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Outline	
  
•  Very	
  brief	
  history	
  
•  Recent	
  results	
  
– Upsilon	
  polarizaBon	
  
– charm	
  asymmetries	
  
– χb(3P)	
  state	
  

•  Possible	
  future	
  measurements	
  
– cross	
  secBons	
  
– aSL	
  (incl.	
  recent	
  dimuon	
  asymmetry	
  and	
  Bs	
  	
  J/ψ	
  φ	
  with	
  
full	
  staBsBcs)	
  

– AFB	
  for	
  charm	
  and	
  boNom	
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Disclaimer	
  
•  This	
  talk	
  has	
  not	
  been	
  veNed	
  
by	
  the	
  Tevatron	
  groups.	
  

•  Opinions	
  are	
  my	
  own.	
  
•  Mistakes,	
  errors,	
  
misrepresentaBons	
  are	
  my	
  
own.	
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Let’s	
  Play	
  Ball!	
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A	
  LiNle	
  History	
  
•  First	
  fully	
  reconstructed	
  
B	
  decay	
  at	
  a	
  hadron	
  
collider:	
  	
  PRL	
  68,	
  3403	
  
(1992).	
  

•  Silicon	
  vertex	
  detector:	
  
1992	
  

•  Displaced	
  vertex	
  
trigger:	
  	
  2001	
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B+	
  	
  J/ψ	
  K+	
  



A	
  LiNle	
  More	
  History	
  
•  Quarkonia	
  producBon	
  cross	
  secBons	
  measured	
  
•  ObservaBon	
  of	
  Bc	
  meson	
  
•  2004:	
  	
  ObservaBon	
  of	
  X(3872)	
  
•  2006:	
  	
  ObservaBon	
  of	
  Bs	
  mixing	
  
•  2008:	
  	
  Evidence	
  for	
  D0	
  mixing	
  
•  ObservaBon	
  of	
  many	
  b	
  baryons:	
  	
  Ξb

0,-­‐,	
  Σb
(*)±,	
  Ωb	
  

•  Evidence	
  for	
  Bs	
  	
  π+π-­‐	
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RECENT	
  RESULTS	
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Υ	
  PolarizaBon	
  
•  Full	
  3-­‐D	
  fit;	
  esBmaBon	
  of	
  bkg.	
  and	
  its	
  polarizaBon;	
  
use	
  2	
  frames;	
  fits	
  for	
  1S,	
  2S,	
  and	
  3S	
  states	
  

•  No	
  evidence	
  for	
  significant	
  polarizaBon.	
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Charm	
  Asymmetries:	
  
•  2010	
  –	
  2011:	
  	
  CDF	
  measures	
  ACP	
  in	
  D0	
  	
  ππ	
  and	
  D0	
  
	
  KK	
  separately	
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LHCb	
  Δ	
  ACP	
  Measurement:	
  
•  Fall	
  2011:	
  	
  LHCb	
  measures	
  ACP	
  difference	
  between	
  
D0	
  	
  KK	
  and	
  D0	
  	
  ππ,	
  3.5σ	
  from	
  SM.	
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Comparison with world average

•Taking existing HFAG world-average values for ΔACP and AΓ 
and propagating them to the LHCb lifetime acceptance, get:

22

LHCb value is 1.0σ away (approx) Caution: preliminary. Neglects 
correlations in world-avg values.
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CDF	
  Δ	
  ACP	
  Measurement:	
  
•  2012:	
  	
  Analysis	
  
opBmized	
  to	
  
measure	
  the	
  
difference.	
  

•  CombinaBon	
  of	
  all	
  
measurements	
  
almost	
  4σ	
  from	
  
SM.	
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Raises	
  QuesBons:	
  
•  Is	
  the	
  deviaBon	
  from	
  SM	
  expectaBon	
  (zero)	
  real?	
  
– CDF	
  result	
  increases	
  the	
  significance	
  of	
  the	
  deviaBon	
  
–  Improve	
  precision,	
  measure	
  other	
  modes	
  	
  

•  Is	
  the	
  SM	
  expectaBon	
  really	
  about	
  10-­‐3?	
  
– Measure	
  other	
  modes	
  
–  Isolate	
  and	
  constrain	
  effects	
  

•  penguin	
  contribuBons	
  
•  isospin	
  breaking	
  
•  and	
  so	
  on	
  

•  Need	
  for	
  guidance	
  from	
  theorists	
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CP	
  Asymmetry	
  in	
  D0	
  	
  KSπ+π-­‐	
  

•  Dalitz	
  plot:	
  isobar	
  analysis	
  and	
  Miranda	
  procedure	
  
•  Overall	
  ACP	
  =	
  -­‐0.0005	
  ±	
  0.0057	
  ±	
  0.0054	
  
•  Asymmetries	
  determined	
  for	
  resonance	
  modes	
  
– all	
  are	
  consistent	
  with	
  zero	
  

5/3/12	
   R.	
  Harr,	
  Wayne	
  State	
  Univ.	
   13	
  



 ] 2 [GeV/c(1S) + m!! - M!!M
9.5 10 10.5 11 11.5

2
Ev

en
ts

 / 
 5

0 
M

eV
/c

0

5

10

15

20

25

30

35

40

45 Data
Full fit
Bkg only

(1P)
b
(2P)

b
New state

-1DØ, 1.3 fb

χb(3P)	
  ConfirmaBon	
  
•  First	
  new	
  parBcle	
  
observed	
  at	
  LHC	
  by	
  
ATLAS	
  confirmed	
  with	
  
Tevatron	
  data	
  by	
  D0.	
  

•  Observed	
  in	
  Υ(1S)γ	
  
mode.	
  

•  Mass	
  of	
  10.55	
  ±	
  0.02	
  GeV	
  
is	
  consistent	
  with	
  ATLAS	
  
state	
  at	
  10.53	
  ±	
  0.01	
  
GeV.	
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1P	
   2P	
   3P?	
  



POSSIBLE	
  FUTURE	
  DIRECTIONS	
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  ProducBon	
  Cross	
  SecBons	
  
•  ProducBon	
  cross	
  secBons	
  at	
  Tevatron	
  energy	
  
represent	
  unique	
  informaBon.	
  
– Most	
  exisBng	
  measurements	
  are	
  with	
  less	
  than	
  1	
  o-­‐1	
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asl	
  in	
  B	
  Decays:	
  	
  Status	
  
•  2010:	
  	
  D0	
  dimuon	
  
asymmetry	
  result	
  
– 3.2σ	
  from	
  SM	
  

•  2011:	
  Updated	
  result	
  
– 3.9σ	
  from	
  SM	
  

•  Note	
  green	
  and	
  gray	
  
bands	
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RelaBon	
  to	
  φs	
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•  The	
  D0	
  result	
  was	
  
bolstered	
  by	
  
consistency	
  with	
  
anomalous	
  φs	
  from	
  Bs	
  
	
  J/ψ φ	



•  φs	
  results	
  moving	
  to	
  SM	
  
point	
  	
  tension	
  with	
  
dimuon	
  asymmetry	
  
result	
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Recent	
  φs	
  CombinaBon	
  
•  Has	
  converged	
  to	
  SM	
  expectaBon,	
  less	
  consistent	
  
than	
  early	
  indicaBons.	
  

•  From	
  
Bs	
  	
  J/ψ φ	
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D0	
  aSL	
  Result	
  
•  D0	
  has	
  published	
  two	
  aSL	
  results:	
  
– most	
  recent	
  is	
  PRD	
  82,	
  012003	
  (2010).	
  

•  Analysis	
  uses	
  about	
  115k	
  Dsµ	
  events	
  
– aSL	
  =	
  [-­‐1.7	
  ±	
  9.1	
  ±	
  1.5]	
  ×	
  10-­‐3	
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FIG. 3: K+K−π− invariant mass distribution for the µ+φπ−

sample with the solid line representing the mass fit result.
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flavor, which provides additional information in the like-
lihood fit that is used to extract asfs, was determined
using an opposite-side tagging (OST) [22, 26] algorithm.
This algorithm relies in most cases on the reconstruction
of a second lepton (muon or electron) from the decay
of the other b quark produced in the proton-antiproton
interaction. This lepton appears on the side of the de-
tector opposite to the reconstructed B0

s meson (hence
the term “opposite-side” tag) and its charge provides the
flavor tag. When a second lepton cannot be identified,
the OST algorithm attempts to reconstruct an opposite-
side secondary vertex, in which case the charge is deter-
mined from the tracks comprising the vertex. Only 21%
of the events are tagged; the remaining 79% of events
have neither a lepton nor a secondary vertex on the oppo-
site side. Properties of the tagging lepton and secondary
vertex tracks are incorporated in the tagging variable,
dtag, which is assigned to each B0

s candidate. By defini-
tion, the variable dtag is defined in the interval [-1,1]. An

event with dtag > 0 is tagged as an initial b quark and
an event with dtag < 0 is tagged as an initial b̄ quark. A
higher magnitude |dtag| corresponds to a higher tagging
confidence. Samples of reconstructed B0

d → µ+D∗−X
and B+ → µ+D0X decays were used to empirically de-
termine the calibration function, D(dtag), called dilution
(see Tables I, II and V in Ref. [26]). This function is used
to calculate the probability pcor = (D(dtag)+1)/2 that a
given B0

s candidate has been tagged correctly. In events
where no tagging information is available, the dilution is
set to zero.

IV. PROPER DECAY TIME

The proper decay time of each B0
s candidate is de-

rived from the measured displacement !LT of the B0
s decay

vertex from the primary vertex in the transverse plane.
A Lorentz transformation of !LT into the B0

s rest frame
would yield the desired decay time. However, the unde-
tected neutrino and other non-reconstructed particles in
the semileptonic B0

s decay prevent the precise determi-
nation of pT (B0

s ) needed to calculate the Lorentz boost
factor. Instead, the combined transverse momentum of
the µ+D−

s pair, pT (µ+D−
s ), is used to calculate the visi-

ble proper decay length (VPDL)

l = M(B0
s ) · [!LT · !pT (µ+D−

s )]/[pT (µ
+D−

s )]
2, (2)

where M(B0
s ) = 5.3663 GeV/c2 [27]. The proper de-

cay length of each B0
s meson is then ct(B0

s ) = lK,
where K = pT (µ+D−

s )/pT (B
0
s ) is a correction factor that

accounts for the missing momentum. Since K is not
known on an event-by-event basis, it was estimated from
a Monte Carlo simulation, which included the pythia

generator [28] interfaced with the evtgen decay pack-
age [29], followed by full geant [30] modeling of the de-
tector response and event reconstruction. As large sam-
ples were required to obtain sufficient statistical preci-
sion, only generator-level information was used to de-
termine the K distributions. However, a sample of fully
simulated events was used to verify that the difference be-
tween generator-level K distributions and those obtained
using fully simulated/reconstructed events is negligible.
A model of the muon trigger efficiency dependence on
pT (µ+) was included in the construction of the K dis-
tributions, which were obtained for each decay channel
contributing to the signal sample. B0

s semileptonic de-
cays yielding an invariant µ+D−

s mass that is close to the
actual B0

s mass have less missing momentum than those
with lower M(µ+D−

s ). Distributions of K for a given de-
cay channel in ten bins ofM(µ+D−

s ) were used to exploit
this fact, thereby reducing the uncertainty of the proper
decay time associated with K.
The probability density function (PDF) for the B0

s

decay time is convoluted with the PDF describing the
VPDL detector resolution and the PDF for the K fac-
tor. The decay-time PDF is then scaled by the B0

s re-
construction efficiency, which was found for each decay
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flavor, which provides additional information in the like-
lihood fit that is used to extract asfs, was determined
using an opposite-side tagging (OST) [22, 26] algorithm.
This algorithm relies in most cases on the reconstruction
of a second lepton (muon or electron) from the decay
of the other b quark produced in the proton-antiproton
interaction. This lepton appears on the side of the de-
tector opposite to the reconstructed B0

s meson (hence
the term “opposite-side” tag) and its charge provides the
flavor tag. When a second lepton cannot be identified,
the OST algorithm attempts to reconstruct an opposite-
side secondary vertex, in which case the charge is deter-
mined from the tracks comprising the vertex. Only 21%
of the events are tagged; the remaining 79% of events
have neither a lepton nor a secondary vertex on the oppo-
site side. Properties of the tagging lepton and secondary
vertex tracks are incorporated in the tagging variable,
dtag, which is assigned to each B0

s candidate. By defini-
tion, the variable dtag is defined in the interval [-1,1]. An

event with dtag > 0 is tagged as an initial b quark and
an event with dtag < 0 is tagged as an initial b̄ quark. A
higher magnitude |dtag| corresponds to a higher tagging
confidence. Samples of reconstructed B0

d → µ+D∗−X
and B+ → µ+D0X decays were used to empirically de-
termine the calibration function, D(dtag), called dilution
(see Tables I, II and V in Ref. [26]). This function is used
to calculate the probability pcor = (D(dtag)+1)/2 that a
given B0

s candidate has been tagged correctly. In events
where no tagging information is available, the dilution is
set to zero.

IV. PROPER DECAY TIME

The proper decay time of each B0
s candidate is de-

rived from the measured displacement !LT of the B0
s decay

vertex from the primary vertex in the transverse plane.
A Lorentz transformation of !LT into the B0

s rest frame
would yield the desired decay time. However, the unde-
tected neutrino and other non-reconstructed particles in
the semileptonic B0

s decay prevent the precise determi-
nation of pT (B0

s ) needed to calculate the Lorentz boost
factor. Instead, the combined transverse momentum of
the µ+D−

s pair, pT (µ+D−
s ), is used to calculate the visi-

ble proper decay length (VPDL)

l = M(B0
s ) · [!LT · !pT (µ+D−

s )]/[pT (µ
+D−

s )]
2, (2)

where M(B0
s ) = 5.3663 GeV/c2 [27]. The proper de-

cay length of each B0
s meson is then ct(B0

s ) = lK,
where K = pT (µ+D−

s )/pT (B
0
s ) is a correction factor that

accounts for the missing momentum. Since K is not
known on an event-by-event basis, it was estimated from
a Monte Carlo simulation, which included the pythia

generator [28] interfaced with the evtgen decay pack-
age [29], followed by full geant [30] modeling of the de-
tector response and event reconstruction. As large sam-
ples were required to obtain sufficient statistical preci-
sion, only generator-level information was used to de-
termine the K distributions. However, a sample of fully
simulated events was used to verify that the difference be-
tween generator-level K distributions and those obtained
using fully simulated/reconstructed events is negligible.
A model of the muon trigger efficiency dependence on
pT (µ+) was included in the construction of the K dis-
tributions, which were obtained for each decay channel
contributing to the signal sample. B0

s semileptonic de-
cays yielding an invariant µ+D−

s mass that is close to the
actual B0

s mass have less missing momentum than those
with lower M(µ+D−

s ). Distributions of K for a given de-
cay channel in ten bins ofM(µ+D−

s ) were used to exploit
this fact, thereby reducing the uncertainty of the proper
decay time associated with K.
The probability density function (PDF) for the B0

s

decay time is convoluted with the PDF describing the
VPDL detector resolution and the PDF for the K fac-
tor. The decay-time PDF is then scaled by the B0

s re-
construction efficiency, which was found for each decay



LHCb	
  PotenBal	
  (cont’d)	
  
•  And	
  as	
  –	
  ad	
  
measurement	
  likely	
  
isn’t	
  enough	
  to	
  seNle	
  
the	
  issue!	
  

•  Another	
  
complementary	
  
measurement	
  is	
  
needed.	
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PotenBal	
  Impact	
  of	
  Measurement	
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0.2%	
  uncertainty	
  
makes	
  an	
  
interesBng	
  
constraint.	
  

R.	
  Harr,	
  Wayne	
  State	
  Univ.	
  



AFB	
  in	
  Charm	
  and	
  BoNom	
  
•  AFB	
  in	
  top	
  is	
  large,	
  ≈20%.	
  
•  Original	
  CDF	
  lep+jet	
  result	
  
confirmed	
  in	
  dileptons	
  and	
  
by	
  D0.	
  

•  MN	
  dependence	
  
•  Source	
  unknown	
  
•  Could	
  effect	
  exist	
  for	
  next	
  
heaviest	
  quark	
  (b)	
  or	
  other	
  
up-­‐type	
  quarks	
  (c)?	
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PotenBal	
  Impact	
  
•  Less	
  theory	
  to	
  go	
  on.	
  
•  Basically,	
  searching	
  for	
  a	
  related	
  anomaly	
  to	
  guide	
  
theory.	
  

•  Evidence	
  for	
  an	
  AFB	
  in	
  boNom	
  or	
  charm	
  would	
  be	
  
exciBng.	
  

•  Ruling	
  out	
  a	
  sizable	
  AFB	
  would	
  be	
  interesBng.	
  
•  Gaining	
  more	
  insight	
  would	
  be	
  an	
  accomplishment.	
  

5/3/12	
   R.	
  Harr,	
  Wayne	
  State	
  Univ.	
   24	
  



Summary	
  
•  The	
  Tevatron	
  experiments	
  pioneered	
  heavy	
  flavor	
  
physics	
  at	
  hadron	
  colliders.	
  

•  InteresBng	
  results	
  sBll	
  come	
  from	
  CDF	
  and	
  D0.	
  
– and	
  a	
  few	
  anomalies	
  to	
  invesBgate	
  

•  Much	
  more	
  informaBon	
  available	
  at	
  
–  hNp://www-­‐d0.fnal.gov/Run2Physics/WWW/results/b.htm	
  
–  hNp://www-­‐cdf.fnal.gov/physics/new/boNom/boNom.html	
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