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Brief history of Beauty

New mission of B physics

Rare decays

CPV

B hadrons
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B is a pathfinder!

Why B?
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B-physics has started 
from hadron collisions!

PRL39,252 (1977)
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B-physics has started 
from hadron collisions!

PRL39,252 (1977)
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PRL50(12),881 (1983)

τB = (12.0+4.5
-3.6±3.0) x10-13 sec

PRL51(15),1316 (1983)

M(B0)= 5274.2±1.9±2.0 MeV
M(B+)= 5270.8±2.3±2.0 MeV

Long lifetime measured

àunexpected key feature of B

e+e-

e+e-
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pp PLB186,247 (1987)

PLB192,245 (1987)

Y(4S)àB0B0
àB0B0

ARGUS

Large mixing
mt>50GeV (before 1995!)

e+e-
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Belle@29.1fb-1

Babar@29fb-1

Observation of large CP violation

In 2001,

CDF RunI@110pb-1(stat+syst) 

In 1999,

PRD 61,072005 (2000)

e+e-

e+e-

pp
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CDF  Dms = 17.77±0.10±0.07 ps-1

DØ Dms = 18.53±0.93±0.30 ps-1

Good proper time resolution

Good flavor tagging

PRL97, 242003, 2006
DØ CONF note5618, 2007

pp

pp
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Includes 6 TOP250+ papers (CDF TOP250+ papers: 16)
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Includes 6 TOP250+ papers (CDF TOP250+ papers: 16)

CDF has been the pioneer and founder of B physics in hadron collisions!
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CKM mechanism is dominated in the SM (at EW scale)

2001  w/o sin2β constraint 2009 w/ sin2β constraint

KM phase
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NO!

Beautiful monument in nature!
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CANNOT

Quark and lepton masses, CKM mixing angles, and KM phase…

KM phase is not large enough to provide the amount of CPV necessary 
for the matter-antimatter asymmetry

SM  should be lower energy approximation 
of more fundamental theory (e.g. GUT)

First approach… what is the extension theory of SM?

SUSY, technicolor, 4th generation…
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Precise measurement of SM

Give constraint on NP  parameters

Shed light on NP from the view of flavor sector!

squark/slepton mass matrix Synergy of analyses!



Hideki Miyake CERN Joint EP/PP Seminar@Apr.27, 2010 17

ü pp collisions at √s=1.96 TeV

ü Typical initial luminosities of 3.5x10
32

cm
-2
s

-1

ü >50 pb
-1

collected per week

ü >7fb
–1

data on tape

ü Expect >10fb
-1

until end of run in 18 months

ü Today we cover 2.4-4.4fb
-1

of data
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-

Designed in the early 80’s to discover W and Z,

proved very effective in doing B physics!
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Signal is only 4 tracks!
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Signal is only 4 tracks!
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21

Primary Vertex

Secondary Vertex

Impact Parameter ( ~100mm)

Lxy ~ 1 mm

B decay

Sillicon Vertex Trigger: SVT
• Online selection of displaced tracks using SVX
• UNIQUE at hadron colliders

Level-2 SVT trigger
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dE/dx gives 1.5s separation for p>2 GeV
TOF gives better separation at low p

Kaon/pion separation
Electron tagging

dE/dx

TOF
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K-p

K-p from
dE/dx
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BàK*μμ, Bs(d)àμμ, Bsàφφ

SM suppressed,  possible NP enhancement: 

SM dominant, test of theory: 

B hadron lifetimes, Υ polarization

SM suppressed,  possible NP enhancement: 

bàs EW penguin
B annihilation

bàs gluon penguin

Bs Bs mixing bàccs tree

B decay model NRQCD
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Promising tool to search for new physics

Tree diagram is forbidden in the SM

May occur via higher order loop diagram
BR(Bàhμμ)~10-6 …extremely rare!

NP could enhance the amplitude 
Interference with SM amplitude

— Various observables are available
— BR, K* polarization, and AFB

~

sb

W-

uct
sb

H-

uct
sb

χ-

uct~~~ sb

g,χ0

dsb~~~
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ü BR(Bsàφμμ)/BR(BsàJ/Ψφ)

<2.3(2.6)×10-3 @90(95%) C.L.      CDF 0.92fb-1

<4.4×10-3 @95% C.L.                        DØ   0.45fb-1

ü B+
àK+μ+μ- :  [0.52+0.08

-0.07]×10-6 (HFAG)

ü B0
àK*0μ+μ-: [1.05+0.15

-0.13 ]×10-6 (HFAG)

ü Bsàφμ+μ-:   1.61×10-6   (C.Q.Geng and C.C.Liu, J.Phys.G29:1103-1118,2003)

W

μ

s

uds uds

W

uds

b

μ

μ
s

uds

γ,Z

EW penguins                                         W box diagram

ü This is the CDF update with 4.4fb-1

ü BR
ü AFB

b

Not yet
observed

μ
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ü Single final state per decay channel

ü B+
àK+μ+μ-

ü B0
àK*0(àK+π-) μ+μ-

Stat. significance ~10ςStat. significance ~9ς
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ü Relative BR : 
ü normalized BR by control channel (J/Ψh)

ü Cancel common systematics
(same final state)

Control channel yield Reconstruction 
efficiency

Rare channel yield

h=K,K*
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ü Absolute BR

ü Replace J/ψ BR with PDG value

BaBar (384M BB) Belle (657M BB) CDF (4.4fb-1)

K+μμ 0.41+0.16
-0.15(stat)±0.02(syst) 0.53+0.08

-0.07 (stat)±0.03(syst) 0.38±0.05(stat)±0.03(syst)

K*0 μμ 1.35+0.40
-0.37(stat) ±0.10(syst) 1.06+0.19

-0.14(stat) ±0.07(syst) 1.06±0.14(stat)±0.09(syst)

Kll 0.39±0.07(stat)±0.02(syst) 0.48+0.05
-0.04(stat)±0.03(syst) Same as K+μμ

K*ll 1.11+0.19
-0.18(stat)±0.07(syst) 1.07+0.11

-0.10(stat)±0.09(syst) Same as K*0μμ

(x10-6)

PRL103:171801 (2009)PRL102:091803 (2009)

{Kπ, Ksπ, Kπ0}*{ee, μμ}

{K, Ks}*{ee, μμ}

The best measurement for single final state!!
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Dimuon mass spectrum could show 
a hint of new physics
àappears on differential BR w.r.t. q2

SM maximum allowed
SM minimum allowed

J/Ψ
veto

Ψ’ 
veto

where q2=Mμμ
2

- Consistent with SM
- Consistent and competitive             
with BaBar and Belle

- Belle, PRL103:171801 (2009)

- BaBar, PRL102:091803 (2009)

B0
àK*μμ

B+
àK+μμ

àsix q2 bin (same definition as Belle)

A. Ali, P. Ball, L. T. Handoko and G. Hiller, Phys. Rev. D61, 
074024 (2000)
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The rarest Bs decay we observed so far!!

ü Similar analysis as BàK(*)μμ

ü Bsàφ(àK+K-)μ+μ-

Stat. significance ~6ς

BR(Bsàφμμ)=[1.44±0.33(stat)±0.46(syst)]×10-6

Consistent with theory ~1.61×10-6

ü Yet another BàVll decay
ü Could measure φ polarization : FL

Brand-new probe!
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B0
àK*0μμ decay plane

Forward-Backward Asymmetry :

where q2=Mμμ
2

àGood probe to explore BSM!

AFB may show drastically different behavior under 
some BSM scenarios

In case of Kμμ, 
AFB(Kμμ)~0 is expected
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AFB: FB asymmetryFL: K* polarization

FL=1 for Kμμ
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- Consistent and competitive with best B-factories results:
BaBar 384M BB, PRD79,031102(R) (2009) and
Belle 657M BB, PRL103,171801(2009)

- Consistent with the SM and a BSM expectation…

AFB: FB asymmetryFL: K* polarization
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Expect world-leading result by end of this year:
- doubled sample
- additional triggers
- exploit more decay channels (e.g. Ksμμ, K*+μμ…)

There is much room for improvement!

Further reach by the end of 2011 and more

AFB: FB asymmetryFL: K* polarization
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Z

s

b μ

μ

W

W

s

b μ

μ

W

W

H0/A0

s

b μ

μ

χ~±

A. J. Buras, arXiv:0904.4917v1

üCurrent world’s best upper limit:
üBR(Bsàμμ)<4.7(5.8)x10-8

üBR(Bdà μμ)<1.5(1.8)x10-8 90(95)% C.L.
PRL 100,101802 (2008)
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ü Preliminary @3.7fb-1 (CDF public note 9892)

ü BR(Bsàμμ)<3.6(4.3) x10-8  90%(95%)C.L.

ü BR(Bdàμμ)<6.0(7.6) x10-9  90%(95%)C.L.

Pointing angle

Signal

BG

Signal

BG

Vertex displacement

Dimuon mass
7 kinematic variables
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6xSM

5xSM

Strong constraint on NP 

parameters :

Could rule-out mSUGRA with 

Tevatron combination at 10fb
-1

Assumed

anomalous

muon g-2

BR<1x10-8

BR<2x10-8

mSUGRA, D. Toback, 

arXiv:0911.0880v1 (2009)

SES<SM prediction!

Expected 
performance
@8fb-1
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Previous result: (1.4+0.6
-0.5±0.6)x10-5 by 8 signal@180pb-1

Control channel: J/Ψφ

CDFnote 10064

NPB774,64 (2007)
PRD76,074018 (2007)

Significant improvement from previous results
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Information from penguin dominated 
BsàVV is quite interesting

http://www.slac.stanford.edu/
xorg/hfag/rare/index.html

Naïve QCD expectation: fL>>fT ,

Confirmed bàu tree      (e.g. B0
àρ+ρ-) 

Evidence bàd penguin (e.g. B0
àρ0ρ0)

while bàs penguin: fL~fT

fL(B0
àφK*0)=0.48±0.03 (HFAG ave.)

fL(B+
àφK*+)=0.50±0.05 (HFAG ave.)
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3 angular distributions (cosθ1, cosθ2, φ)

Unbinned maximum likelihood fit

Time-integrated, Bs flavor untagged, no CPV assumption

3 transversity amplitudes and 1 phase difference

First polarization measurement of the decay!
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fL<<fT !!

This first measurement in the Bs sector seems to strengthen the puzzle!

QCD factorization
Perturbative QCD

QCD factorization
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- Analogously to the neutral B
0

system, CP violation in B
s

system 

occurs through interference of decays with and without mixing:

CPV phase between B
s

mixing and 

B
s
àJ/ψφ decay:

A. Lenz and U. Nierste, JHEP 06, 072(2007)

If φ
s

NP
>>β

s

SM
:

B
s

Mass eigenstates: B
s

L
, B

s

H

Mass difference

Width difference
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dominated by bàccs tree ~theoretically clean

L=0,2 (CP even)

L=1 (CP odd)
Need angular analysis

N(B
s

0
) ~ 3200

PRL 100, 121803 (2009)

β
s
=0, no flavor tag :

τ(B
s

0
) =  1.53 ± 0.04 (stat) ± 0.01 (syst) ps

ΔΓ = 0.02 ± 0.05 (stat) ± 0.01 (syst) ps
-1
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SM p-value=7%

2.1σ deviation from SM1.8σ deviation from SM

CDF note 9458 (2.8fb
-1

)

PRL100,161802 (2008) (1.35fb
-1

)

DØ note 5928, CDF note 9787

SM p-value=3.4%
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No PID and one of flavor tagging method (SSKT) after 1.4fb-1 data
Everything calibrated nowà expect significant improvement

Potential contamination from non-resonant KK or f0(980)
Take the NR component into the likelihood for 5.2fb-1 update
The fraction is obtained from KK invariant mass fit

SSKT calibration on Bs mixing

Amplitude~1 indicates accurate tagging

Good performance!

COMING SOON!
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equal lifetimes among b hadrons

Pauli interference, weak annihilation, 
weak exchange induce lifetime 
hierarchy

PLB667,1(2008)
Review: Production and Decay of b-flavored Hadrons
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no biasing effects on proper time distribution

B
+
àJ/ψK

+ B
0
àJ/ψK

*0
B

0
àJ/ψK

s
Λ

b

0
àJ/ψΛ

0

CDFnote 10071
4.3fb-1

B
+
àJ/ψK

+

B
0
àJ/ψK

*0
(àKπ)

B
0
àJ/ψK

s
(àππ)

Λ
b

0
àJ/ψΛ

0
(àpπ)
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World’s most precise B hadron lifetimes!

CDFnote 10071
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α=+1: transverse
α=-1: longitudinal

PRL99,132001(2007)

J/Ψ polarization
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CDF Public Note 9966

PRL101, 182004 (2008)
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and will do so, to pursue New Physics

Rare decays (BR, AFB, polarizations)

CPV (βs)

B-hadrons (lifetime, polarizations)

NOT ALL!  Today we don’t cover a lot of analyses…

http://www-cdf.fnal.gov/physics/new/bottom/bottom.html
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and more!

CDF

DØ

ATLAS

CMS

LHCb

Belle

BaBar
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http://www.amazon.co.jp/gp/product/images/B000K7VHYG/ref=dp_image_0?ie=UTF8&n=561958&s=dvd
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http://www.amazon.co.jp/gp/product/images/B000K7VHYG/ref=dp_image_0?ie=UTF8&n=561958&s=dvd
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J

Enormous cross-section

All species of b-hadrons

Bu,Bd,Bs,Bc,Λb, Σb…

Sophisticated triggers are very important!

b

bg

g g

b
b

q q

g

b

bg

g

b

b

q

q

Tevatron B-production enables :

- explore various rare decays

- measure precise CPV parameters

- study wide mass range of b-hadrons

Pros
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osc. period at Dms = 18 ps-1



BsàJ/ψKK

BsàJ/ψKK

62

- CKM matrix connects mass and weak quark eigenstates
- Expand CKM matrix in  λ = sin(qCabibbo) ≈ 0.23

- To conserve probability CKM matrix must be unitary 
→ Unitary relations can be represented as “unitarity triangles”

unitarity 
relations:

unitarity 
triangles:

very small CPV phase bs of order l2 

accessible in Bs decays

≈

~1

l2 ~ =1

BsàJ/ψKK



BsàJ/ψKK

- Golden channel to measure Bs CPV 
- Can measure lifetime, ΔΓ, and βs

-Decay of Bs (spin 0) to J/Ψ(spin 1) Φ(spin 1) leads to 
-àthree different angular momentum final states:  

L = 0 (s-wave), 2 (d-wave) → CP even ( ≈ short lived or light Bs if Φs ≈ 0 )

L = 1 (p-wave)                  → CP odd  ( ≈ long lived or heavy Bs if Φs ≈ 0 )   

W

b
s
c

s

cs

Disentangle CP states by angular distributions 
of the decay products
(angular analysis)



BsàJ/ψKK

64

- Bs → J/ΨΦ decay rate as function of time, decay angles and initial Bs flavor:

time dependence terms

terms with bs dependence

terms with Dms dependence present 
if initial state of B meson (B vs anti-B) 
is determined (flavor tagged) 

‘strong’ phases:

angular dependence terms

- Identification of B flavor at production (flavor tagging) → better sensitivity to bs
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Same side kaon tagging (SSKT)

Identify kaon from Bs fragmentation

Opposite side tagging (OST)

Identify lepton or jet-charge from 
opposite b hadron eD2=1.5%

(only works for bb pair-production)

eD2=3.5-4.0%

eD2: product of tagging efficiency and dilution factor due to wrong tag
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arXiv:0905.3123

PRL101,232002 (PRL99,052001)

à

à

p Ξ
b

mass: agreement

p Ω
b 
mass: disagreement

We need more 
data/channel!
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CDF observed resonant semileptonic decay channel: ΔbàXc(π)μν

PRD 79, 032001 (2009)

Relative BR

848 signals@2.4fb-1


