 

section and spectrum
 calculations

●
Sim

ulate photon conversion and com
pton scattering

●
Propagate brem

sstrahlung photons and conversion electrons 

●
Sim

ulate m
ultiple C

oulom
b scattering, including non-G

aussian tail

–
D

eposit and sm
ear hits on C

O
T w

ires, perform
 full helix fit including 

optional beam
-constraint  

e
-

e
-

e
+

Calorim
eter

e
-





Tracking M
om

entum
 C

alibration
●

Set using J/Ψ
      μμ  and Υ

      μμ resonances
–

C
onsistent w

ithin total uncertainties

●
U

se J/Ψ
 to study and calibrate non-linear response of tracker

●
System

atics-dom
inated, im

proved detector m
odelling required

<1/p
T (µ)> (G

eV
-1)

Δp/p
J/Ψ

 m
ass independent of p

T (μ)

 Υ
      μμ

 m
ass fit

D
ata

Sim
ulation



Electrom
agnetic C

alorim
eter C

alibration

●
E/p peak from

 W
      eν decays provides EM

 calorim
eter calibration 

relative to the tracker

–
C

alibration perform
ed in bins of electron energy

D
ata

Sim
ulation

E
C

A
L  / p

track

Tail region of E/p spectrum
used for tuning m

odel of
radiative m

aterial



Z     ll M
ass C

ross-checks

●
Z boson m

ass fits consistent w
ith tracking and E/p-based calibrations

M
(ee) (G

eV
) D

ata
Sim

ulation

M
(μμ) (G

eV
)

D
ata

Sim
ulation

C
D

F II                L ~ 200/pb

Events / 0.5 GeV

Events / 0.5 GeV



  W
 Transverse M

ass Fits

M
uons

D
ata

Sim
ulation



  W
 Lepton p

T  Fits

Electrons

D
ata

Sim
ulation



Transverse M
ass Fit U

ncertainties (M
eV

)

electrons
  common

W
 statistics

48
54

0
Lepton energy scale

30
17

17
Lepton resolution

9
3

-3
Recoil energy scale

9
9

9
Recoil energy resolution

7
7

7
Selection bias

3
1

0
Lepton removal

8
5

5
Backgrounds

8
9

0
production dynamics

3
3

3
11

11
11

QED rad. Corrections
11

12
11

Total system
atic

39
27

26
Total   

62
60

 muons

Parton dist. Functions

System
atic uncertainties show

n in green: statistics-lim
ited by control data sam

ples 

W
 charge 

asym
m

etry
from

 Tevatron
helps w

ith PD
Fs (C

D
F, PR

L 99:151801, 2007; Phys. R
ev. D

 77:112001, 2008)



Im
provem

ent of M
W

 U
ncertainty w

ith Sam
ple Statistics

N
ext target: 15-20 M

eV
 m

easurem
ent of M

W  from
 the Tevatron



Prelim
inary Studies of 2.3 fb

-1 D
ata from

 C
D

F

C
D

F has started the analysis of 2.3 fb
-1 of data, w

ith the goal of m
easuring

M
W

 w
ith precision better than 25 M

eV

Lepton resolutions as good as they w
ere in 200 pb

-1 sam
ple

J/Ψ
      µ

µ
Υ

      µ
µ



Prelim
inary Studies of 2.3 fb

-1 D
ata

Statistical errors on all lepton
calibration fits have scaled w

ith
 statistics

D
etector and data quality

m
aintained over tim

e

detailed calibrations in progress

W
 →

 eν

Z
 →

 ee

Z
 →

 µ
µ



Prelim
inary Studies of 2.3 fb

-1 D
ata

R
ecoil resolution not 

significantly degraded
at higher instantaneous
lum

inosity

W
->eν

statistical errors on transverse 
m

ass fits are scaling w
ith 

statistics
W

->μ
ν



M
W  M

easurem
ent at LH

C
●

Very high statistics sam
ples of W

 and Z bosons

–
10 fb

-1 at 14 TeV: 40 m
illion W

 boson and 4 m
illion Z boson 

candidates per decay channel per experim
ent

●
Statistical uncertainty on W

 m
ass fit ~ 2 M

eV

●
C

alibrating lepton energy response using the Z →
 ll m

ass resonance, 
best-case scenario of statistical lim

it ~ 5 M
eV

 precision on calibrations

●
C

alibration of the hadronic calorim
eter based on transverse m

om
entum 

balance in Z →
 ll events also ~ 2 M

eV
 statistical lim

it

●
Total uncertainty on M

W  ~ 5 M
eV

 if Z →
 ll data can m

easure all the W
 

boson system
atics



M
W  M

easurem
ent at LH

C
●

C
an the Z →

 ll data constrain all the relevant W
 boson system

atics? 

●
Production and decay dynam

ics are slightly different

–
D

ifferent quark parton distribution functions
–

N
on-perturbative (e.g. charm

 m
ass effects in cs →

 W
) effects

–
Q

C
D

 effects on polarization of W
 vs Z affects decay kinem

atics

●
Lepton energies different by ~10%

 in W
 vs Z events

●
Presence of second lepton influences the Z boson event relative to W

●
R

econstructed kinem
atic quantity different (invariant vs transverse m

ass)
●

Subtle differences in Q
ED

 radiative corrections
●

.......
●

....... (A
.V. K

otw
al and J. S

tark,  A
nn. R

ev. N
ucl. P

art. S
ci., vol. 58, N

ov 2008)



M
W  M

easurem
ent at LH

C
●

C
an the Z →

 ll data constrain all the relevant W
 boson system

atics? 

●
C

an w
e add other constraints from

 other m
ass resonances and tracking 

detectors ?

●
W

ith every increase in statistics of the data sam
ples, w

e clim
b a new 

learning curve on the system
atic effects

–
Im

proved calculations of Q
ED

 radiative corrections available
–

B
etter understanding of parton distributions from

 global fitting 
groups (C

TEQ
, M

STW
, G

iele et al)

●
large sam

ple statistics at the LH
C

 im
ply the potential is there for 5-10 

M
eV

 precision on M
W



Sum
m

ary
●

The W
 boson m

ass is a very interesting param
eter to m

easure w
ith 

increasing precision

●
C

D
F R

un 2 W
 m

ass result w
ith 200 pb

-1 data:

–
M

W
 = 80413 ± 48 M

eV

●
D

0 R
un 2 W

 m
ass result w

ith 1 fb
-1 data:

–
M

W
 = 80401 ± 43 M

eV

●
M

ost system
atics lim

ited by statistics of control sam
ples

–
C

D
F and D

0 are both w
orking on δM

W
 < 25 M

eV
 m

easurem
ents 

from
 ~ 2 fb

-1 (C
D

F) and ~ 4 fb
-1 (D

0)

●
Learning as w

e go: Tevatron →
 LH

C
 m

ay produce δM
W

 ~ 5-10 M
eV



U
pdated M

W
 vs M

top
A

 possible Future Scenario

H
iggs discovery w

ith a large H
iggs m

ass  

δM
W  = 10 M

eV
δm

top  = 0.5 G
eV


