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Overview	
  

•  Introduc8on	
  to	
  LHCb	
  
•  Experimental	
  results	
  

–  Light	
  mesons	
  
–  Charm	
  
–  Charmonium(-­‐like)	
  
–  Beauty	
  
–  Baryons	
  

•  Future	
  prospects	
  
•  Conclusion	
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The	
  LHCb	
  experiment	
  

•  Primary	
  goal	
  of	
  LHCb	
  is	
  to	
  make	
  precision	
  tests	
  of	
  
the	
  Standard	
  Model	
  in	
  order	
  to	
  discover	
  or	
  
exclude	
  New	
  Physics	
  models	
  

•  Physics	
  programme	
  is	
  broad:	
  
–  Core	
  measurements	
  of	
  CP-­‐viola8on	
  and	
  rare	
  decays	
  
–  Plus	
  spectroscopy	
  &	
  hadronic	
  physics,	
  EW	
  physics,	
  
etc.	
  

•  Knowledge	
  from	
  laWer	
  parts,	
  which	
  are	
  very	
  
interes8ng	
  in	
  themselves(!),	
  are	
  also	
  key	
  to	
  
beWer	
  precision/accuracy	
  in	
  core	
  programme	
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The	
  LHCb	
  detector	
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Interac8on	
  
Point	
  

LHCb	
  σ(pp	
  ⟶	
  Hb	
  X)	
  =	
  (	
  75	
  ±	
  5	
  ±	
  13	
  )	
  µb	
  
[Phys.	
  LeW.	
  B	
  694,	
  209-­‐216	
  (2010)]	
  

Approximate	
  
acceptance:	
  
2	
  <	
  η	
  <	
  5	
  
	
  
~4%	
  of	
  solid	
  angle	
  
~40%	
  of	
  heavy	
  
quarks	
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LHCb	
  data	
  samples	
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q  Trigger	
  Efficiencies:	
  
q  ~30%	
  efficient	
  for	
  

mul8-­‐body	
  hadronic	
  
q  ~90%	
  efficient	
  for	
  

di-­‐muons	
  

•  2011:	
  √s	
  =	
  7	
  TeV,	
  L	
  ≈	
  1	
  n-­‐1	
  

•  2012:	
  √s	
  =	
  8	
  TeV,	
  L	
  ≈	
  2	
  n-­‐1	
  



Light	
  mesons	
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Mixing	
  angle	
  of	
  f0(980)	
  
•  Analysis	
  of	
  the	
  resonant	
  

structures	
  in	
  B0	
  ⟶	
  J/ψπ+π−	
  
decays	
  

•  Modified	
  Dalitz-­‐plot	
  fit	
  
including	
  also	
  the	
  J/ψ	
  decay	
  
angle	
  and	
  accoun8ng	
  for	
  
different	
  helicity	
  states	
  of	
  
intermediate	
  resonances	
  

•  Model	
  includes	
  contribu8ons	
  
from	
  ρ(770),	
  ω(782),	
  f0(980),	
  
f2(1270),	
  ρ(1450)	
  and	
  f0(500)	
  

•  Efficiency	
  varia8on	
  taken	
  into	
  
account	
  as	
  a	
  func8on	
  of	
  DP	
  
and	
  J/ψ	
  decay	
  angle,	
  including	
  
correla8ons	
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Mixing	
  angle	
  of	
  f0(980)	
  

•  Largest	
  contribu8on	
  from	
  
ρ(770)	
  [63%]	
  

•  Smaller	
  but	
  significant	
  
contribu8ons	
  from	
  
f0(500)	
  [16%]	
  and	
  	
  
f2(1270)	
  [9%]	
  

•  Evidence	
  of	
  ω(782)	
  [0.6%]	
  
and	
  ρ(1450)	
  [5.3%]	
  

•  Significance	
  of	
  f0(980)	
  
[1.5%]	
  only	
  2.5σ	
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Mixing	
  angle	
  of	
  f0(980)	
  
•  Interpre8ng	
  f0(500)	
  and	
  f0(980)	
  as	
  mixtures	
  of	
  underlying	
  states:	
  

	
  
	
  
	
  

•  In	
  this	
  decay,	
  only	
  the	
  dd	
  part	
  contributes,	
  so	
  

•  Where	
  the	
  last	
  term	
  is	
  a	
  ra8o	
  of	
  phase	
  space	
  factors	
  
•  Using	
  the	
  informa8on	
  from	
  the	
  fit	
  and	
  external	
  informa8on	
  on	
  the	
  f0	
  

decay	
  BFs	
  we	
  find	
  
	
  
•  	
  	
  

13/01/2014	
   Hirschegg	
  2014	
   9	
  

f0 (980) = sinϕm
1
2

uu + dd( )+ cosϕm ss

f0 (500) = cosϕm
1
2

uu + dd( )− sinϕm ss

tan2ϕm =
BF B0 → J/ψ f0 (980)( )
BF B0 → J/ψ f0 (500)( )

Φ(500)
Φ(980)

tan2ϕm =
BF B0 → J/ψ f0 (980)( )
BF B0 → J/ψ f0 (500)( )

Φ(500)
Φ(980)

< 0.35@90%CL

ϕm < 31°@90%CL
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Mixing	
  angle	
  of	
  f1(1285)	
  
•  Combined	
  analysis	
  of	
  the	
  B0	
  

and	
  Bs	
  decays	
  to	
  J/ψ	
  4π	
  
•  Normalise	
  wrt	
  B	
  ⟶	
  J/ψππ	
  
•  Fit	
  4π	
  invariant	
  mass	
  to	
  

determine	
  f1(1285)	
  
contribu8on	
  in	
  each	
  case	
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[Phys.	
  Rev.	
  LeW.	
  111	
  (2013)	
  062001]	
  

Mixing	
  angle	
  of	
  f1(1285)	
  

•  Similar	
  interpreta8on	
  as	
  with	
  f0(500)	
  and	
  f0(980)	
  
–  f1(1285)	
  and	
  as	
  yet	
  uniden8fied	
  mixing	
  partner	
  

•  Here	
  use	
  f1(1285)	
  informa8on	
  from	
  B0	
  and	
  Bs	
  decays:	
  

•  The	
  resul8ng	
  mixing	
  angle	
  is:	
  

•  The	
  observed	
  ra8o	
  of	
  branching	
  frac8ons	
  disfavours	
  
the	
  tetraquark	
  interpreta8on	
  of	
  the	
  f1(1285)	
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tan2ϕm = 1
2

BF Bs
0 → J/ψ f1(1285)( )

BF B0 → J/ψ f1(1285)( )
τ 0
τ s

Vcd
2

Vcs
2
Φ0

Φs

= 0.1970± 0.053 −0.012
+0.014

ϕm = 24.0 −2.6
+3.1

−0.8
+0.6( )°

3	
  n−1	
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Charm	
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D	
  meson	
  masses	
  
•  D	
  meson	
  masses	
  not	
  so	
  precisely	
  known	
  as	
  B’s	
  
•  Precision	
  on	
  world	
  averages	
  of	
  m(D0),	
  m(D+)	
  and	
  
m(Ds)	
  are	
  0.2,	
  0.4	
  and	
  1.4	
  MeV/c2	
  [PDG	
  2012	
  Averages]	
  

•  Mass	
  splizngs	
  slightly	
  beWer	
  known:	
  
•  m(D+)	
  –	
  m(D0)	
  =	
  4.76	
  ±	
  0.28	
  MeV/c2	
  
•  m(Ds)	
  –	
  m(D+)	
  =	
  98.85	
  ±	
  0.25	
  MeV/c2	
  

•  Much	
  interest	
  in	
  more	
  precise	
  measurements:	
  
– Nature	
  of	
  X(3872)	
  –	
  is	
  its	
  mass	
  above	
  or	
  below	
  m(D0)	
  
+	
  m(D*0)	
  threshold	
  

–  Largest	
  systema8c	
  uncertainty	
  on	
  the	
  Bc	
  mass	
  
measurement	
  in	
  decay	
  to	
  J/ψ	
  Ds	
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D	
  meson	
  masses	
  
•  Use	
  D0	
  ⟶	
  3Kπ	
  to	
  measure	
  D0	
  mass	
  

–  Low	
  Q-­‐value,	
  reduced	
  systema8cs	
  due	
  to	
  detector	
  momentum-­‐scale	
  
•  Use	
  D(s)

+	
  ⟶	
  KKπ	
  (and	
  D0	
  ⟶	
  KKππ)	
  to	
  measure	
  mass	
  splizngs	
  
–  The	
  different	
  D0	
  decay	
  is	
  used	
  due	
  to	
  its	
  more	
  similar	
  Q-­‐value	
  to	
  the	
  

D(s)
+	
  decay	
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D	
  meson	
  masses	
  

•  Results	
  for	
  mass	
  and	
  mass	
  splizngs	
  are:	
  

	
  
•  Dominant	
  systema8c	
  uncertainty	
  is	
  from	
  the	
  
knowledge	
  of	
  the	
  detector	
  momentum	
  scale	
  

•  Combining	
  with	
  PDG	
  values,	
  can	
  determine	
  
more	
  precise	
  value	
  for	
  Ds	
  mass:	
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Excited	
  D	
  meson	
  states	
  
•  Search	
  for	
  DJ	
  states	
  decaying	
  to	
  D+π−,	
  

D0π+	
  and	
  D*+π−	
  

–  D+	
  ⟶	
  K−π+π+,	
  D0	
  ⟶	
  K−π+	
  and	
  D*+	
  ⟶	
  D0π+	
  

•  D	
  candidates	
  required	
  to	
  be	
  produced	
  
at	
  primary	
  collision	
  vertex	
  to	
  reduce	
  
contribu8ons	
  from	
  b-­‐hadron	
  decays	
  

•  D+π−	
  and	
  D0π+	
  spectra	
  contain	
  cross	
  
feed	
  from	
  the	
  decay	
  of	
  D1(2420)	
  or	
  
D2

*(2460)	
  to	
  D*π	
  where	
  the	
  π0	
  or	
  γ	
  
from	
  the	
  D*	
  decay	
  is	
  lost	
  

•  The	
  wrong-­‐sign	
  spectra	
  are	
  also	
  
studied	
  as	
  cross-­‐checks	
  
–  (Shown	
  in	
  red)	
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7.9	
  ×	
  106	
  
events	
  

7.5	
  ×	
  106	
  
events	
  

2.1	
  ×	
  106	
  
events	
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Excited	
  D	
  meson	
  states	
  

•  First	
  examine	
  the	
  D*π	
  
spectrum	
  

•  Fit	
  includes	
  contribu8ons	
  
from	
  well	
  established	
  
D1(2420)	
  and	
  D2*(2460)	
  
plus	
  5	
  further	
  states:	
  
–  DJ(2580),	
  DJ(2650),	
  
DJ(2740),	
  DJ(2760),	
  
DJ(3000)	
  

•  Three-­‐body	
  final	
  state	
  
allows	
  spin-­‐parity	
  analysis	
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Excited	
  D	
  meson	
  states	
  
•  Use	
  angle	
  between	
  two	
  

pions	
  in	
  the	
  rest	
  frame	
  
of	
  the	
  D*π	
  system	
  (ϑH)	
  
–  Natural	
  parity:	
  

•  sin2(ϑH)	
  
–  Unnatural	
  parity:	
  

•  1	
  +	
  h	
  cos2(ϑH)	
  
•  Fit	
  mass	
  spectrum	
  in	
  

bins	
  of	
  cos(ϑH)	
  to	
  
determine	
  yields	
  of	
  
each	
  contribu8on	
  

•  Use	
  the	
  cos(ϑH)	
  
distribu8on	
  to	
  make	
  
spin-­‐parity	
  assignment	
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•  Use	
  the	
  D*π	
  results	
  to	
  
include	
  a	
  cross	
  feed	
  
component	
  into	
  the	
  Dπ	
  
spectra	
  (solid	
  red	
  histo)	
  

•  Expect	
  contribu8ons	
  from	
  
the	
  natural	
  parity	
  states	
  
DJ(2650)	
  and	
  DJ(2760)	
  

•  The	
  DJ(2760)	
  is	
  clearly	
  
present	
  but	
  the	
  fit	
  to	
  the	
  
DJ(2650)	
  is	
  complicated	
  by	
  
the	
  cross	
  feeds	
  

•  Mass	
  and	
  width	
  
measurements	
  of	
  DJ(2650)	
  
are	
  therefore	
  reported	
  only	
  
from	
  the	
  D*π	
  fit	
  

•  Fits	
  also	
  require	
  a	
  broad	
  
structure	
  around	
  3000	
  MeV	
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Excited	
  D	
  meson	
  states	
  

13/01/2014	
   Hirschegg	
  2014	
   20	
  

•  Tenta8ve	
  spin	
  parity	
  assignments	
  made	
  comparing	
  measured	
  
parameter	
  values	
  and	
  results	
  of	
  spin-­‐parity	
  analysis	
  

•  DJ(2580):	
  2S	
  state	
  with	
  JP	
  =	
  0−	
  
•  DJ(2650):	
  2S	
  state	
  with	
  JP	
  =	
  1−	
  
•  DJ(2760):	
  1D	
  state	
  with	
  JP	
  =	
  1−	
  
•  DJ(2740):	
  1D	
  state	
  with	
  JP	
  =	
  2−	
  (although	
  the	
  measured	
  and	
  

predicted	
  mass	
  do	
  not	
  agree	
  well)	
  

J.	
  High	
  Energy	
  Phys.	
  09	
  (2013)	
  145	
  1	
  n−1	
  (2011)	
  



Excited	
  Ds	
  meson	
  states	
  
•  Similar	
  study	
  of	
  DsJ	
  states	
  

decaying	
  to	
  D+K0S	
  and	
  D0K+	
  
•  Confirms	
  the	
  existence	
  of	
  

Ds1
*(2700)	
  and	
  DsJ

*(2860)	
  
states	
  seen	
  by	
  the	
  B-­‐factory	
  
analyses	
  
–  First	
  observa8ons	
  of	
  these	
  

states	
  in	
  hadronic	
  
interac8ons	
  

•  Measure	
  their	
  parameters	
  
to	
  be	
  consistent	
  with	
  B-­‐
factory	
  measurements:	
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Charmonium(-­‐like)	
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B+	
  ⟶	
  ψ(4160)	
  K+	
  

•  B+	
  ⟶	
  K+μ+μ−	
  decays	
  used	
  to	
  
probe	
  contribu8ons	
  to	
  the	
  
loop	
  processes	
  from	
  new	
  
physics	
  amplitudes	
  

•  Important	
  to	
  understand	
  
the	
  tree-­‐level	
  contribu8ons	
  
via	
  vector	
  charmonium	
  
resonances	
  

•  Dedicated	
  analysis	
  of	
  the	
  
decays	
  B+	
  ⟶	
  K+μ+μ−	
  above	
  
open-­‐charm	
  threshold	
  

•  Require	
  highly	
  displaced	
  
vertex	
  to	
  remove	
  
combinatorial	
  backgrounds	
  

•  Backgrounds	
  from	
  B	
  decays	
  
reduced	
  with	
  strong	
  par8cle	
  
iden8fica8on	
  criteria	
  and	
  
vetoes	
  on	
  misiden8fied	
  μ−K+	
  
combina8ons	
  

•  Fit	
  to	
  the	
  B-­‐candidate	
  
invariant	
  mass	
  used	
  to	
  
es8mate	
  background	
  level	
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B+	
  ⟶	
  ψ(4160)	
  K+	
  

•  μ+μ−	
  invariant	
  mass	
  
resolu8on	
  improved	
  using	
  
constraints	
  on	
  the	
  vertex	
  fit:	
  
–  Candidate	
  invariant	
  mass	
  

constrained	
  to	
  nominal	
  B	
  mass	
  
–  Candidate	
  momentum	
  must	
  

point	
  back	
  to	
  associated	
  
primary	
  vertex	
  

•  Fit	
  includes	
  terms	
  for:	
  
–  Vector	
  and	
  axial	
  vector	
  

nonresonant	
  
–  Vector	
  resonances	
  (including	
  

ψ(3770)	
  –	
  on	
  far	
  le�	
  of	
  plot)	
  
–  Interference	
  between	
  the	
  

resonances	
  and	
  vector	
  NR	
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•  Contribu8ons	
  for	
  ψ(4160)	
  
and	
  ψ(4040)	
  are	
  included	
  

•  ψ(4160)	
  is	
  observed	
  with	
  
significance	
  >	
  6σ	
  

•  Signal	
  yield	
  for	
  ψ(4040)	
  is	
  
not	
  significant	
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B+	
  ⟶	
  ψ(4160)	
  K+	
  

•  First	
  observa8ons	
  of	
  the	
  
decays	
  B+	
  ⟶	
  ψ(4160)K+	
  and	
  
ψ(4160)	
  ⟶	
  μ+μ−	
  

•  Mass	
  and	
  width	
  are	
  
consistent	
  with	
  previous	
  
measurements	
  

•  Branching	
  frac8on:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
(5.1	
  ±	
  1.3	
  ±	
  3.0)	
  ×	
  10−4	
  
assuming	
  lepton	
  
universality	
  

•  Contribu8on	
  from	
  ψ(4160)	
  
is	
  ~20%	
  of	
  total	
  signal	
  in	
  
low-­‐recoil	
  region	
  –	
  larger	
  
than	
  theore8cal	
  es8mates	
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Proper8es	
  of	
  X(3872)	
  
•  The	
  nature	
  of	
  the	
  X(3872)	
  par8cle	
  remains	
  unclear	
  over	
  10	
  years	
  

a�er	
  its	
  discovery	
  by	
  Belle	
  
•  Possibili8es	
  include	
  conven8onal	
  charmonium	
  or	
  exo8c	
  states	
  like	
  

tetra-­‐quarks	
  or	
  D*D	
  molecules	
  
–  Including	
  latest	
  m(D0)	
  result	
  (presented	
  earlier)	
  in	
  determina8on	
  of	
  

X(3872)	
  =	
  D*D	
  molecule	
  binding	
  energy	
  gives	
  EB	
  =	
  0.09	
  ±	
  0.28	
  MeV/c2	
  
–  i.e.	
  if	
  it	
  is	
  a	
  molecular	
  bound	
  state	
  it	
  is	
  very	
  loosely	
  bound	
  

•  Its	
  quantum	
  numbers	
  are	
  important	
  inputs	
  to	
  the	
  puzzle	
  
–  Possible	
  values	
  reduced	
  to	
  JPC	
  =	
  1++	
  or	
  2−+	
  by	
  a	
  3D	
  angular	
  analysis	
  by	
  

the	
  CDF	
  collabora8on	
  
•  LHCb	
  have	
  performed	
  the	
  first	
  5D	
  angular	
  analysis	
  of	
  the	
  decay	
  

chain	
  B+	
  ⟶	
  X(3872)K+,	
  X(3872)	
  ⟶	
  J/ψππ,	
  J/ψ	
  ⟶	
  μμ	
  
–  The	
  similar	
  decay	
  subs8tu8ng	
  the	
  ψ(2S)	
  for	
  the	
  X(3872)	
  is	
  used	
  as	
  a	
  

control	
  sample	
  for	
  many	
  aspects	
  of	
  the	
  analysis	
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Proper8es	
  of	
  X(3872)	
  
•  Likelihood	
  ra8o	
  constructed	
  using	
  

the	
  PDFs	
  of	
  the	
  5D	
  angular	
  space:	
  
–  X,	
  J/ψ	
  and	
  ππ	
  helicity	
  angles	
  
–  angle	
  between	
  X	
  and	
  J/ψ	
  decay	
  planes	
  
–  angle	
  between	
  X	
  and	
  ππ	
  decay	
  planes	
  

•  Angular	
  distribu8ons	
  are	
  constructed	
  
in	
  the	
  helicity	
  formalism	
  
–  2	
  free	
  parameters	
  are	
  floated	
  in	
  the	
  fit	
  

to	
  data	
  

•  2−+	
  hypothesis	
  is	
  excluded	
  at	
  8.4σ	
  
•  Angular	
  parameters	
  agree	
  well	
  with	
  

Belle	
  values	
  and	
  values	
  obtained	
  
from	
  fizng	
  1++	
  simula8on	
  

•  This	
  result	
  rules	
  out	
  the	
  X(3872)	
  
being	
  the	
  ηc2(11D2)	
  conven8onal	
  
charmonium	
  state	
  

13/01/2014	
   Hirschegg	
  2014	
   27	
  

Phys.	
  Rev.	
  LeW.	
  110	
  (2013)	
  222001	
  

)  [MeV]ψ) - M(J/ψJ/-π+πM(
600 800 1000 1200 1400

N
um

be
r o

f c
an

di
da

te
s 

/ (
2.

5 
M

eV
)

0

200

400

600

800

1000

1200

LHCb
550 6000

200

400

600

800

1000

1200
(2S)ψ

750 8000

10

20

30

40

50

60

70 X(3872)

) ]++(1L)/-+(2L = -2 ln[ t
-200 -100 0 100 200

N
um

be
r o

f e
xp

er
im

en
ts

 / 
bi

n

210

310

410

510

610

710

datat

-+=2PCSimulated J ++=1PCSimulated J

LHCb

1	
  n−1	
  (2011)	
  



Proper8es	
  of	
  X(3872)	
  
•  A	
  separate	
  analysis	
  of	
  B+	
  ⟶	
  ppK+	
  

decays	
  places	
  limits	
  on	
  branching	
  
frac8on	
  of	
  X(3872)	
  ⟶	
  pp	
  

•  Fits	
  are	
  performed	
  to	
  the	
  ppbar	
  
invariant	
  mass	
  spectrum,	
  
including	
  background,	
  
nonresonant	
  and	
  resonant	
  terms	
  

•  No	
  significant	
  signal	
  is	
  observed	
  
for	
  the	
  X(3872)	
  decay	
  and	
  a	
  limit	
  
is	
  placed	
  on	
  the	
  BF	
  of:	
  

•  This	
  value	
  is	
  in	
  tension	
  with	
  some	
  
predic8ons	
  based	
  on	
  the	
  
molecular	
  interpreta8on	
  of	
  the	
  
state	
  [Phys.	
  Rev.	
  D77	
  (2008)	
  034019]	
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Mass	
  of	
  the	
  Bc	
  meson	
  
•  Proper8es	
  of	
  Bc	
  meson	
  are	
  

s8ll	
  rather	
  poorly	
  determined	
  
•  Life8me	
  is	
  rather	
  shorter	
  than	
  

other	
  B	
  mesons	
  
–  Indicates	
  importance	
  of	
  charm	
  

quark	
  in	
  the	
  weak	
  decay	
  
–  See	
  also	
  recent	
  LHCb	
  

observa8on	
  of	
  Bc	
  ⟶	
  Bs	
  π	
  
[Phys.	
  Rev.	
  LeW.	
  111	
  (2013)	
  181801]	
  

•  Recent	
  observa8on	
  of	
  Bc	
  
decays	
  to	
  J/ψ	
  Ds	
  provide	
  a	
  
way	
  to	
  reduce	
  the	
  systema8c	
  
uncertainty	
  on	
  the	
  mass	
  
measurement	
  

•  Obtains	
  a	
  yield	
  of	
  29	
  signal	
  
events	
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Figure 1: Mass distributions for selected J/ D
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Mass	
  of	
  the	
  Bc	
  meson	
  

•  Mass	
  determina8on	
  makes	
  use	
  of	
  recent	
  improvement	
  
in	
  Ds	
  mass	
  measurement	
  (discussed	
  earlier)	
  

•  Also	
  helped	
  by	
  low	
  Q-­‐value	
  for	
  the	
  decay	
  
•  Dominant	
  systema8cs	
  from	
  knowledge	
  of	
  momentum	
  
scale	
  and	
  detector	
  material	
  

•  Mass	
  determined	
  to	
  be:	
  
m(Bc)	
  =	
  6276.28	
  ±	
  1.44	
  ±	
  0.36	
  MeV/c2	
  

•  Uncertain8es	
  on	
  momentum	
  scale	
  and	
  Ds	
  mass	
  largely	
  
cancel	
  in	
  the	
  mass	
  difference:	
  

m(Bc)	
  –	
  m(Ds)	
  =	
  4307.97	
  ±	
  1.44	
  ±	
  0.20	
  MeV/c2	
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Search	
  for	
  Ξcc+	
  baryon	
  
•  Signals	
  claimed	
  by	
  SELEX	
  

collabora8on	
  for	
  Ξcc+	
  decaying	
  to	
  
both	
  Λc

+K−π+	
  and	
  D+pK−	
  
•  In	
  contrast,	
  B-­‐factories	
  and	
  FOCUS	
  

have	
  found	
  no	
  evidence	
  

•  Search	
  for	
  Ξcc+	
  decaying	
  to	
  Λc
+K−π+	
  

•  Produc8on	
  cross-­‐sec8on	
  
determined	
  rela8ve	
  to	
  that	
  of	
  Λc

+	
  
	
  
	
  

	
  
•  Both	
  the	
  Ξcc+	
  and	
  Λc

+	
  candidates	
  are	
  
required	
  to	
  have	
  ver8ces	
  displaced	
  
from	
  the	
  primary	
  collision	
  vertex	
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•  The	
  Λc
+	
  is	
  reconstructed	
  decaying	
  

to	
  pK−π+	
  and	
  same	
  Λc
+	
  selec8on	
  is	
  

applied	
  in	
  both	
  signal	
  &	
  
normalisa8on	
  modes	
  

•  Λc
+	
  candidate	
  invariant	
  mass	
  

required	
  to	
  be	
  within	
  2273	
  –	
  
2303	
  MeV/c2	
  window	
  

arXiv:1310.2538	
  [hep-­‐ex]	
  
SubmiWed	
  to	
  JHEP	
  

R ≡
σ Ξcc

+( )BF Ξcc
+ →Λc

+K −π +( )
σ Λc

+( )

0.65	
  n−1	
  (2011)	
  



Search	
  for	
  Ξcc+	
  baryon	
  
•  Search	
  is	
  performed	
  at	
  1	
  MeV	
  steps	
  

in	
  10	
  MeV	
  windows	
  of	
  the	
  mass	
  
difference:	
  
δm	
  =	
  m([pK−π+]	
  K−π+)	
  –	
  m(pK−π+)	
  –	
  m(K−)	
  –	
  m(π+)	
  

•  Events	
  outside	
  window	
  used	
  to	
  
subtract	
  background	
  (two	
  different	
  
methods	
  used	
  as	
  cross-­‐check)	
  

•  Ra8os	
  of	
  efficiencies	
  calculated	
  using	
  
simula8on	
  and	
  correc8ng	
  for	
  known	
  
data/simula8on	
  differences	
  
–  Varia8on	
  as	
  a	
  func8on	
  of	
  life8me	
  and	
  

δm	
  determined	
  by	
  reweigh8ng	
  

•  No	
  significant	
  signals	
  seen	
  and	
  upper	
  
limits	
  on	
  R	
  are	
  determined	
  as	
  a	
  
func8on	
  of	
  life8me	
  and	
  δm	
  

•  The	
  current	
  results	
  neither	
  confirm	
  
nor	
  exclude	
  the	
  SELEX	
  observa8on	
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Masses	
  of	
  Λb,	
  Ξb−	
  and	
  Ωb
−
	
  

•  Previous	
  measurements	
  of	
  the	
  Ωb
−	
  mass	
  by	
  CDF	
  

and	
  D0	
  differ	
  by	
  more	
  than	
  6σ	
  
•  The	
  b-­‐baryons	
  are	
  reconstructed	
  in	
  their	
  decays	
  
to	
  J/ψ	
  Λ,	
  J/ψ	
  Ξ−	
  and	
  J/ψ	
  Ω−,	
  respec8vely	
  

•  The	
  subsequent	
  decays	
  Ξ−	
  ⟶	
  Λπ−	
  and	
  Ω−	
  ⟶	
  ΛK−	
  
are	
  considered	
  

•  These	
  decay	
  chains	
  contain	
  several	
  long-­‐lived	
  
par8cles	
  and	
  hence	
  have	
  a	
  characteris8c	
  event	
  
topology	
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Masses	
  of	
  Λb,	
  Ξb−	
  and	
  Ωb
−
	
  

•  Masses	
  measured	
  with	
  much	
  
improved	
  precision	
  

•  Measurement	
  of	
  M(Ωb
−)	
  in	
  

agreement	
  with	
  CDF	
  but	
  not	
  D0	
  
•  Mass	
  differences	
  also	
  measured:	
  

•  Largest	
  systema8c	
  uncertain8es	
  from	
  
momentum	
  scale	
  mostly	
  cancel	
  but	
  
those	
  from	
  hyperon	
  masses	
  remain	
   ]2c)  [MeV/Λ ψM(J/
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Life8me	
  of	
  Λb	
  

•  Previous	
  measurements	
  of	
  the	
  Λb	
  
life8me	
  found	
  much	
  smaller	
  values	
  
than	
  expected	
  from	
  HQE	
  

•  More	
  recent	
  measurements	
  by	
  ATLAS,	
  
CMS,	
  CDF	
  and	
  D0	
  indicate	
  larger	
  values	
  

•  A	
  precision	
  measurement	
  is	
  needed	
  to	
  
resolve	
  the	
  discrepancy	
  

•  This	
  analysis	
  uses	
  decay	
  Λb	
  ⟶	
  J/ψ	
  p	
  K−	
  

•  Measurement	
  is	
  made	
  rela8ve	
  to	
  B0	
  
life8me	
  in	
  its	
  decay	
  to	
  J/ψ	
  π+	
  K−	
  (in	
  
region	
  of	
  K*(892)	
  resonance)	
  

•  Topological	
  and	
  kinema8c	
  similari8es	
  
allows	
  cancella8on	
  of	
  several	
  
systema8c	
  uncertain8es	
  

•  Simula8on	
  reweighted	
  to	
  account	
  for	
  
dynamics	
  of	
  Λb	
  decay	
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Life8me	
  of	
  Λb	
  
•  Signal	
  yield	
  determined	
  in	
  bins	
  of	
  

decay	
  8me	
  distribu8on	
  for	
  both	
  
Λb	
  ⟶	
  J/ψpK−	
  and	
  B0	
  ⟶	
  J/ψπ+K−	
  	
  

•  Yield	
  ra8o	
  fiWed	
  allowing	
  for	
  
differences	
  in	
  acceptance	
  as	
  a	
  
func8on	
  of	
  decay	
  8me	
  

•  Life8me	
  ra8o:	
  
0.976	
  ±	
  0.012	
  ±	
  0.006	
  

•  Using	
  the	
  world	
  average	
  B0	
  
life8me	
  (1.519	
  ±	
  0.007	
  ps):	
  
τ(Λb)	
  =	
  1.482	
  ±	
  0.018	
  ±	
  0.012	
  ps	
  

•  Central	
  value	
  of	
  ra8o	
  differs	
  from	
  
unity	
  by	
  only	
  few	
  %	
  
–  Indeed,	
  is	
  less	
  than	
  2σ	
  from	
  unity	
  
–  In	
  agreement	
  with	
  HQE	
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Conclusion	
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Future	
  prospects	
  
•  Input	
  on	
  the	
  f0	
  mixing	
  angle	
  can	
  

also	
  come	
  from	
  final	
  states	
  such	
  
as	
  D0ππ	
  

•  Dalitz	
  plot	
  analyses	
  of	
  D(*)hh	
  final	
  
states	
  can	
  also	
  provide	
  input	
  on	
  
excited	
  charm	
  states,	
  in	
  par8cular	
  
determining	
  their	
  spin	
  

•  Charmless	
  b-­‐hadron	
  decays	
  can	
  
provide	
  much	
  input	
  into	
  light	
  
meson/baryon	
  spectroscopy	
  
–  In	
  par8cular	
  B+	
  ⟶	
  3h	
  and	
  pph	
  
–  Understanding	
  the	
  large	
  CP-­‐

viola8on	
  will	
  require	
  precise	
  
understanding	
  of	
  Dalitz-­‐plot	
  
structure	
  

•  Charm	
  baryons	
  can	
  also	
  be	
  
studied	
  in	
  B	
  decays	
  such	
  as	
  those	
  
to	
  Dpπ	
  and	
  DpK	
  

•  Bc	
  and	
  b-­‐baryon	
  life8me	
  
measurements	
  in	
  the	
  pipeline	
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Summary	
  

•  A	
  wealth	
  of	
  hadron	
  spectroscopy	
  results	
  from	
  
LHCb	
  in	
  the	
  last	
  year	
  

•  Improved	
  precision	
  possible	
  for	
  some	
  of	
  the	
  
measurements	
  using	
  the	
  combined	
  2011	
  +	
  
2012	
  (1	
  n−1	
  +	
  2	
  n−1)	
  dataset	
  

•  Many	
  more	
  exci8ng	
  results	
  in	
  the	
  pipeline	
  
•  Watch	
  this	
  space!	
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Modified	
  Godfrey-­‐Isgur	
  mass	
  predic8ons	
  [Phys.	
  Rev.	
  D32	
  (1985)	
  189].	
  
The	
  spectrum	
  is	
  scaled	
  such	
  that	
  the	
  ground	
  state	
  coincides	
  with	
  the	
  D0	
  mass.	
  

J.	
  High	
  Energy	
  Phys.	
  09	
  (2013)	
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CPV	
  in	
  B+	
  ⟶	
  K+	
  h+	
  h−	
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•  Study	
  varia8on	
  of	
  Araw	
  over	
  Dalitz	
  plot	
  
•  Some	
  areas	
  of	
  phase	
  space	
  have	
  very	
  large	
  asymmetries,	
  e.g.	
  region	
  

around	
  ρ0	
  resonance	
  in	
  B+	
  ⟶	
  K+	
  π+	
  π−	
  but	
  also	
  regions	
  not	
  clearly	
  
associated	
  with	
  a	
  resonance,	
  par8cularly	
  in	
  B+	
  ⟶	
  K+	
  K+	
  K−	
  

ACP(local)	
  	
  =	
  0.678	
  ±	
  0.078	
  ±	
  0.032	
  ±	
  0.007	
   ACP(local)	
  	
  =	
  −0.226	
  ±	
  0.020	
  ±	
  0.004	
  ±	
  0.007	
  

B+	
  ⟶	
  K+	
  π+	
  π−	
  	
  

B+	
  ⟶	
  K+	
  K+	
  K−	
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CPV	
  in	
  B+	
  ⟶	
  π+	
  h+	
  h−	
  	
  
•  Again,	
  asymmetries	
  have	
  opposite	
  sign	
  between	
  the	
  two	
  

modes	
  
•  Large	
  localised	
  asymmetries,	
  not	
  clearly	
  associated	
  with	
  a	
  

narrow	
  resonance	
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B+	
  ⟶	
  π+	
  K+	
  K−	
  	
  B+	
  ⟶	
  π+	
  π+	
  π−	
  	
  

ACP(local)	
  	
  =	
  0.584	
  ±	
  0.082	
  ±	
  0.027	
  ±	
  0.007	
   ACP(local)	
  	
  =	
  −0.648	
  ±	
  0.070	
  ±	
  0.013	
  ±	
  0.007	
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