
Heavy	
  quarks	
  

•  There	
  are	
  three	
  genera1ons	
  of	
  
quarks	
  and	
  a	
  very	
  wide	
  range	
  of	
  
quark	
  couplings	
  and	
  masses.	
  	
  

	
  
•  We	
  observe	
  hadrons,	
  not	
  quarks.	
  
	
  
•  The	
  top	
  quark	
  is	
  so	
  massive	
  that	
  it	
  

decays	
  on	
  1mescales	
  shorter	
  than	
  
the	
  typical	
  hadroniza1on	
  1me.	
  	
  

•  BoAom	
  and	
  charm	
  quarks	
  are	
  the	
  
most	
  massive	
  quarks	
  that	
  can	
  
comprise	
  observable	
  par1cles.	
  

•  These	
  are	
  termed	
  the	
  “heavy	
  flavor”	
  
hadrons.	
  	
  



Why	
  study	
  heavy-­‐flavor	
  	
  

High	
  energy	
  physics	
  experiment	
  
	
  
•  Their	
  large	
  mass	
  allows	
  rela1vely	
  precise	
  theore1cal	
  

predic1ons	
  via	
  pQCD	
  calcula1ons.	
  	
  
	
  
•  We	
  can	
  learn	
  a	
  great	
  deal	
  in	
  the	
  area	
  of	
  strong	
  interac1ons.	
  	
  
	
  
•  The	
  produc1on	
  of	
  heavy	
  flavor	
  hadrons	
  tests	
  QCD	
  theory,	
  

and	
  spectroscopy	
  explores	
  the	
  interac1ons	
  and	
  dynamics	
  
of	
  quarks	
  inside	
  of	
  hadrons.	
  	
  
	
  



Why	
  study	
  heavy-­‐flavor	
  	
  
High	
  energy	
  physics	
  experiment	
  
•  CP	
  viola1on	
  :	
  	
  

–  Life1mes	
  and	
  branching	
  frac1ons	
  are	
  at	
  the	
  boundary	
  of	
  weak	
  decays	
  and	
  
hadronic	
  physics	
  effects.	
  	
  

–  The	
  3x3	
  CKM	
  matrix	
  allows	
  for	
  a	
  CP-­‐viola1ng	
  phase,	
  and	
  with	
  enough	
  
independent	
  measurements,	
  it	
  is	
  possible	
  to	
  test	
  SM	
  predic1ons	
  for	
  CP	
  
viola1on.	
  	
  

–  Standard	
  model	
  predic1on	
  of	
  	
  CP	
  viola1on	
  is	
  not	
  sufficient	
  to	
  explain	
  the	
  
current	
  maAer-­‐an1maAer	
  asymmetry	
  of	
  the	
  universe.	
  

–  So	
  con1nually	
  searching	
  for	
  addi1onal	
  sources	
  of	
  CP	
  viola1on	
  due	
  to	
  physics	
  
beyond	
  the	
  standard	
  model.	
  

–  Heavy	
  meson	
  mixing	
  and	
  oscilla1ons	
  is	
  another	
  avenue	
  to	
  test	
  CP	
  viola1on	
  as	
  
well	
  as	
  provide	
  powerful	
  constraints	
  on	
  CKM	
  matrix	
  elements.	
  

	
  
•  New	
  physics	
  :	
  

–  Look	
  for	
  rare	
  decays	
  of	
  heavy	
  hadrons	
  that	
  in	
  turn	
  provide	
  exquisitely	
  
sensi1ve	
  probes	
  for	
  new	
  physics.	
  	
  

•  Heavy-­‐ion	
  physics	
  
–  Heavy	
  flavor	
  hadrons	
  are	
  unique	
  probes	
  to	
  understand	
  the	
  proper1es	
  of	
  quark	
  

gluon	
  plasma.	
  
	
  



Heavy	
  flavor	
  in	
  e+	
  e-­‐	
  collider	
  

•  PEP	
  II	
  at	
  SLAC	
  (9	
  GeV)	
  and	
  KEKB	
  at	
  KEK	
  (8	
  GeV).	
  
	
  
•  Cleanest	
  way	
  to	
  produce	
  B	
  hadrons.	
  

	
  e+	
  +	
  e-­‐	
  à	
  Υ	
  (4S)	
  -­‐>	
  B	
  
	
  
•  Only	
  produce	
  B0	
  and	
  B+-­‐	
  mesons.	
  
	
  
•  Beam	
  energy	
  is	
  precisely	
  known	
  	
  

–  Constrain	
  on	
  B	
  kinema1cs.	
  

Experimental environment: e+e- 

Hadron collider 
(collision of extended objects) 

Lepton collider 
(collision of pointlike objects) 
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Point	
  par5cles	
  



Heavy	
  flavor	
  in	
  pp	
  collider	
  

•  Energy	
  of	
  par1cular	
  collision	
  unknown	
  but	
  
distribu1ons	
  are	
  known	
  
–  Scan	
  wide	
  variety	
  of	
  energy	
  range	
  	
  
–  At	
  LHC	
  :	
  dominant	
  source	
  is	
  gluon	
  fussion	
  

•  B	
  kinema1cs	
  
–  Asymmetric	
  x	
  values	
  
–  Strongly	
  boosted	
  

Experimental environment: pp (or pp) 

Hadron collider 
(collision of extended objects) 

Lepton collider 
(collision of pointlike objects) 
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Proton Collisions 

•  Protons are complicated objects 
–  Valence & sea quarks, gluons 

•  Available energy of “proton” collision  
depends on partons 

•  Energy of particular collision unknown, 
but distributions known 
–  hadron colliders “scan” a wide energy range   
–  Average s’ ~ 0.1 s 
–  Dominant process @ LHC: gluon fusion 

s ' = x1 ⋅ x2 ⋅ s
xi = Bjorken x  
(fractional momentum)  
of parton 
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Event kinematics 

•  B hadron mass ~ 5 GeV 
–  asymmetric x-values 
–  strongly boosted (βγ~100) 
–  average flight length ~ 7mm 

•  Boost allows time dependent 
analyses of fast Bs  mixing 

•  B hadron admixture: 
–  40% B0 
–  40% B+ 

–  10% Bs 

–  10% Λb 

–  <1% others (Bc, B*, B**, .. ) 
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•  Protons	
  are	
  complicated	
  objects	
  
•  Valence	
  quarks	
  and	
  sea	
  

quarks,	
  gluons	
  

•  Available	
  energy	
  of	
  proton	
  
collisions	
  depends	
  on	
  partons	
  
s’	
  =	
  x1.	
  x2.	
  s	
  	
  	
  (x	
  is	
  frac1on	
  of	
  
proton	
  momentum	
  carried	
  by	
  
partons)	
  



Fragmenta1on	
  and	
  hadroniza1on	
  

•  The	
  physics	
  mechanisms	
  we	
  study	
  in	
  theory	
  deal	
  at	
  partonic	
  level,	
  but	
  
experimentally	
  we	
  observe	
  hadrons.	
  	
  

	
  
•  In	
  between	
  exists	
  a	
  very	
  important	
  hadroniza1on	
  phase,	
  where	
  all	
  the	
  

outgoing	
  partons	
  end	
  up	
  confined	
  inside	
  hadrons.	
  
	
  
•  Cannot	
  be	
  described	
  by	
  first	
  principles,	
  but	
  needs	
  some	
  modeling.	
  	
  
	
  
•  This	
  is	
  no	
  surprise	
  :	
  because	
  of	
  hundreds	
  of	
  known	
  hadron	
  species	
  each	
  

with	
  its	
  mass,	
  width,	
  couplings,	
  decay	
  paAerns	
  etc	
  etc	
  à	
  some	
  of	
  
which	
  we	
  don’t	
  know.	
  	
  

•  Main	
  approach	
  of	
  the	
  models	
  :	
  string	
  fragmenta1on	
  and	
  cluster	
  
fragmenta1on	
  



Fragmenta1on	
  and	
  hadroniza1on	
  

•  As	
  q	
  and	
  qbar	
  move	
  apart,	
  the	
  poten1al	
  energy	
  stored	
  in	
  the	
  string	
  increases.	
  
	
  
•  The	
  string	
  break	
  by	
  producing	
  new	
  qqbar	
  pairs.	
  
	
  
•  In	
  the	
  invariant	
  mass	
  of	
  the	
  either	
  of	
  these	
  string	
  pieces	
  is	
  large	
  enough,	
  further	
  

breaks	
  occur.	
  	
  
	
  
•  Both	
  models	
  are	
  not	
  obtained	
  from	
  first	
  principles	
  and	
  need	
  many	
  parameters	
  

Example	
  model	
  :	
  string	
  fragmenta1ons	
  



Fragmenta1on	
  frac1on	
  of	
  c	
  and	
  b	
  quark	
  
•  Heavy	
  quarks	
  produced	
  in	
  pp	
  collisions	
  are	
  accompanied	
  by	
  qqbar	
  pairs	
  created	
  in	
  the	
  fragmenta1on	
  

process.	
  	
  
	
  
•  Heavy	
  quarks	
  combine	
  with	
  other	
  quarks	
  to	
  form	
  mesons	
  (Qq1)	
  or	
  baryons	
  (Qq1q2).	
  	
  
	
  
•  Probabili1es	
  for	
  c/b	
  quark	
  to	
  hadronise	
  as	
  a	
  par1cular	
  charmed/boAom	
  hadron,	
  f	
  (c	
  →	
  Hc	
  )/f	
  (b	
  →	
  Hb)	
  is	
  

given	
  by	
  fragmenta1on	
  frac1on.	
  	
  

•  The	
  fragmenta1on	
  frac1ons	
  cannot	
  be	
  predicted	
  by	
  Quantum	
  Chromodynamics	
  (QCD)	
  and	
  have	
  to	
  be	
  
measured.	
  

	
  
•  It	
  is	
  usually	
  assumed	
  that	
  they	
  are	
  universal,	
  i.e.	
  the	
  same	
  for	
  quarks	
  produced	
  in	
  e+e−,	
  ep	
  and	
  also	
  in	
  pp	
  or	
  

other	
  hadronic	
  collisions.	
  

Charm	
  quark	
  	
  
Meson	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Frag	
  Frac5on	
  	
  	
  Mass	
  (GeV/c2)	
  
D0	
  (c	
  ubar)	
  	
  	
  	
  	
  55.3	
  +-­‐	
  5	
  %	
  	
  	
  	
  	
  	
  	
  1.864	
  
D+	
  (c	
  dbar)	
  	
  	
  	
  	
  23.4	
  +-­‐	
  2	
  %	
  	
  	
  	
  	
  	
  	
  1.869	
  	
  
Ds	
  (c	
  sbar)	
  	
  	
  	
  	
  	
  9.1	
  +-­‐	
  2	
  %	
  	
  	
  	
  	
  	
  	
  	
  	
  1.968	
  
Λc

+
	
  	
  	
  (cud)	
  	
  	
  	
  	
  	
  	
  	
  5.8	
  +-­‐	
  0.9	
  %	
  	
  	
  	
  	
  2.286	
  	
  

	
  
D*+	
  (c	
  dbar)	
  	
  	
  24.1	
  +-­‐	
  1.5	
  %	
  	
  	
  	
  2.010	
  
D*0	
  (c	
  ubar)	
  	
  	
  	
  ~	
  24	
  %	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2.006	
  

Beauty	
  quark	
  
Meson	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Frag	
  Frac5on	
  	
  	
  Mass	
  (GeV/c2)	
  
B+	
  (u	
  bbar)	
  	
  	
  	
  	
  37.5	
  +-­‐	
  1.5	
  %	
  	
  	
  	
  	
  	
  	
  5.27915	
  
B0	
  (d	
  bbar)	
  	
  	
  	
  	
  37.5	
  +-­‐	
  1.5	
  %	
  	
  	
  	
  	
  	
  	
  5.27953	
  	
  
B0s	
  (s	
  bbar)	
  	
  	
  	
  	
  16.0	
  +-­‐	
  2.5	
  %	
  	
  	
  	
  	
  	
  	
  5.3663	
  
Λb

0
	
  	
  	
  (bud)	
  	
  	
  	
  	
  	
  	
  	
  9.0	
  +-­‐	
  2.8	
  %	
  	
  	
  	
  	
  	
  	
  	
  	
  5.62	
  	
  

	
  
	
  
Quarkonia	
  (c	
  cbar),	
  (b	
  bbar)	
  :	
  very	
  small	
  	
  



Branching	
  ra1os	
  
•  Branching	
  ra1os	
  are	
  also	
  experimentally	
  determined.	
  	
  
•  Lis1ng	
  large	
  branching	
  ra1os	
  

Charm	
  
D0:	
  

e+	
  anything	
  :	
  6.49	
  %	
  
μ+	
  anything	
  :	
  6.7	
  %	
  
K-­‐	
  π+	
  :	
  3.88	
  %	
  
Ks0	
  π0	
  :	
  1.19	
  %	
  

D+	
  :	
  	
  
e+	
  anything	
  :	
  16.07	
  %	
  
μ+	
  anything	
  :	
  17.6	
  %	
  
K0bar	
  	
  e+	
  νe	
  :	
  8.83	
  %	
  	
  
K-­‐	
  π+	
  π+	
  :	
  7.32	
  %	
  
K0	
  π+	
  :	
  1.46	
  %	
  

Ds	
  :	
  
e+	
  anything	
  :	
  6.5	
  %	
  
K+	
  k0s	
  :	
  	
  1.49	
  %	
  
K+	
  k0bar	
  :	
  2.29%	
  
K+	
  K-­‐	
  π+	
  :	
  5.39	
  %	
  

Λc
+
	
  :	
  

p	
  K0bar	
  :	
  2.3	
  %	
  
p	
  K-­‐	
  π+	
  :	
  5.0	
  %	
  

	
  

BoCom	
  
B+:	
  

e/μ+	
  anything	
  :	
  10.00	
  %	
  
D0bar	
  π+	
  :	
  0.481	
  %	
  
ηcK+	
  :	
  0.096	
  %	
  
J/Ψ	
  K+	
  :	
  0.1	
  %	
  

B0	
  :	
  	
  
e/μ+	
  anything	
  :	
  10.33	
  %	
  
D-­‐	
  π+	
  :	
  0.268	
  %	
  
ηcK0	
  :	
  0.079	
  %	
  
J/Ψ	
  K0	
  :	
  0.0873	
  %	
  
J/Ψ	
  K+	
  π-­‐	
  :	
  0.12	
  %	
  

B0s	
  :	
  
e/μ+	
  anything	
  :	
  10%	
  
Ds

-­‐	
  l	
  νl	
  :	
  7.9%	
  	
  
Ds

-­‐	
  π+	
  :	
  0.3%	
  
	
  

Λb
0
	
  :	
  

	
  Λc
+	
  π-­‐:	
  0.57	
  %	
  

	
  Λc
+	
  	
  l-­‐	
  νl	
  :	
  6.5	
  %	
  

	
  



Heavy	
  flavor	
  produc1on	
  
•  pp	
  collisions	
  have	
  large	
  produc1on	
  rates	
  for	
  heavy	
  quarks.	
  	
  
	
  
•  But	
  how	
  many	
  are	
  produced	
  compared	
  to	
  other	
  junk	
  of	
  background	
  processes?	
  	
  
	
  
•  For	
  Tevatron:	
  	
  

–  Hadronic	
  interac1ons	
  :	
  50mb	
  
–  c	
  and	
  b	
  quarks	
  in	
  the	
  central	
  region	
  :	
  10	
  μb	
  
	
  

•  At	
  LHC:	
  
–  Next-­‐to-­‐leading	
  order	
  perturba1ve	
  QCD	
  calcula1ons	
  predict	
  values	
  of	
  about	
  10	
  mb	
  for	
  charm	
  

and	
  0.5	
  mb	
  for	
  beauty	
  at	
  14	
  TeV.	
  
–  Non-­‐heavy	
  flavour	
  inelas1c	
  interac1ons	
  cross	
  sec1on	
  is	
  about	
  70	
  mb	
  (background).	
  	
  
–  Lets	
  take	
  the	
  designed	
  instantaneous	
  luminosity	
  for	
  all	
  LHC	
  experiments	
  in	
  pp	
  collisions.	
  

•  ATLAS	
  and	
  CMS	
  :	
  1034	
  cm−2s−1	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1	
  barn	
  =	
  10-­‐24	
  cm2	
  

•  LHCb	
  :	
  1032	
  cm−2s−1	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  N	
  =	
  dL/dt	
  *	
  σ	
  

•  ALICE	
  	
  :	
  1030	
  cm−2s−1	
  

–  N	
  heavy	
  quarks	
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  charm	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  beauty	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Background	
  
ATLAS	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  108	
  s-­‐1	
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Heavy	
  flavour	
  produc1on	
  



At	
  Tevatron	
  
Beauty measurements at the Tevatron

This “unfolding” method is not by definition
restricted to inclusive muons

Other measurements:

measurements using J/ψ and ψ : frac-
tion from B decays obtained from fit to
cτ = LxymJ/ψ /pJ/ψ

T F distribution

measurements using exclusively recon-
structed B± → J/ψK±, B0 → J/ψK∗0

A consistent picture! These measurements
indicate a cross section that is a factor ∼ 2.5–
3 above the predictions.

Other aspects checked:

forward production measurements show the same excess as central ones

measurements at 630 GeV are “compatible” with those at 1.8 TeV

HERA Workshop 19–22 October 2003

Cross-­‐sec1on	
  of	
  hadronic	
  
interac1ons	
  at	
  the	
  Tevatron	
  is	
  
about	
  50mb	
  
	
  	
  
For	
  the	
  produc1on	
  of	
  b	
  and	
  c	
  
quarks	
  in	
  the	
  central	
  region	
  
where	
  the	
  experiments	
  have	
  
sensi1vity,	
  it	
  is	
  only	
  about	
  10	
  μb.	
  	
  
	
  



Example	
  of	
  b-­‐bbar	
  produc1on	
  in	
  different	
  
experiments	
  	
  B Production Rates 

 
 

BaBar / Belle 
(ee) 

CDF / D0 
(pp) 

ATLAS / CMS 
(pp) 

LHCb 
(pp) 

 
√s [GeV] 
 

 
10.58 (Y(4S)) 

 
1980 

 
7000 / 8000 

 
7000 / 8000 

BB production coherent BB 
state 

Incoherent BB state 

(
σbb [µb] 

in acceptance 
 

 
0.0011 

 
6.3 

 
75 

 
94 

 
L [fb-1] 

 

 
550 / ~1000  

 
~10 

 
~30 

 
3 

 
bb pairs in 
acceptance 

[1011] 

 
0.01 

 
0.6 

 
22 

 
3 

What  does 1/ab mean? 
N(bb) = Lumi * x-section 
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How	
  do	
  we	
  measure	
  heavy-­‐flavour	
  hadrons	
  
•  So	
  we	
  have	
  many	
  heavy	
  quarks	
  but	
  more	
  background.	
  	
  
•  Luminosity	
  condi1ons	
  in	
  ATLAS,	
  CMS	
  and	
  LHCb	
  allow	
  mul1ple	
  interac1ons	
  per	
  bunch	
  

crossing	
  
–  	
  requirements	
  of	
  even	
  stronger	
  iden1fica1on	
  and	
  selec1on	
  of	
  heavy-­‐flavour	
  events	
  already	
  at	
  

trigger	
  level.	
  	
  
•  The	
  four	
  detectors	
  at	
  the	
  LHC	
  have	
  different	
  features	
  and	
  design	
  requirements	
  

–  but	
  all	
  of	
  them	
  have	
  good	
  capabili1es	
  for	
  heavy-­‐flavour	
  measurements.	
  	
  
	
  

Fig. 2: Schematic acceptances in transverse momentum and pseudorapidity for open heavy flavour hadrons (indi-
cated as ‘Q-hadrons’) in the four LHC experiments. The high-pT coverages correspond to one year (i.e. 7 months)
of running at nominal luminosity (see beginning of this section).

lation between the lepton and the meson momenta. Therefore, for charm in particular, the reconstruction
of exclusive (hadronic) decays is preferable. In this case, hadron identification allows a more effective
rejection of the combinatorial background in the low-pT region. ALICE disposes of π/K/p separation
via dE/dx and time-of-flight measurements for p < 3–4 GeV and |η| < 0.9.

Figure 2 shows schematically the pT vs. η acceptances for charm (c) and beauty (b) hadrons in
the four experiments, as expected for one year of running at nominal luminosity (note that the value
of the luminosity is different for each experiment, as previously discussed). ATLAS and CMS have
similar acceptances for beauty measurements; the minimum accessible pT is relatively large because of
the strong magnetic fields, which in turn, together with the high luminosity, allow to cover transverse
momenta up to 200–300 GeV. The acceptance of LHCb, although centred at forward rapidity, has a
significant overlap, with those of ATLAS and CMS. The acceptance of ALICE for beauty overlaps with
ATLAS and CMS at central rapidity and with LHCb at forward rapidity. The moderate magnetic field
allows measurements down to transverse momenta of about 2 GeV for B mesons in the forward muon
arm and in the barrel, and down to about 1 GeV for D mesons in the barrel.

3 Beauty triggers at the LHC
3.1 ATLAS beauty trigger4

The ATLAS trigger consists of three levels [6]. Level-1 is implemented in hardware, whilst the higher
level triggers (level-2 and the Event Filter, EF) are based on general-purpose processors. The level-1
triggers are based on information from the calorimeter and muon trigger chambers. At higher trigger
levels, information from the Inner Detector (ID) and precision muon detector is included. The size of
the level-2 and EF processor farms is limited, which in turn limits the amount of data processing that
can be performed in the trigger. The B-trigger must, therefore, have the flexibility to adapt selections
both as the luminosity falls during a beam-coast and, over a longer time-scale, as the peak luminosity
of the LHC increases. This is achieved by using a di-muon trigger at the start of higher luminosity fills
and introducing additional triggers for lower luminosity fills or as the luminosity falls during a beam
coast [7].

4Author: J. Baines



Measure CP violation: B!D0 µ+ X 

•  LHCb performed two (experimentally orthogonal) 
measurements 
–  “D* tagged”: D*± ! D0 (! K+K- or π+π-) π± "

–  “Muon tagged”: B± ! D0 (! K+K- or π+π-) µ± ν X  

! muon charge determines D0 production flavour 
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Measure CP violation: D*+!D0 π+ 

•  LHCb performed two independent measurements 
–  “D* tagged”: D*± ! D0 (! K+K- or π+π-) π±  

! pion charge determines D0 production flavour 
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Fig. 2: Schematic acceptances in transverse momentum and pseudorapidity for open heavy flavour hadrons (indi-
cated as ‘Q-hadrons’) in the four LHC experiments. The high-pT coverages correspond to one year (i.e. 7 months)
of running at nominal luminosity (see beginning of this section).

lation between the lepton and the meson momenta. Therefore, for charm in particular, the reconstruction
of exclusive (hadronic) decays is preferable. In this case, hadron identification allows a more effective
rejection of the combinatorial background in the low-pT region. ALICE disposes of π/K/p separation
via dE/dx and time-of-flight measurements for p < 3–4 GeV and |η| < 0.9.

Figure 2 shows schematically the pT vs. η acceptances for charm (c) and beauty (b) hadrons in
the four experiments, as expected for one year of running at nominal luminosity (note that the value
of the luminosity is different for each experiment, as previously discussed). ATLAS and CMS have
similar acceptances for beauty measurements; the minimum accessible pT is relatively large because of
the strong magnetic fields, which in turn, together with the high luminosity, allow to cover transverse
momenta up to 200–300 GeV. The acceptance of LHCb, although centred at forward rapidity, has a
significant overlap, with those of ATLAS and CMS. The acceptance of ALICE for beauty overlaps with
ATLAS and CMS at central rapidity and with LHCb at forward rapidity. The moderate magnetic field
allows measurements down to transverse momenta of about 2 GeV for B mesons in the forward muon
arm and in the barrel, and down to about 1 GeV for D mesons in the barrel.

3 Beauty triggers at the LHC
3.1 ATLAS beauty trigger4

The ATLAS trigger consists of three levels [6]. Level-1 is implemented in hardware, whilst the higher
level triggers (level-2 and the Event Filter, EF) are based on general-purpose processors. The level-1
triggers are based on information from the calorimeter and muon trigger chambers. At higher trigger
levels, information from the Inner Detector (ID) and precision muon detector is included. The size of
the level-2 and EF processor farms is limited, which in turn limits the amount of data processing that
can be performed in the trigger. The B-trigger must, therefore, have the flexibility to adapt selections
both as the luminosity falls during a beam-coast and, over a longer time-scale, as the peak luminosity
of the LHC increases. This is achieved by using a di-muon trigger at the start of higher luminosity fills
and introducing additional triggers for lower luminosity fills or as the luminosity falls during a beam
coast [7].

4Author: J. Baines

•  Experimentally,	
  the	
  key	
  elements	
  for	
  a	
  rich	
  heavy-­‐flavor	
  program	
  are	
  track	
  
and	
  vertex	
  reconstruc1on	
  and	
  par1cle	
  iden1fica1on	
  (PID).	
  	
  

	
  
•  D	
  meson	
  have	
  life1mes	
  of	
  125–300	
  μm	
  and	
  B	
  mesons	
  have	
  around	
  	
  500	
  

μm.	
  	
  
	
  
•  So	
  that	
  these	
  boosted	
  hadrons	
  are	
  likely	
  to	
  decay	
  at	
  secondary	
  ver1ces	
  a	
  

significant	
  distance	
  (of	
  the	
  order	
  of	
  a	
  millimeter)	
  from	
  the	
  beam	
  line	
  and	
  
interac1on	
  point	
  of	
  the	
  pp	
  beams.	
  	
  

•  The	
  reconstruc1on	
  of	
  these	
  secondary	
  ver1ces	
  or	
  the	
  observa1on	
  that	
  a	
  
charged	
  par1cle	
  track	
  is	
  inconsistent	
  with	
  poin1ng	
  back	
  to	
  the	
  beam	
  line	
  
is	
  a	
  powerful	
  signature	
  for	
  iden1fying	
  heavy	
  flavor	
  decays.	
  	
  



How	
  do	
  we	
  measure	
  heavy-­‐flavour	
  hadrons	
  
•  Secondly,	
  B	
  	
  and	
  D	
  hadrons	
  have	
  semileptonic	
  branching	
  ra1os	
  that	
  are	
  about	
  10%	
  

while	
  it	
  is	
  rare	
  for	
  leptons	
  to	
  be	
  produced	
  in	
  the	
  prompt	
  decays	
  of	
  light	
  hadrons.	
  
	
  
•  The	
  detector	
  capability	
  to	
  perform	
  these	
  tasks	
  need	
  good	
  transverse	
  impact	
  

parameter	
  (d0)	
  resolu1on.	
  	
  

•  All	
  experiments	
  at	
  LHC	
  are	
  equipped	
  with	
  high	
  posi1on-­‐resolu1on	
  silicon-­‐detector	
  
layers,	
  including	
  pixel	
  detector	
  for	
  the	
  innermost	
  layers,	
  for	
  precise	
  tracking	
  and	
  
impact	
  parameter	
  measurement.	
  	
  



How	
  do	
  we	
  measure	
  heavy-­‐flavour	
  hadrons	
  
•  Secondly,	
  B	
  	
  and	
  D	
  hadrons	
  have	
  semileptonic	
  branching	
  ra1os	
  that	
  are	
  about	
  10%	
  

while	
  it	
  is	
  rare	
  for	
  leptons	
  to	
  be	
  produced	
  in	
  the	
  prompt	
  decays	
  of	
  light	
  hadrons.	
  
	
  
•  The	
  detector	
  capability	
  to	
  perform	
  these	
  tasks	
  need	
  good	
  transverse	
  impact	
  

parameter	
  (d0)	
  resolu1on.	
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  silicon-­‐detector	
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  detector	
  for	
  the	
  innermost	
  layers,	
  for	
  precise	
  tracking	
  and	
  
impact	
  parameter	
  measurement.	
  	
  

d0	
  :	
  transverse	
  impact	
  parameter	
  

•  One	
  of	
  the	
  clean	
  signal	
  of	
  b	
  is	
  the	
  signature	
  provided	
  by	
  
B	
  à	
  J/	
  Ψ	
  X.	
  

	
  
•  While	
  the	
  product	
  branching	
  frac1on	
  B	
  à	
  J/	
  Ψ(àμμ)K	
  

is	
  only	
  6	
  à	
  10-­‐4,	
  these	
  decays	
  provide	
  a	
  dis1nc1ve	
  and	
  
accurate	
  signature	
  and	
  are	
  a	
  rich	
  source	
  of	
  informa1on	
  
about	
  the	
  b	
  à	
  cc	
  ̄s	
  transi1on.	
  

	
  
•  They	
  also	
  provide	
  triggering	
  and	
  tagging	
  for	
  the	
  study	
  of	
  

global	
  proper1es	
  of	
  b	
  hadrons.	
  	
  



Summarize	
  detector	
  capabili1es	
  
	
  for	
  heavy-­‐flavour	
  physics	
  

•  Need	
  good	
  vertex	
  detec1on,	
  both	
  primary	
  and	
  secondary.	
  

•  Good	
  impact	
  parameter	
  resolu1on.	
  
	
  
•  Need	
  high	
  resolu1on	
  electromagne1c	
  calorimeters	
  to	
  iden1fy	
  

electrons.	
  

•  To	
  reconstruct	
  exclusive	
  hadronic	
  decays,	
  preferable	
  in	
  charm,	
  
hadron	
  iden1fica1on	
  is	
  important.	
  	
  

•  Good	
  π/K/p	
  separa1on	
  via	
  dE/dx	
  or	
  1me-­‐of-­‐flight	
  measurements.	
  

•  Good	
  trigger	
  to	
  enhance	
  and	
  tag	
  heavy-­‐flavour	
  events.	
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Fig. 1: Track impact parameter resolutions for the four LHC experiments. Note that for ALICE, ATLAS and CMS
the impact parameter is defined in the rφ plane, while for LHCb it is defined in the rz plane.

Experimentally, the key elements for a rich heavy-flavour program are track and vertex reconstruc-
tion and particle identification (PID).

Open charm and beauty mesons have typical life-times in the order of a ps (cτ values are about
125–300 µm for D mesons and 500 µm for B mesons) and the most direct detection strategy is the
identification of single tracks or vertices that are displaced from the interaction vertex. The detector
capability to perform this task can be characterized by the transverse impact parameter3 (d0) resolution.
All experiments will be equipped with high position-resolution silicon-detector layers, including pixel
detector for the innermost layers, for precise tracking and impact parameter measurement. Tracking is
done in the central (pseudo)rapidity region for ALICE (|η| < 0.9), ATLAS and CMS (|η| <∼ 2.5), and
in the forward region for LHCb (2 <∼ η <∼ 5). In Fig. 1 we show the d0 resolution, which is similar for
the different experiments, and better than 50 µm for pT

>∼ 1.5–3 GeV. The inner detector systems of
ATLAS, CMS and ALICE will operate in different magnetic fields: The ALICE magnetic field will vary
within low values (0.2–0.5 T) leading to a very low pT cutoff of 0.1–0.2 GeV, while ATLAS (2 T) and
CMS (4 T) have higher cutoffs of 0.5 and 1 GeV, respectively, but better pT resolution at high pT (e.g.,
at pT = 100 GeV, δpT /pT ≈ 1–2% for ATLAS/CMS at central rapidity and ≈ 9% for ALICE).

Both lepton and hadron identification are important for heavy-flavour detection. D and B mesons
have relatively large branching ratios (BR) in the semi-leptonic channels, ≃ 10% to electrons and ≃ 10%
to muons, and inclusive cross-section measurements can be performed via single leptons or di-leptons.
Alternatively, high-pT leptons can be used as trigger-level tags to select B → J/ψ+X candidate events,
that provide more accurate cross section measurements. ALICE can identify electrons with pT > 1 GeV
and |η| < 0.9, via transition radiation and dE/dx measurements, and muons in the forward region,
2.5 < η < 4, which allows a very low pT cutoff of 1 GeV. CMS and ATLAS have a broad pseudorapid-
ity coverage for muons, |η| < 2.4 and |η| < 2.7, respectively, but they have a higher pT cutoff varying
between 4 and 6 GeV, depending on η. Both CMS and ATLAS have high-resolution electro-magnetic
calorimeters that will be used to identify electrons. Semi-leptonic inclusive measurements do not provide
direct information on the D(B)-meson pT distribution, especially at low pT , because of the weak corre-

3We define as impact parameter the distance of closest approach to the interaction vertex of the track projection in the plane
transverse to the beam direction.


