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A Brief History of Quarks

• By the 1960’s, many 
particles had been 
discovered

• In 1964, Gell-Mann and 
Zweig put forward the 
concept of quarks – 3 
quarks, with fractional 
charges: u, d and s

• Quarks more of a 
mathematical entity than 
actual physical objects



ØIn 1968-69 experiments at SLAC, showed that when electrons 
scattered off protons, they behaved as if bouncing off small hard cores.

ØBjorken and Feynman analyzed this in terms of constituents inside 
protons – evidence of quarks
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Ø After the discovery of quarks, belief was that particles could be 
constructed  out of the 3 quarks

and s

Ø However, this led to a theoretical problem:
following transitions were allowed

ØHowever, experimentally, 

ØProposal by Glashow, Iliopoulos, Maiani saved the day!!
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Ø In 1964, Bjorken and Glashow had proposed the existence of a 
fourth quark

Ø In 1970, the GIM mechanism recognized the importance of the 
fourth quark, and used it to explain the          puzzle

ØThe four quarks can be arranged as,

Ø The decay,                      , can be written as a sum of   
2 terms, which cancel
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November Revolution

ØIn Nov. 1974, experiments at BNL/SLAC, 
(simultaneously) found the same particle!!
ØBNL experiment led by Sam Ting:

Ø SLAC experiment led by Burt Richter:

−+→→ eeXpp

)particlesotherand(−+−+ →→ µµXee
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ØX explained to be a bound state of charm and anti-charm quarks
called J/Psi - (only particle to have two names!)

Ø Imagine a Hydrogen atom, and replace the proton and electron                
by charm and anti-charm

ØCharm quark turned out to be the same as one 
proposed by the GIM mechanism

ØNow everyone believed in quarks



Ø In 1979, the fifth quark, bottom, was discovered at Fermilab, in

ØIn 1995, the sixth quark, top, was discovered at Fermilab in

−+→→ µµXpp

hadronsttpp →→

Heavier cousin of the J/Psi

175x mass of a proton!!

Existed freely in the early
Universe



Disclaimer:

I have completely skipped other “revolutions” in Particle Physics

Ø The unification of Electro-magnetic and Weak forces:
Weinberg-Glashow-Salam model

Ø The emergence of the “Standard Model” to explain the Electro-Weak
and Strong force (latter by Quantum Chromo Dynamics)

Ø Have not even talked about leptons, i.e.,                

Ø Only talking about Weak Interactions

νµ,,e



ØThe six quarks are arranged as,

ØA 3x3 matrix known as the Cabibbo-Kabayashi-Maskawa   (1974)  
matrix describes the Weak Interactions in the six quark case
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 are there more?

don’t know!!

Most particles can 
be explained in 
terms of quarks



Ø Elements decrease as we go away from the diagonal

Ø If there are three generations,  CKM matrix is unitary, i.e., 

Ø One way to check for unitarity is to measure each element
precisely

1=+VV
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These constants cannot be
calculated and have to be
measured experimentally

1≈

004.0≈

04.0≈



Ø If matrix is unitary one can write the following expression,

(one can do this for any two rows/columns)

Ø This can also be expressed as a triangle

0=++ ∗∗∗
tbtdcbcdubud VVVVVV

α

βγ

ubV tdV
Is the triangle
closed?



Schubert – LeptonPhoton’03Getting there…



tdV describes the tdW vertex

Large mixing implied a
heavy top quark

Top quark mass was inferred
before it was discovered in
1995!!

Particle-Antiparticle Mixing

Virtual particles

Not well measured – error is 16%



BB Mixing:

An initially pure        can oscillate into          :      0B 0B
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Physical states

ØWe produce a or a 

ØSince      /       mix, the physical states are linear combinations

0B 0B 0, Bdbbbpp ⇒+→
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Propagation of physical states



Ø The probability an initial       remains a       or becomes a  ,

Ø Measure difference between mixed and unmixed states:
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1ps.))syst(022.0)stat.(017.0512.0( −±±=∆ hdm ICHEP2000

No. of mixed =
No. of unmixed



HFAG – 7/2003: 
1ps)006.0502.0( −±=∆ hdm



Ø mixing is characterized by dm∆00
dd BB

Ø ),(...
6

2222
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Wttbtd
BBBBF

d mmfVV
BfmG

m ddd

π

η
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Ø )35223(2 ±=
dd BB Bf MeV – from theory

Ø 310)5.04.12.9(. −±±=tbtd VV

Ø Even though          is known to 1%
is known to 16%

dm∆

tdV

1≈

between 
0 and 1

describes structure of meson



ννπ ++ →K

−+→ µµLK

(flip ) ντµ ,,,e

Box diagram is used to describe other phenomena

tdV plays a key role in these decays

low statistics

long distance effects
complicate things

real or virtual
LK
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if we replace d with s, then
we are talking about 

mixingssBB

Side of the Unitarity triangle (            )can also be written astdV∝

s

d
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If we can measure , significantly reduce errors on         tdVsm∆
from 17% to 5%



OK, So what am I going to do about this?



650 collaborators:
110 graduate students

85 post-docs

80 institutions, 18 countries

Approx. half the collaboration is
Non-US
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B Physics at the Tevatron

TeV96.1at150)( =≈→ sbbbpp µσ

bbbee n1)( ≈→−+σ

Pros: All B species produced: ...,B,B cs bΛ

At SLAC/KEK, 1-10 events/sec

Copious production rate

6000 such evts/sec

Cons: b-production is 1000 smaller than the total rate







Silicon Vertex Detector



All trigger components are simulated in software



Accelerator performance

132(?)3963500Bunch x-ing
(ns)

2-52.42.8Int./x-ing

2-5E328E311.6E31

1.961.961.8(TeV)

140X13336X366X6# bunches

Run IIbRun IIaRun Ib

s
12 scm −−L

Currently 12
inst scm31E43 −−−≈L

We now have ∫ −≈ 1pb215L Run IIa > 1-2000         (2005)1pb−



For mixing measurements, we need the following ingredients:

Ø Reconstruction of final states, e.g., 

ØMeasurement of (proper) decay distance

ØKnowing the flavour of the B at production and decay, i.e.,
is the B under study  a 

Ø Jet reconstruction for b-production studies

... X, J/,DB,DB (*)
SS

(*)
SS ψνµπ µ

+−+− →→

00 BorB



<10000Reconstruction       = 0.135
<7.4E4*
7.6E6
1.5E7
3.8E8

6.32E10
6.32E11No. of b quarks/evt = 2

3.16E11
No. of events in 2 Factor 1fb−

bbb µσ 158≈

1.0)( ≈→ SBbBR

)103(2)( 3(*) −+− ∗∗≈→ πSS DBBR

04.0)( =→ φπSDBR

5.0)( =→ −+ KKBR φ
%1≤trigε

ε

* Highly dependent on trigger

Where do all the events go?



Recent Results

Following results are based on the           sample (           )ψ/J 1pb115 −≈



(PDG) Average: µ5502 ±

Our result: µ)(syst29
37stat)(25495 +

−
±

Check B mass after cuts 



Our result

(PDG) Average

µ)42(syststat)(30
48357 ±+

−

µ17438±



Dominated by SB

Dominated by +/BB0



Have to correct for missing
particles, e.g., ν



ØPrevious results should have convinced you that we can measure
lifetimes and hence proper decay distances and can reconstruct final
states

Ø For mixing studies, we also need to tag the B flavour at decay and
production

Ø By choosing appropriate decays, we can get the flavour at decay:
whereas 

ØWhat about at production? 

µνµ +−→ (*)
SS DB µνµ −+→ (*)

SS DB



How do we know whether we produced a       or  a         ?
At the Tevatron, we use the following techniques:

Ø Soft-lepton tagging:
Look at semi-leptonic decay of the other B
Muon/electron charge is related to the B flavour
Pros: High correlation, Cons: Low efficiency

Ø Jet Charge Tagging:
Look at all tracks on the other side and measure charge
Pros: High efficiency, Cons: Lower correlation

Ø Same Side Tagging:
Tracks from fragmentation of b quark and B**     
Look at all tracks on the same side as the decaying B
Pros: High efficiency, Cons: Lower correlation

0B 0B





Use our        signal to study flavour tagging techniques:+B

-as yetNot doneSame 
Side

27%47%Jet 
Charge

57%5%Soft 
Muon

Figure of
Merit

(%)

Tagging 
power or
Dilution 
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EpsilonMethod

ε 2Dε
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Significance of Mixing Measurement

BS
Stm

e
DN

+

∗∆−
=

2/2)(

2
Sig.

2 σε

Cleanliness
Of signal

tσ Proper time resolution (crucial to reduce this)

Ø Semi-leptonic decays: 
Pros: Large yields (BR     10%), Cons:        is large

Ø Hadronic decays: 
Pros:         is lower, Cons: Small yields (BR     1%)

≈ tσ

tσ ≤



Projections for        Mixing: SB 1150 −∫ = pbL

Semi-Leptonic:
Yield      6000,≈ fsD t 150,1.02 ≈= σε

Hadronic:
Yield      100, ≈ fsD t 110,1.02 ≈= σε



1.0-200Hadronic

0.861300Semi-Muon

1.39200Hadronic

0.95100Hadronic

0.811750Semi-Muon

0.810750Semi-Elec.

0.8116000Semi-Muon

Signif. If3 value
for    

YieldDecay Mode

Projections for        Mixing: SB 1150 −∫ = pbL

σ

Sm∆
)( 1−ps

15=∆ Sm

D0

CDF
200 pb

Single Mu

Di-Muon

Single Mu

Silicon
based

Triggers

We can combine different modes – current limit is ave. of 13 expts



Conclusions and Outlook

Ø We are making lot of progress in 
understanding the D0 detector

Ø We have data in hand and more coming!

ØExciting times… B physics, 
Top/Higgs/New Phenomena/QCD


