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• DØ	
  has	
  a	
  well	
  understood	
  detector	
  &	
  dataset	
  
with	
  well	
  developed	
  analysis	
  techniques.	
  	
  
– small	
  levels	
  of	
  pile-­‐up	
  
– p−an.-­‐p	
  CP	
  symmetric	
  ini.al	
  state	
  
– regular	
  flipping	
  of	
  magnet	
  polari.es	
  

• These	
  are	
  all	
  used	
  in	
  asymmetry	
  
measurements	
  to	
  minimise	
  systema.c	
  
uncertain.es



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

Forward:	
  b-­‐quark	
  in	
  same	
  direc.on	
  as	
  proton  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  bL	
  	
  in	
  same	
  direc.on	
  as	
  an.-­‐proton



B±	
  F-­‐B	
  Asymmetry

• An	
  unbinned	
  maximum	
  likelihood	
  fit	
  is	
  used	
  to	
  extract	
  the	
  
number	
  of	
  B	
  meson	
  decays	
  in	
  each	
  category.	
  

• Unblinded	
  projec.ons:	
  Phys.	
  Rev.	
  Led.	
  114,	
  051803	
  (2015)

4

Ev
en

ts
 / 

5 
M

eV

310

Data
± Kψ J/→ ±B
±π ψ J/→ ±B

 X± hψ J/→ xB

Combinatoric bkgd.

-1DØ, L = 10.4 fb

K) (GeV)ψM(J/
5.1 5.2 5.3 5.4 5.5 5.6

D
at

a
σ

) /
 

Fi
t

 - 
N

D
at

a
(N

-3
-2
-1
0
1
2
3

Correct	
  for	
  F-­‐B	
  reconstruc.on	
  
asymmetries,	
  muon	
  and	
  kaons	
  using	
  

weights:	
  	
  Acorr	
  =	
  -­‐0.06%.
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FIG. 2: (color online) Invariant mass M(J/ψK) of (forward
− backward) events with fitted distributions multiplied by
asymmetry parameters Ai.

sample variations include training four alternative BDTs
with different variables or input samples and using a
range of cuts on the BDT discriminant. Fit variations
include varying the B± mass range, removing depen-
dences on EK from the fit functions, allowing the slope
of T (mJ/ψK) to float, and fixing the background asym-
metry parameters to zero.
To estimate systematic error from the reconstruction

asymmetries we measure ANS(J/ψ) and ANS(K±) using
alternate data samples and calculations in different bins
or with alternate fit parameters. Biases in the fitting pro-
cedure are explored with ensemble tests on randomized
data, comparing input and fitted values of AFB(B±). No
bias is observed, and a systematic uncertainty is assigned
based on the spread of results in the ensemble test. The
total systematic uncertainty on the data measurement is
0.19%, as summarized in Table I.

TABLE I: Summary of uncertainties on AFB(B
±) in data.

Source Uncertainty
Statistical 0.41%
Alternative BDTs and cuts 0.17%
Fit Variations 0.06%
Reconstruction Asymmetries 0.05%
Fit Bias 0.02%
Systematic Uncertainty 0.19%
Total Uncertainty 0.45%

To compare this measurement to the SM, the mc@nlo

simulation is analyzed as described above, applying
B± → J/ψK± selections and weights to correct for
muon trigger effects. Additionally, reconstructed muon
and kaon tracks must match tracks from generated
B± → J/ψK± decays. Since matching reconstructed
B± candidates to generated B± mesons leaves no back-
ground events, ASM

FB (B
±) is calculated directly according

to Eq. 1.

Systematic uncertainties on ASM
FB (B

±) are calculated
by varying renormalization and factorization energy scale
choices and uncertainties from the PDF set. Uncertainty
on ASM

FB (B
±) due to b-quark hadronization uncertainties

is not included. mc@nlo defines µR and µF for renor-
malization and factorization energy scales [15] as the
square root of the average of m2

T = m2+p2T for the b and
b̄ quarks [28], with b quark massm set to 4.75 GeV. Since
Abb̄

FB is zero at leading-order, there is a large scale depen-
dence in predictions at next-to-leading-order [29]. Both
scales are varied independently from 1

2
µR,F to 2µR,F to

estimate an uncertainty due to uncalculated higher or-
ders. Half the largest spread of variations gives a sys-
tematic uncertainty of 0.44%. The negligible PDF un-
certainty of 0.03% is calculated by varying the twenty
cteq6m1 eigenvectors by their uncertainties and deter-
mining the standard deviation of the variations. We find
ASM

FB (B
±) = [2.31 ± 0.34 (stat) ± 0.44 (scale)]%. Com-

bining all data and MC uncertainties in quadrature, the
mc@nlo result differs from data by (2.55 ± 0.72)%, or
3.5 standard deviations.
Figure 3 shows measurements of AFB(B±) and

ASM
FB (B

±) versus transverse momentum and pseudora-
pidity. The fully reconstructed J/ψK± final state pro-
duces good kinematic agreement between reconstructed
and generated B± mesons, so corrections to recover the
true B± kinematics are unnecessary. The average pT of
the B± mesons is 12.9 GeV. We find that AFB(B±) is
systematically lower than ASM

FB (B
±) for all pseudorapidi-

ties, and for pT (B) = 9 – 30 GeV. Considering the MC
systematic uncertainties to be correlated (uncorrelated),
Fig. 3 (a) has χ2 = 11.0 (12.6) for three bins and Fig. 3 (b)
has χ2 = 6.9 (7.3) for seven bins.
In conclusion, we have measured the forward-backward

asymmetry in the production of B± mesons with B± →
J/ψK± decays in pp̄ collisions at

√
s = 1.96 TeV. For

B± mesons with a mean pT of 12.9 GeV, the result is
AFB(B±) = [−0.24 ± 0.41 (stat) ± 0.19 (syst)]%, which
is the first measurement of this quantity. The observed
discrepancy of ≈ 3 standard deviations between our mea-
surement and the mc@nlo estimate suggests that more
accurate theoretical predictions are needed to interpret
these results.
We thank the staffs at Fermilab and collaborating in-

stitutions, and acknowledge support from the Depart-
ment of Energy and National Science Foundation (United
States of America); Alternative Energies and Atomic En-
ergy Commission and National Center for Scientific Re-
search/National Institute of Nuclear and Particle Physics
(France); Ministry of Education and Science of the Rus-
sian Federation, National Research Center “Kurchatov
Institute” of the Russian Federation, and Russian Foun-
dation for Basic Research (Russia); National Council for
the Development of Science and Technology and Carlos
Chagas Filho Foundation for the Support of Research
in the State of Rio de Janeiro (Brazil); Department of

We	
  observe	
  no	
  significant	
  forward-­‐backward	
  asymmetry	
  



B±	
  F-­‐B	
  Asymmetry
• Comparison	
  with	
  MC@NLO	
  

• 3.5σ	
  discrepancy	
  	
  

• Data	
  is	
  systema.cally	
  less	
  than	
  
the	
  predic.on.	
  	
  

• Improved	
  Calcula.ons	
  by	
    
Christopher	
  W.	
  Murphy 
arXiv:1504.02493
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ΛbΛLb	
  	
  F-­‐B	
  Asymmetry
• As	
  with	
  B+	
  the	
  forward	
  direc.on	
  corresponds	
  to	
  b	
  quark	
  travelling	
  in	
  the	
  

direc.on	
  of	
  the	
  proton.	
  	
  
– Forward	
  Λb	
  in	
  direc.on	
  of	
  proton	
  	
  
– Forward	
  ΛLb	
  in	
  direc.on	
  of	
  an.-­‐proton	
  

• Search	
  for	
  Λb→	
  J/ψΛ,	
  J/ψ→	
  μ+μ-­‐,	
  Λ	
  →	
  pπ-­‐	
  	
  

• Fit	
  with	
  binned	
  maximum	
  likelihood.	
  Gaussian	
  signal	
  and	
  2nd	
  order	
  
Chebyshev	
  polynomial	
  for	
  background.	
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• Asymmetry	
  vs	
  Rapidity:	
  0.1	
  <	
  |y|	
  <	
  2.0	
  Phys.	
  Rev.	
  D	
  91,	
  072008	
  

• “String	
  drag”	
  mechanism	
   
proposed	
  by	
  J.	
  Rosner	
   
may	
  favour	
  produc.on	
   
of	
  Λb	
  baryons	
  in	
  proton	
    
beam	
  direc.on

8

Asymmetry&
•  Hadroproduc=on%of%par=cles%containing%heavy%quark%Q%
proceeds%through%qq%annihila=ons%or%gDg%fusion%followed%by%

hadroniza=on%to%the%heavy%quarks%

•  At%NLO,%QCD%effects%can%introduce%a%small%asymmetry%(~1%)%in%

Q%and%Q%%momenta%

•  Hadroniza=on%may%also%change%direc=on%of%par=cle%containing%

Q%so%can%generate%significant%asymmetry%

•  Few%studies%of%asymmetries%of%bo)om%baryons%

•  Recently%“string%drag”%mechanism%proposed%by%J.%Rosner%may%

favor%produc=on%of%Λb%baryons%in%proton%beam%direc=on%and%

Λb%baryons%in%an=Dproton%beam%direc=on%

23%
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• Ra.o	
  of	
  ΛLb/Λb	
  vs	
  rapidity	
  loss	
  y(beam)-­‐y(Λb)	
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  F-­‐B	
  Asymmetry
• Preliminary	
  result:	
  Conference	
  Note	
  6464-­‐CONF	
  

• Λ	
  →	
  pπ-­‐	
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ΛΛL	
  	
  F-­‐B	
  Asymmetry
• Ra.o	
  of	
  ΛL/Λ	
  vs	
  rapidity	
  loss	
  y(beam)-­‐y(Λ)
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FIG. 6: Λ̄/Λ production ratio as a function of the rapidity
loss ∆y ≡ yp −y for several experiments (over 37 years!) that
study reactions pZ → Λ(Λ̄)X. The experiments are ATLAS
[7], DØ (this analysis), STAR [8], LHCb [9], ISR R-607 [11],
ISR R-603 [10], and the fixed target experiment Fermilab E8
studying 300 GeV p-Be and p-Pb collisions [12].
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FIG. 7: Same as Fig. 6 with logarithmic scale.

A′A′
FB. Numerical results are presented in Table II. The

different Λµ and KSµ correlations upset the equality of
A′

NS for lambdas and KS in a couple of rapidity bins,
see Fig. 10. The forward-backward asymmetry AFB as
a function of the momentum of the lambda transverse to
the beam is presented in Fig. 11.
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FIG. 8: Asymmetries AF B and ANS of Λ, Λ̄ with pT >
2.0 GeV, as a function of |y|, for the data sample pp̄ →
J/ψΛ(Λ̄)X. Uncertainties are statistical.
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FIG. 9: Distributions of rapidity y of reconstructed Λ’s (cir-
cles) and Λ̄’s (triangles) for events with a µ+ (upper plot) or a
µ− (lower plot), for pT > 2.0 GeV, for events pp̄ → µ±Λ(Λ̄)X.

CONCLUSIONS

We have measured the forward-backward asymmetry
of Λ, Λ̄ production AFB as a function of rapidity |y| of
three data sets: pp̄ → Λ(Λ̄)X , pp̄ → J/ψΛ(Λ̄)X , and
pp̄ → µ±Λ(Λ̄)X . The asymmetry AFB is different from
zero, and does not depend significantly on the data set or
data composition (see Figure 12), and is weakly depen-
dent on pT (see Figure 11). The measurement of AFB

in pp̄ collisions can be compared with the Λ̄/Λ produc-



Inclusive	
  produc.on	
  of	
  X(4140)

• X(4140)	
  is	
  a	
  peak	
  in	
  the	
  J/ψφ	
  mass	
  spectrum	
  
– currently	
  seen	
  in	
  B+	
  decays.	
  	
  

• Preliminary	
  D0	
  Result:	
  Conference	
  Note	
  6468-­‐CONF	
  
• Carry	
  out	
  search	
  for	
  inclusive/prompt	
  produc.on	
  of	
  X(4140)	
  
– Is	
  it	
  produced	
  by	
  other	
  b-­‐hadron	
  decays?	
  
– Is	
  it	
  produced	
  directly	
  in	
  p̅p	
  collisions?	
  

• Measure	
  as	
  a	
  func.on	
  of	
  Lxy	
  and	
  normalise	
  to	
  Bs0	
  →	
  J/ψφ

12

http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/B/B66/


Inclusive	
  produc.on	
  of	
  X(4140)
• X(4140)	
  Signal	
  at	
  Lxy	
  >	
  250	
  μm	
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Signal:	
  rela.vis.c	
  BW	
  with	
  free	
  M	
  and	
  Γ	
  convolved	
  with	
  σ	
  =	
  4	
  MeV.	
    
Background:	
  m	
  ·∙	
  (m2/mth2	
  -­‐	
  1)c	
  exp(-­‐bm)	
  	
  

N	
  =	
  616±170	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  M	
  =	
  4152.5±1.7	
  MeV	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Γ	
  =	
  16.3±5.6	
  MeV
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Inclusive	
  produc.on	
  of	
  X(4140)

• The	
  non-­‐prompt	
  produc.on	
  rate	
  of	
  X(4140)	
  rela.ve	
  to	
  Bs0	
  is	
  	
  

• The	
  frac.on	
  origina.ng	
  from	
  b	
  hadrons	
    
 
 
which	
  implies	
  prompt	
  produc.on	
  of	
  the	
  X(4140).	
  

• For	
  Lxy	
  >	
  250	
  μm	
  total	
  number	
  of	
  events	
  is	
  616	
  ±	
  170	
  	
  whilst	
  the	
  
number	
  from	
  B+	
  decays	
  is	
  130	
  ±	
  60.

15

5

TABLE II: Summary of systematic uncertainties.

Source Mass (MeV) Width (MeV) Rate non-prompt (%) Rate prompt (%)
Mass resolution ±0.1 ±0.2 ±1 ±1

Mass bias +3
−0 – – –

Signal model ±1 ±2.7 ±13 ±15
Fitting range ±3 ±7.0 ±20 ±6

Bin size ±1.6 ±7.0 ±25 ±10
Trigger bias – – – 5

Mean lifetime – – −1.5 +1.5
Total +4.7

−3.6 ±10.3 ±35 ±19

M(J/ψφ) invariant mass, with a possible bin-to-bin variation of ±10%. The possible variation of the efficiency within
the X(4140) mass range affects the mass, width, and yield of the signal. To assess effects of the fitting procedure and
background size and shape, we vary the fitting mass range and bin size. Some of the single-muon triggers include
a filter requiring a presence of tracks with non-zero impact parameter. Events recorded by such triggers constitute
approximately 5% of all events. Assuming that such triggers are 100% efficient for b events and reject all prompt
events, we apply a 5% correction to the prompt yield. We assign a systematic uncertainty of ±5% on the fraction
fb due to this correction. Finally, our assumption of the equality of the relative rates in regions (1) – (3) for the
non-prompt X(4140) and B0

s is based on expectation of the equality of the average lifetime of b-hadron parents of the
X(4140) and that of the B0

s in the J/ψφ channel. The world-average of the B0
s lifetime is 6% lower than the lifetime

averaged over all b hadron species [1]. We assign an asymmetric uncertainty in the ratio R and the fraction fb. The
systematic uncertainties are summarized in Table II.

We test the stability of the results to the event selection by changing the φ mass window to 1.012 < M(K+K−) <
1.029 GeV. As additional cross-checks, we perform fits to subsamples corresponding to the transverse momentum
ranges 5 < pT < 10 GeV and 10 < pT < 20 GeV; to early and late data-taking periods; and to events in the central
and forward rapidity regions. In each case, the background shape in the two subsamples is well described by the same
functional form although it requires different values of the parameters. In all cases the sums of the resulting signal
yields agree with the total yield within a few events.

Our measured values of the mass and width of the X(4140) state are compared with earlier measurements in
Table III. The ratio of the X(4140) to B0

s yield for events with Lxy > 0.025 cm is R = 0.19± 0.05 (stat)± 0.07 (syst).
After correcting for the efficiency of this Lxy cut and for the trigger bias, we find the fraction of X(4140) events
originating from b hadrons to be fb = 0.39± 0.07 (stat)± 0.10 (syst). The yield for the X(4140) state at Lxy > 0.025
cm can also be compared with the yield of 52±19 events of X(4140) from the decay process B+ → J/ψφK+ obtained
by D0 [5] for the same data set. After correcting for a factor of 2.5 ± 0.5 for the efficiency of the full reconstruction
of the B+ decay and lower kaon pT threshold, we expect the yield from the B+ decay to be ≈ 130± 60 events in this
analysis. Our observed yield of 616± 170 events exceeds this estimate suggesting that decays of b hadrons other than
B+ contribute to the non-prompt production of X(4140). The J/ψφ invariant mass distributions presented in Fig. 2
show no evidence for states in the mass region 4250 < M(J/ψφ) < 4375 MeV.

TABLE III: Summary of X(4140) measurements

Experiment Process Mass (MeV) Width (MeV)
CDF [2] B+

→ J/ψφK+ 4143.0 ± 2.9 ± 1.2 11.7+8.3
−5.0 ± 3.7

CMS [4] B+
→ J/ψφK+ 4148.0 ± 2.4 ± 6.3 28+15

−11 ± 19
D0 [5] B+

→ J/ψφK+ 4159.0 ± 4.3 ± 6.6 19.9 ± 12.6+3.0
−8.0

D0 (this work) pp → J/ψφ+ anything 4152.5 ± 1.7+4.7
−3.6 16.3 ± 5.6 ± 10.3

In summary, we have carried out the first search for inclusive production of the state X(4140) in hadronic collisions.
We find evidence for its direct, prompt production, and observe a production in weak decays of b hadrons with a rate
exceeding the expected rate for the known decay B+ → J/ψφK+. The significance of the prompt production, including
systematic uncertainties, is 4.7σ. This is the first evidence for the prompt production of X(4140). The significance of
the non-prompt production, including systematic uncertainties, is 5.6σ. The non-prompt production rate of X(4140)
relative to B0

s observed in the same final state is R = 0.19±0.05 (stat)±0.07 (syst). We see the need for more b-hadron
states to feed the non-prompt signal than just the previously known B+ decays. Assuming a relativistic Breit-Wigner
line shape, we measure the mass and width of the X(4140) state to be M = 4152.5 ± 1.7(stat)+4.7

−3.6 (syst) MeV and
width Γ = 16.3 ± 5.6 (stat) ± 10.3 (syst) MeV, consistent with previous measurements [2, 4, 5].
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