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CDF Orbitally & Radially Excited States
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Significance of 4.4s

First evidence of this
  new state

arXiv:1309.5961

arXiv:1309.5961

From extrapolations of 
and theory  , consistent with
radial excitation           of 
ground state
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CDF Orbitally & Radially Excited States
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New	
  Radial  
ExcitaHons
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CDF      Production Ratio

      the most massive non-quarkonium meson

 Semileptonic DecayProduction

 Start with a , add a third track (     or     ) 
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CDF CDF Note 11083

http://www-cdf.fnal.gov/physics/new/bottom/140228.blessed-Bc-Xsec-8.7fb/plots/pub_bcXsec_8fb.pdf
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Verify backgs.

CDF Note 11083
      (from data, 

      (from data, fit to  
       to MC shapes for 
       flavor creation and excitation)

      mass sidebands

      e.g., 

fits to dE/dx)
      peak reco,
 

~740 events
Find relative efficiency
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Search	
  for	
  X(4140)

• B⁺	
  →	
  J/ψφK⁺:	
  	
  	
  	
  resonance	
  	
  X(4140)	
  →	
  J/ψφ	
  
– Standard	
  quark	
  model	
  does	
  not	
  predict	
  a	
  state	
  at	
  this	
  mass	
  
– Decay	
  suggests	
  cc,	
  but	
  mass	
  is	
  above	
  open	
  charm	
  threshold	
  

• Reconstruct	
  B⁺	
  →	
  J/ψφK⁺	
  (where	
  J/ψ→μμ	
  and	
  φ→KK)	
  
– veto	
  ψ(2S)	
  and	
  check	
  for	
   
J/ψ	
  +	
  K	
  or	
  π	
  structures	
  	
  

– Fit	
  for	
  B⁺	
  yield	
  in	
  bins	
   
of	
  M(J/ψKK)
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Search	
  for	
  X(4140)

• Evidence	
  for	
  	
  X(4140)	
  
at	
  3.1σ

8
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• Status	
  
• First	
  evidence	
  at	
  CDF	
  (Y(4140))	
  at	
  3.8σ	
    
No	
  evidence	
  at	
  Belle	
  γγ	
  →	
  J/ψφ	
  in	
  but	
  higher	
  mass	
  state	
  reported	
   
No	
  evidence	
  at	
  LHCb  
Evidence	
  at	
  CMS	
  at	
  >5σ

Phys. Rev. D 84, 012004 (2014)

http://link.aps.org/doi/10.1103/PhysRevD.89.012004


Bs	
  LifeHme

• Test	
  theoreHcal	
  predicHons	
  
– Heavy Quark Expansion: τ(Bs0)/τ(Bd0) = 1.00 ± 0.01  

Phys. Rev. D 70, 094031!
–  … most recent, Lattice inputs:    = 1.001 ± 0.002  

Lenz review, arXiv:1405.3601!
–Need for understanding of complex Bs0 mixed system!

• Target

– Lifetimes of Bd0 and B+ measured to < 1% precision 

at B-factories

– Updating latest DØ measurement (precision 3.7%) 

with full data set (0.4 → 10.4 fb-1)
9



Bs	
  LifeHme

• Bs0	
  	
  lifeHme	
  depends	
  on	
  final	
  state!	
  
– Δms	
  =	
  BsL	
  −	
  BsH	
  Mixing,	
  mass	
  eigenstates…	
  
– ΔΓs	
  	
  	
  =	
  ΓsL	
  −	
  ΓsH	
  	
  	
  …	
  with	
  different	
  lifetimes	
  
– ΔΓs	
  	
  	
  =	
  ΓsCP-­‐even	
  −	
  ΓsCP-­‐odd	
  if	
  no	
  CP	
  violation	
  	
  

• LifeHmes	
  	
  
– Bs0	
  →	
  J/Ψf0(980)	
  	
  	
  Pure	
  CP-­‐odd,	
  Only	
  single	
  lifeHme,	
  ΓsCP-­‐odd,	
  ΓsH	
  

– Bs0	
  →	
  K+	
  K−	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Pure	
  CP-­‐even,	
  	
  	
  ΓsCP-­‐even,	
  ΓsL	
  

– Bs0	
  →	
  Ds−μ+ν	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Flavour	
  specific,	
  50%	
  CP-­‐even,	
  CP-­‐odd	
  at	
  t=0	
  
– Bs0	
  →	
  J/Ψφ	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  complicated	
  mix	
  of	
  CP-­‐even	
  and	
  -­‐odd,	
  	
  	
  	
  	
  	
  	
  	
  	
   
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  complex	
  analysis	
  to	
  extract.

10

define



Bs	
  LifeHme

• Bs0	
  	
  lifeHme	
  depends	
  on	
  final	
  state!	
  
– Δms	
  =	
  BsL	
  −	
  BsH	
  Mixing,	
  mass	
  eigenstates…	
  
– ΔΓs	
  	
  	
  =	
  ΓsL	
  −	
  ΓsH	
  	
  	
  …	
  with	
  different	
  lifetimes	
  
– ΔΓs	
  	
  	
  =	
  ΓsCP-­‐even	
  −	
  ΓsCP-­‐odd	
  if	
  no	
  CP	
  violation	
  	
  

• LifeHmes	
  	
  
– Bs0	
  →	
  J/Ψf0(980)	
  	
  	
  Pure	
  CP-­‐odd,	
  Only	
  single	
  lifeHme,	
  ΓsCP-­‐odd,	
  ΓsH	
  

– Bs0	
  →	
  K+	
  K−	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Pure	
  CP-­‐even,	
  	
  	
  ΓsCP-­‐even,	
  ΓsL	
  

– Bs0	
  →	
  Ds−μ+ν	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Flavour	
  specific,	
  50%	
  CP-­‐even,	
  CP-­‐odd	
  at	
  t=0	
  
– Bs0	
  →	
  J/Ψφ	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  complicated	
  mix	
  of	
  CP-­‐even	
  and	
  -­‐odd,	
  	
  	
  	
  	
  	
  	
  	
  	
   
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  complex	
  analysis	
  to	
  extract.

11

define



Bs	
  ReconstrucHon

• Reconstruct	
  Bs0	
  using	
  Ds−	
  with	
    
opposite	
  signed	
  muon.	
  	
  

• Single	
  and	
  dimuon	
  triggers	
  
– No	
  IP	
  based	
  triggers	
  	
  
!

• KinemaHc	
  Requirements	
  
– μ±	
  with	
  pT	
  >	
  1.5	
  GeV	
  and	
  ptot	
  >	
  3.0	
  GeV	
  
– 𝜙:	
  K±	
  with	
  pT	
  >	
  1.0	
  GeV	
  and	
  1.08	
  ≤	
  m(KK)	
  ≤	
  1.32	
  GeV	
  
– Ds:	
  π±	
  with	
  pT	
  >	
  0.7	
  GeV	
  and	
  1.6	
  ≤	
  m(𝜙π)	
  ≤	
  2.3	
  GeV	
  
– Bs:	
  2.5	
  ≤	
  m(μDs)	
  ≤	
  5.5	
  GeV	
  

12
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Bs	
  ReconstrucHon
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Reconstruct a 
with a correct-sign muon

Wrong-sign
combos

Sideband

Background
Determination

~75k

Sideband
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Likelihood

• fsig	
  from	
  Ds	
  mass	
  fit,	
  	
  𝓕bckg	
  Mass	
  sidebands	
  and	
  WS	
  signal.	
  	
  
• LifeHme	
  models:	
  convolved	
  exponenHals, 

cc	
  :	
  Gaussians,	
  combinatorial:	
  mulHple	
  exponenHals

14
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Likelihood
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• Use	
  Bd	
  →	
  D−μ+νX	
  
peak	
  fit	
  for	
  ratio	
  
R	
  =	
  τ(Bs0)fs/τ(Bd0)



Bs	
  LifeHme

16

DØ

DØ working on 

Stay tuned!

Pure CP-odd

T
h
e
o

ry

R	
  Van	
  Kooten

D0 Note 6442-CONF

⌧
�
B0

s

�
fs
= 1.479± 0.010± 0.021 ps

Measurement precision
  better than previous 
    world average

DØ working on 

Stay tuned!

Pure CP-odd

http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/B/B64


Bs	
  LifeHme
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DØ

DØ working on 

Stay tuned!

Pure CP-odd

T
h
e
o

ry

R	
  Van	
  Kooten

D0 Note 6442-CONF
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Γs - ΔΓs plane (LHCb only)
● Combine all the LHCb results 
● Plot done in a similar way as HFAG: http://www.slac.stanford.edu/xorg/hfag/osc/spring_2014/
● Systematics assumed uncorrelated 

Contours of ln(L) = 0.5
39% CL for the enclosed 2D regions
68% CL for the bands

● NOT INCLUDING Bs  � KK 
● Bs  D� sπ,Kπ
● Bs  Ds� sDss  
● Bs  J/� Ψ (ππ,KK)
Gray = combination

VERY NICE AGREEMENT!

LHCb unofficial

Gandini	
  (Beauty	
  2014)

http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/B/B64


B±	
  F-­‐B	
  Asymmetry
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 Marj Corcoran, ICHEP 15

Forward-backward asymmetry in B±→J/Ψ K±

We define “forward” as a b-quark moving in the proton direction OR a b  moving in the 
antiproton direction. 

A
FB

=(N
F
-N

B
)/(N

F
+N

B
)

 
Notice that we can measure this quantity with only one charge, in important cross-
check.  We reconstruct only one B meson per event in most cases. 

Result was initially blinded by either a charge randomization or an unknown random 
offset. 
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Notice that we can measure this quantity with only one charge, in important cross-
check.  We reconstruct only one B meson per event in most cases. 

Result was initially blinded by either a charge randomization or an unknown random 
offset. 

• Forward-­‐backward	
  asymmetry	
  may	
  probe	
  for	
  new	
  physics.	
  
• D0	
  uses	
  B±→J/ΨK±	
  to	
  probe	
  asymmetry	
  of	
  b-­‐quarks.	
  	
  

!
!
!
!
!
!
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  same	
  direcHon	
  as	
  anH-­‐proton



B±	
  F-­‐B	
  Asymmetry
• An	
  unbinned	
  maximum	
  likelihood	
  fit	
  is	
  used	
  to	
  extract	
  the	
  

number	
  of	
  B	
  meson	
  decays	
  in	
  each	
  category.	
  
• Unblinded	
  projecHons:	
  D0	
  Note	
  6441-­‐CONF
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B±	
  F-­‐B	
  Asymmetry

• Comparison	
  with	
  MC@NLO	
  
!
!
!
!
!
!
!
!

• Theory	
  systemaHcs	
  to	
  come:	
  different	
  PDFs,	
  renorm.	
  scale.	
  etc.20
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b-­‐jet	
  F-­‐B	
  Asymmetry

• Possible	
  larger	
  than	
  expected	
  F-­‐B	
  asymmetry	
  in	
  top	
  
events	
  suggests	
  possible	
  hint	
  new	
  physics.	
  	
  

• What	
  about	
  b?	
  	
  
• CDF	
  measure	
  AFB 
in	
  pbar-­‐p	
  collisions.	
    

• Compared	
    
with	
  NLO	
  SM	
  and  
Axigluons.	
  

21

CDF

150 225 325

bb̄ mass [GeV/c2]

�20

�15

�10

�5

0

5

10

15

20

25

A
F
B

[%
]

NLO SM
(PRL 111 062003)

Axigluon 200 GeV/c2

Axigluon 345 GeV/c2

CDF Run II Preliminary
R
L = 9.5 fb�1

CDF	
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http://www-cdf.fnal.gov/physics/new/top/2014/Afbbpub/cdf11092_AfbbHighMassPub.pdf


Direct	
  CPV	
  in	
  Ds±	
  →	
  𝜙π±

• MoHvaHon:	
  
– Direct	
  CP	
  violaHon	
  can	
  occur	
  if	
  tree	
  and	
  loop	
  (penguin)	
  
can	
  interfere	
  with	
  different	
  strong	
  and	
  weak	
  phases	
  

– No	
  CP	
  violaHon	
  is	
  expected	
  in	
  decay	
  Ds±	
  →	
  𝜙π±  
(all	
  process	
  have	
  same	
  weak	
  phase)	
  

– Non-­‐zero	
  value	
  implies	
  new	
  physics	
  
• MoHvaHon	
  
– Assume	
  zero-­‐CPV	
  in	
  many	
  other	
  analyses:	
  	
  
!
!

• Experimentally	
  measure 
22

4

time-integrated flavor-specific semileptonic charge asym-
metry in the decays of neutral B mesons [3, 9]. We mea-
sure the raw asymmetry

ADs =
ND+

s
�ND�

s

ND+
s
+ND�

s

, (2)

where ND+
s
(ND�

s
) is the number of reconstructed D+

s !
�⇡+ (D�

s ! �⇡�) decays. The charge asymmetry in D±
s

decays is then given by (neglecting any terms second- or
higher-order in the asymmetry)

ACP = ADs �A
det

�A
ph

, (3)

where A
det

is due to residual reconstruction asymmetries175

in the detector, and A
ph

is the charge asymmetry result-176

ing from the decay of b hadrons into to D±
s mesons.177

The D0 detector has a central tracking system con-178

sisting of a silicon microstrip tracker and the central179

fiber tracker, both located within a 2 T superconduct-180

ing solenoidal magnet [10, 11]. A muon system, cover-181

ing |⌘| < 2 [12], consists of a layer of tracking detec-182

tors and scintillation trigger counters in front of 1.8 T183

toroidal magnets, followed by two similar layers after the184

toroids [13].185

The polarities of the toroidal and solenoidal magnetic186

fields are reversed on average every two weeks so that the187

four solenoid-toroid polarity combinations are exposed188

to approximately the same integrated luminosity. This189

allows for a cancellation of first-order e↵ects related to190

instrumental asymmetries. To ensure a more complete191

cancellation of the uncertainties, the events are weighted192

according to the number of �⇡± decays for each data193

sample corresponding to a di↵erent configuration of the194

magnets’ polarities (polarity-weighting). The weighting195

is based on the number of events containing D±
s candi-196

dates that pass the selection criteria and the likelihood197

selection (described below), and that are in the �⇡± in-198

variant mass range used to fit the data.199

The data are collected with a suite of single and200

dimuon triggers. The trigger and o✏ine streaming re-201

quirements bias the composition of the data sample. The202

muon requirement will preferentially select events with203

semileptonic decays and may enhance the contribution204

of events produced by the decay of b-hadrons. The ef-205

fect of this bias is corrected using a Monte Carlo (MC)206

simulation (described below).207

TheD±
s ! �⇡±; � ! K+K� decay is reconstructed as208

follows. The two particles from the � decay are assumed209

to be kaons and are required to have pT > 0.7 GeV/c,210

opposite charge and a reconstructed invariant mass of211

M(K+K�) < 1.07 GeV/c2. The third particle, as-212

sumed to be the charged pion, is required to have pT >213

0.5 GeV/c. The three particles are combined to create a214

common D±
s decay vertex using the algorithm described215

in Ref. [14]. The cosine of the angle between the D±
s mo-216

mentum and the vector from the pp̄ collisions vertex to217

theD±
s decay vertex in the transverse plane is required to218

be greater than 0.95. The trajectories of the D±
s candi-219

date tracks are required to be consistent with originating220

from a common vertex and to have an invariant mass of221

1.7 < M(K+K�⇡±) < 2.3 GeV/c2. To reduce combi-222

natorial background, the D±
s vertex is required to have223

a displacement from the pp̄ collision vertex in the trans-224

verse plane with a significance of at least four standard225

deviations.226

To improve the significance of the D±
s selection, we227

use a likelihood ratio [15] to combine several variables228

that discriminate between signal and the combinatoric229

background: the helicity angle between the D±
s and230

K⌥ momenta in the center-of-mass frame of the � me-231

son; the isolation of the D±
s system, defined as I =232

|~p(D±
s )| / |[~p(D±

s ) + ⌃~pi]|, where ~p(D±
s ) is the vector sum233

of the momenta of the three tracks that make up the D±
s234

meson and ⌃~pi is the sum of momenta of all charged235

particles not associated with the D±
s meson in a cone of236 p

(��)2 + (�⌘)2 < 0.5 around theD±
s direction [12]; the237

�2 of the D±
s vertex fit; the invariant mass M(K+K�);238

pT (K+K�); the cosine of the angle between the D±
s mo-239

mentum and the vector from the pp̄ collision vertex to240

the D±
s decay vertex, and the separation between the241

K± and ⇡± mesons with the same charge, defined as242 p
(�K � �⇡)2 + (⌘K � ⌘⇡)2. The signal is modelled us-243

ing a MC simulation of D±
s ! �⇡± decays and the back-244

ground is modelled using the data sample (which is dom-245

inated by background events) before applying the likeli-246

hood selection. The requirement on the likelihood ratio247

variable is chosen to minimize the statistical uncertainty248

on ACP obtained using the signal extraction procedure249

described below.250

The M(K+K�⇡±) distribution is displayed in bins251

of 6 MeV/c2 over a range of 1.7 < M(K+K�⇡±) <252

2.3 GeV/c2, and the number of signal and background253

events is extracted by a �2 fit of a model to the data.254

The D±
s meson mass distribution is well modelled by two255

Gaussian functions constrained to have the same mean,256

but with di↵erent widths and normalizations. A second257

peak in the M(K+K�⇡±) distribution corresponding to258

the Cabibbo-suppressed D± ! �⇡± decay is also mod-259

elled by two Gaussian functions with widths set to those260

of the D±
s meson scaled by the ratio of the fitted D± and261

D±
s masses. The combinatoric background is modelled by262

a 5th-order polynomial function. Partially reconstructed263

decays such as D±
s ! �⇡±⇡0 where the ⇡0 is not found264

are modeled with a threshold function that extends to the265

D±
s mass after the ⇡0 mass has been subtracted, given266

by T (m) = arctan
⇥
p
1

(mc2 � p
2

)
⇤
+ p

3

, where pi are fit267

parameters. In the standard fit p
1

is fixed to the value268

obtained from simulation while the other parameters are269

allowed to vary.270

The raw asymmetry (Eq. 2) is extracted by fitting the
M(K+K�⇡±) distribution of the D±

s candidates using
a �2 minimization. The fit is performed simultaneously,

  asymmetry measurements/tests:
e.g.:

CPV in mixing Production asymmetry (LHCb)

Experimentally:



Direct	
  CPV	
  in	
  Ds±	
  →	
  𝜙π±

• Use	
  similar	
  techiques	
  for	
  CP	
  asymmetries	
  as	
  other	
  DØ	
  analyses
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Sum:

PRL 112, 111804 (2014)

Most precise measurement
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Difference:
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Phys. Rev. Lett. 112, 111804 (2014)

   
Dominant kaon charge
asymmetry ~cancels! small

PRL 112, 111804 (2014)

http://link.aps.org/doi/10.1103/PhysRevLett.112.111804


Dimuon	
  Charge	
  Asymmetry

24

Measure via

Correct for backgrounds, fraction from b's

CP violation in mixing:

Direct semileptonic 
decay

Neutral B meson oscillation
and then semileptonic decay

Mix

Mostly background

Inclusive single muons
Constrain backg.

Reduce syst.

Asymmetry is a linear combination semileptonic charge asymmetries of 

;

and

13



Dimuon:	
  2011	
  Result

• 9.0	
  �–1	
  →	
  10.4	
  �–1	
  
• More	
  detailed	
  study	
  of	
  asymmetry	
   

dependence	
  on	
  impact	
  parameter	
   
(IP)	
  on	
  each	
  muon	
  

• More	
  detailed	
  study	
  of	
  asymmetry	
   
dependence	
  on	
  muon	
  (pT,	
  η)	
  

• Another	
  cross	
  check	
  using	
   
independent	
  alternaHve	
  way	
  to	
   
measure	
  background	
  

• AddiHonal	
  CP-­‐violaHng	
  process  
	
  included	
  to	
  interpret	
  result	
  	
   
CPV	
  in	
  interference	
  of	
  decays	
  w/	
  and	
  w/o	
  mixing	
  &	
  special	
  decay	
  class 25

PRD 84 052007 (2011)



Dimuon	
  Charge	
  Asymmetry
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IP Sample Muon IP (μm)
IP=1 0-50
IP=2 50-120
IP=3 120-3000

More	
  backgrounds	
  due	
  to	
  K→μ,π→μ	
  which	
  	
  
result	
  in	
  an	
  asymmetry	
  since	
  σ(K⁻N)	
  >	
  σ(K⁺N)

02 October 2013 G.Borissov, Matter-Antimatter differences using muons 28 

Asymmetry aCP 

•  Raw asymmetry is  
large for IP=1 sample  

•  Background asymmetry 
 cancels it 

•  aCP is consistent with  
zero for all IP samples 

(IP)(IP)(IP) bkgCP aaa −=

Sample a (%) abkg (%) aCP (%) 

All IP +0.670±0.002 +0.702±0.042 −0.032±0.042±0.061 

IP=1 +0.930±0.003 +0.954±0.053 −0.024±0.053±0.075 

IP=2 +0.277±0.006 +0.259±0.027 +0.018±0.028±0.024 

IP=3 −0.049±0.005 −0.001±0.023 −0.048±0.024±0.011 

Similar	
  result	
  if	
  bin	
  in	
  (η,	
  pT)	
  	
  
where	
  there	
  are	
  27	
  independent	
  bins

Blue	
  
independent	
  analysis

aCP	
  =	
  araw	
  -­‐	
  adet
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IP Sample Muon IP (μm)
IP=1 0-50
IP=2 50-120
IP=3 120-3000

More	
  backgrounds	
  due	
  to	
  K→μ,π→μ	
  which	
  	
  
result	
  in	
  an	
  asymmetry	
  since	
  σ(K⁻N)	
  >	
  σ(K⁺N)

02 October 2013 G.Borissov, Matter-Antimatter differences using muons 28 

Asymmetry aCP 

•  Raw asymmetry is  
large for IP=1 sample  

•  Background asymmetry 
 cancels it 

•  aCP is consistent with  
zero for all IP samples 

(IP)(IP)(IP) bkgCP aaa −=

Sample a (%) abkg (%) aCP (%) 

All IP +0.670±0.002 +0.702±0.042 −0.032±0.042±0.061 

IP=1 +0.930±0.003 +0.954±0.053 −0.024±0.053±0.075 

IP=2 +0.277±0.006 +0.259±0.027 +0.018±0.028±0.024 

IP=3 −0.049±0.005 −0.001±0.023 −0.048±0.024±0.011 

Similar	
  result	
  if	
  bin	
  in	
  (η,	
  pT)	
  	
  
where	
  there	
  are	
  27	
  independent	
  bins

Blue	
  
independent	
  analysis DØ, 10.4 fb-1 (a)

-0.6 -0.4 -0.2 0
Asymmetry (%)

a  CP        All IP

a  CP        IP=1

a  CP        IP=2

a  CP        IP=3

SM
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IP Sample Muon IP (μm)
IP=1 0-50
IP=2 50-120
IP=3 120-3000

DØ, 10.4 fb-1 (b)

-0.6 -0.4 -0.2 0
Asymmetry (%)

A  CP        All IP

A  CP        IP1,IP2=11

A  CP        IP1,IP2=12

A  CP        IP1,IP2=13

A  CP        IP1,IP2=22

A  CP        IP1,IP2=23

A  CP        IP1,IP2=33

SM

Phys. Rev. D 89, 012002 (2014)

ACP	
  =	
  (-­‐0.235	
  ±	
  0.064	
  ±	
  0.055)%	
  

Using	
  same	
  sign	
  	
  
dimuons

3.6σ	
  deviation	
  from	
  SM

PRD 87, 074020 (2013)	





Dimuon	
  Charge	
  Asymmetry
• InterpretaHon	
  &	
  results	
  
– FracHonal	
  mix	
  of	
  Bs	
  and	
    
Bd	
  in	
  each	
  IP	
  bin	
  and	
   
ACP	
  proporHonal	
  to	
  ΔΓd

29

-0.04

-0.02

0

0.02

-0.04 -0.02 0 0.02

SM

DØ, 10.4 fb-1

6Kd/Kd = 0.0042
    (SM, ±0.0008)

Standard Model

DØ B0Aµ+D(*)-X

DØ BsAµ+D-
s X

Central value from
dimuon asymmetry

68% CL

95% CL

ad
sl

as sl

3.0σ	
  deviation	
  from	
  SM	
  of	
  three	
  values

Result	
  consistent	
  with	
  D0	
   
measurements	
  of	
  assl	
  and	
  adsl

Phys. Rev. D 89, 012002 (2014)



Dimuon	
  Charge	
  Asymmetry
• InterpretaHon	
  &	
  results	
  
– SensiHve	
  to	
  ΔΓd/Γd	
  
– Fix	
  to	
  WA	
  ΔΓd/Γd	
  =	
  0.015	
  
– DeviaHon	
  now	
  only	
  1.9σ

30

Phys. Rev. D 89, 012002 (2014)

-0.04

-0.02

0

0.02

-0.04 -0.02 0 0.02

SM

DØ, 10.4 fb-1

6Kd/Kd = 0.0150
   (WA, ±0.0180)

Standard Model

DØ B0Aµ+D(*)-X

DØ BsAµ+D-
s X

Central value from
dimuon asymmetry

68% CL

95% CL

ad
sl

as sl



Semi-­‐Leptonic	
  CPV	
  WA

312.8σ	
  deviation	
  from	
  SM	
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Summary

• DØ	
  has	
  a	
  well	
  understood	
  detector	
  &	
  dataset	
  
with	
  well	
  developed	
  analysis	
  techniques.	
  	
  
– small	
  levels	
  of	
  pile-­‐up	
  
– p−anH-­‐p	
  CP	
  symmetric	
  iniHal	
  state	
  
– regular	
  flipping	
  of	
  magnet	
  polariHes	
  

• SHll	
  producing	
  results	
  	
  with	
  LHC	
  in	
  niche	
  areas.	
  
– new	
  tests	
  of	
  CPV	
  and	
  FB	
  asymmetries	
  
– Leaving	
  Dimuon	
  charge	
  asymmetry	
  puzzle	
  
• New	
  Physics	
  	
  
• Is	
  ΔΓd/Γd	
  the	
  soluHon?	
  	
   32
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CDF L-­‐Excited	
  B	
  Mesons	
  

CDF Orbitally & Radially Excited States

m (MeV/c2 )

B0
1 5726.4 � 0.8 � 1.3 � 0.4

B0
2 5736.6 � 1.2 � 1.2 � 0.2

B+
1 5726 � 4 � 3 � 2

B+
2 5737.1 � 1.1 � 0.9 � 0.2

B0
s1 5828.3 � 0.1 � 0.1 � 0.4

B0
s2 5839.7 � 0.1 � 0.1 � 0.2

B(5970)0 5978 � 5 � 12

B(5970)+ 5961 � 5 � 12

�
�

�
�
�

�
�

�
�
�

(MeV/c2 )

20 � 2 � 5

26 � 3 � 3

42 � 11 � 13

17 � 6 � 8

0.7 � 0.3 � 0.3

2.0 � 0.4 � 0.2

See body of talk for comparison of masses with model predictions

arXiv:1309.5961



b-Flavored Baryons ...at the Tevatron

X 0
b

S+
b

X 0

n p

J =1/2  b Baryons
J =3/2  b Baryons

1 b
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W

pre-Tevatron, only ground state

More statistics, measure
properties with more precision
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W 0
b

b

q
q

L=0 "atomic" system,
heavy quark and light diquark

spin-1: 
spin-0: 
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CDF

Phys. Rev. D 89, 072014 (2014)

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.072014


CDF b Baryons

Decays to 
Reference modes

               : provides trigger (w/ no lifetime bias)
Two data-sets:

Decays to c baryons: two-track displaced hadron trigger (lifetime biased)

Track long charged decay lengths

,
and       in silicon detector

SVX
836

CDF Phys. Rev. D 89, 072014 (2014)

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.072014


CDF b Baryons
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CDF Phys. Rev. D 89, 072014 (2014)

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.072014


CDF b Baryons

CDF Public Note 11024

c.f. LHCb (arXiv:1402.6242)

WA and comparisons in backups

Only exclusive       lifetime

First evidence of this decay mode (3.3 – 3.6s)

Isospin splitting (u and d quarks)

Only       lifetime

38

CDF Phys. Rev. D 89, 072014 (2014)

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.072014


 b Baryons

1 1.1 1.2 1.3 1.4 1.5 1.6

t(Lb) (ps)

Average 1.466 ±0.010 ps

CDF J/yL
(prel, 02-11)

1.565 ±0.035 ±0.020 ps
LHCb J/ypK

(11-12)
1.479 ±0.009 ±0.010 ps

LHCb J/yL
(11)

1.415 ±0.027 ±0.006 ps
CMS J/yL

(11)
1.503 ±0.052 ±0.031 ps

ATLAS J/yL
(11)

1.449 ±0.036 ±0.017 ps
D0 J/yL

(02-11)
1.303 ±0.075 ±0.035 ps

D0 Lc-lepton
(02-06)

1.290 +0.120  +0.087 ps1.290  -0.1101.290 +0.120   -0.091

CDF Lcp(02-06)
1.401 ±0.046 ±0.035 ps

CDF Lc-lepton
(91-95)

1.320 ±0.150 ±0.070 ps
DELPHI Lc-lepton

(91-94)
1.110 +0.190  ±0.050 ps1.110  -0.180

OPAL Lc-lepton
(90-95)

1.290 +0.240  ±0.060 ps1.290  -0.220

ALEPH L-ll
(91-95)

1.300 +0.260  ±0.040 ps1.300  -0.210

ALEPH Lc-lepton
(91-95)

1.180 +0.130  ±0.030 ps1.180  -0.120

Heavy Flavour
Averaging Group

39

CDF Phys. Rev. D 89, 072014 (2014)

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.072014


 b Baryons

1 1.2 1.4 1.6 1.8 2 2.2

mean t(Xb) (ps)

Average 1.37 ±0.13 ps

CDF J/yX-

(prel, 02-11)
1.36 ±0.15 ±0.02 ps

DELPHI X-lepton
(92-95)

1.45 +0.55  ±0.13 ps1.45  -0.43

DELPHI X-lepton
(91-93)

1.50 +0.70  ±0.30 ps1.50  -0.40

ALEPH X-lepton
(90-95)

1.35 +0.37  ±0.16 ps1.35  -0.28

Heavy Flavour
Averaging Group

40

CDF Phys. Rev. D 89, 072014 (2014)

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.072014


Backup	
  Bs	
  LifeHme

41

[ps]

Total

(WA values)
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Reconstruct a 
with a correct-sign muon
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Decay length resolution
Replace double-Gaussian model with single + exponential tails

Combinatorial Background
Use single samples (each of mass side-bands, wrong-sign)

Non-Combinatorial Background
Vary composition within uncertainties

Detector Alignment
Use different silicon microvertex detector alignment
  files with sensors moved within uncertainties

Signal fraction
Varied within uncertainties from mass fit, different mass models

K factors
Use different MC, vary composition and relevant lifetimes 
  within uncertainties
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Uncertainty source � B0
s (µm) � B0 (µm) D R

Resolution Model 0.7 2.1 0.003
Combinatorial Background Model 5.0 4.9 0.001

K-factor determination 1.6 1.3 0.006
Non-Combinatorial Background 2.6 2.0 0.001

Signal Fraction 1.0 1.8 0.002
Alignment of the detector 2.0 2.0 0.000

Total 6.3 6.4 0.007

 m]µ lifetime [sB
360 380 400 420 440 460 480 500 520 540

RunIIb4

RunIIb3

RunIIb2
RunIIb1

RunIIa

Average 

 lifetime DØ Prelim.,10.4 fb–1

 Stat.
 Total

sB

 m]µ lifetime [dB
360 380 400 420 440 460 480 500 520 540 560

RunIIb4

RunIIb3

RunIIb2
RunIIb1

RunIIa

Average 

 lifetimedB

 Stat.
 Total
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 Marj Corcoran, ICHEP 14

Forward-backward asymmetry in B±→J/Ψ K±

Correlation between parent b-quark and reconstructed B meson
from MC@NLO.  About 80% of the time, the B meson tracks the parent 
b-quark. 
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BDT Variations 0.14%
Fit Variations 0.080%

Polarity Weighting 0.0001%

Detector Asymmetries 0.058%

Systematic 0.17%

Statistical 0.41%

Total 0.44%
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Table 3
AP (%) shown as a function of both y and pT.

pT (GeV) y

2.0–3.0 3.0–3.5 3.5–4.5

2.0–6.5 0.2 ± 0.5 −0.7 ± 0.5 −0.9 ± 0.4
6.5–8.5 −0.3 ± 0.4 0.1 ± 0.5 −1.2 ± 0.5
8.5–25.0 0.2 ± 0.3 −0.3 ± 0.5 −1.0 ± 0.8

tion asymmetry AP is (−0.20 ± 0.34)%, and (−0.45 ± 0.28)%, for
magnet up and magnet down samples, respectively. The errors are
statistical only. Averaging the two results, giving equal weight to
each to cancel any residual systematic biases, gives

AP = (−0.33 ± 0.13 ± 0.18 ± 0.10)%,

where the first uncertainty is statistical from the D±
s yields, the

second statistical due to the error on the efficiency ratio and the
third systematic. The systematic uncertainty on AP has several con-
tributions. Uncertainties due the background shape in the D±

s mass
fit are evaluated using a higher order polynomial function, that
gives a 0.06% change. Statistical uncertainty on MC efficiency adds
0.06%. Constraining the signal shapes of the D+

s and D−
s to be the

same makes a 0.04% difference. Possible changes in detector ac-
ceptance during magnet up and magnet down data taking periods
are estimated to contribute 0.03%. The systematic uncertainty from
the pion efficiency ratio contributes 0.02%. Differences in the mo-
mentum distributions of K − and K + that arise from interference
with an S-wave component under the φ peak can introduce a false
asymmetry [11]. For our relatively high momentum D±

s mesons
this is a 0.02% effect. Contamination from b decays causes a negli-
gible effect. Adding all sources in quadrature, the overall systematic
uncertainty on AP is estimated to be 0.10%.

5. Conclusions

We have developed a method using partially and fully recon-
structed D∗± decays to measure the relative detection efficiencies
of positively and negatively charged pions as a function of mo-
mentum. Applying this method to D±

s mesons produced directly
in pp collisions, i.e. not including those from decays of b hadrons,
we measure the overall production asymmetry in the rapidity re-
gion 2.0 to 4.5, and pT > 2 GeV as

AP = σ (D+
s ) − σ (D−

s )

σ (D+
s ) + σ (D−

s )
= (−0.33 ± 0.22 ± 0.10)%. (3)

The asymmetry is consistent with being independent of pT, and
also consistent with being independent of y, although there is a
trend towards smaller AP values at more central rapidity. These
measurements are consistent with theoretical expectations [3,4],
provide significant constraints on models of D±

s production, and
can be used as input for CP violation measurements.
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Appendix A. Fitting functions for partial reconstruction

The signal probability density function (PDF) is given by:

fsig(#mprt) = feff(#mprt) · BG(#mprt;σl,σr,µ), where

BG(#mprt) =
{ σl

σl+σr
G(#mprt;µ,σl) if #mprt !µ,

σr
σl+σr

G(#mprt;µ,σr) if #mprt > µ.
(4)

G(#mprt;µ,σ ) is a Gaussian function with mean µ and width σ ,
and BG(#mprt) is a bifurcated Gaussian function. The efficiency
function feff(#mprt) is defined as:

feff(#mprt) =
{ |a(#mprt−#m0)|N

1+|a(#mprt−#m0)|N if #mprt − #m0 " 0,

0 if #mprt − #m0 < 0,
(5)

where a, N , and #m0 are fit parameters. The resolution function
(the bifurcated Gaussian function) is multiplied by the efficiency
function feff(#mprt) in order to account for the “turn-off” be-
haviour of the quantity #mprt near the threshold (pion mass).
There are in total six shape parameters in this signal PDF which
are left to vary in the fit.

The background PDF is taken as a threshold function with the
inclusion of extra components to obtain a good description of the
WS combinations. It is defined similarly:

fbkg(#mprt) = f ∗(#mprt) ·
(
c2#m2

prt + c1#mprt + 1
)

− f1 · BG(#mprt) + f2 · G(#mprt), (6)

f ∗(#mprt) =
[
1 − exp

(
−

(
#mprt − #mp

0

)
/cp

)]
· a

#mprt/#mp
0

p

+ bp
(
#mprt/#mp

0 − 1
)
. (7)

The parameters used in the background functions BG and G are
different than the ones used in the signal functions. There are in
total 11 shape parameters in the background PDF that are deter-
mined by the fit. We also fit using f ∗(#mprt) as the background
PDF alone to estimate the systematic uncertainty on the efficiency
ratio.

Appendix B. Fitting functions for full reconstruction

The signal PDF is defined as:

fsig(#mfull)

= f1G(#mfull;µ1,σ1) + f2G(#mfull;µ2,σ2)

+ (1 − f1 − f2) fstudent(#mfull;#m0,νl,νh,σave, δσ ), (8)

where G(#mfull) is a Gaussian function defined in Appendix A, and
fstudent(#mfull) is obtained from the Student’s t-distribution

f (t) = Γ (ν/2 + 1/2)

Γ (ν/2)
√

νπ
·
(

1 + t2

ν

)(−ν/2−1/2)

, (9)

where Γ is the Gamma function. We define t = (#mfull − #m0)/σ
with #m0 and σ the mean and width. In order to obtain the asym-
metric t-function, the width parameter σ and number of degrees
of freedom ν are allowed to be different for the high and low sides
of #mfull. Widths for high and low sides of #mfull are then defined
as: σh = σave + δσ , and σl = σave − δσ , and ν parameters for high
and low sides are denoted as νh and νl , respectively. The bifurcated
Student’s t-function can then be defined as:

Physics Letters B 713 (2012) 186–195	
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Additional Source of CPV in Like-Sign Dimuons

 Borissov, Hoeneisen, arXiv:1303.0175v1 [hep-ex],
   Understanding the like-sign dimuon charge asymmetry in pp(bar) collisions

 e.g.,

but due to interference between mixing and decay in B system:

     additional

Mix



Dimuon	
  Charge	
  Asymmetry
• Average	
  of	
  all	
  three	
  D0	
  
semi-­‐leptonic	
  charge	
  
asymmetries

50

Phys. Rev. D 89, 012002 (2014)
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