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W→μν	  
Z→μμ	  
Z→ee	  

€ 

σ = N
∫L

Beam-‐gas	  imaging	  
A	  novel	  method	  exclusive	  to	  LHCb	  



LHCb	  detector	  
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Muon	  sta1ons	  RICH	  detectors	  

Par1cle	  ID	  

Tracking	  sta1ons	  VELO	  

Momentum	  

Calorimeters	  

Energy	  

Beam	  1	   Beam	  2	  

Uniquely	  low	  thresholds	  muon	  trigger:	  
pT	  >	  1.5	  GeV/c	  (for	  single	  muon)	  
Mμμ	  >	  2.7	  GeV/c2	  

pT2	  >	  1.4	  (GeV/c)2	  	  
(for	  dimuons)	  



LHCb	  explored	  kinema1cs	  	  
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€ 

σAB (x,Q2) = dxadxb   fa /A (xa ,Q
2) fb /B (xb,Q

2)∫    σab (xa,xb ,Q
2)

Hadronic	  cross-‐sec1on	  

Collision	  between	  proton	  A	  and	  B	  with	  partons	  a	  and	  b	  

Proton	  structure	  
parameterized	  with	  the	  PDFs	  
PDFs:	  O(2-‐8%)	  

Partonic	  cross-‐sec1on	  
NNLO:	  O(2-‐8%)	  in	  forward	  
region	  

|y|=6	   6	  4	  2	  0	  2	  4	  

LHCb	  probes	  2	  regions:	  
High	  x:	  PDFs	  are	  well	  known	  	  
Low	  x:	  PDFs	  are	  essen1ally	  unknown	  

Low	  mass	  +	  high	  rapidity	  →	  low	  x	  	  

Q2	  =	  M2	  

x1,2	  =	  (M/√s)	  e±y	  

Z/W	  
Q2	  (10'000	  GeV2)	  
x=	  1.7×10-‐4	  

Low	  mass	  DY	  γ*	  
Q2	  (25	  GeV2)	  
x=	  8×10-‐6	   see	   valence	  

PDF	  uncertain1es	  are	  large	  (5-‐8%)	  
at	  large	  rapidi1es	  2<y<5	  accessible	  
to	  LHCb	  
LHCb	  electroweak	  measurements	  
provide	  valuable	  input	  for	  the	  PDF	  
fits	  

HERA	   Fixed	  target	  



Cross-‐sec1on	  measurement	  
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€ 

σ =
ρ

L dt∫
1

efficienciesi=1

Nevents

∑

Purity	  ρ	  =	  the	  number	  of	  signal	  events	  /	  total	  number	  of	  events	  

Experimental	  efficiencies	  (tracking,	  iden1fica1on,	  trigger)	  are	  calculated	  per	  
event:	  as	  func1on	  of	  η	  and	  pT	  of	  the	  two	  leptons	  -‐>	  mostly	  determined	  from	  data	  

Luminosity	  is	  measured	  in	  dedicated	  fills	  with	  2	  independent	  methods:	  
“van	  der	  Meer	  scan”	  (VDM)	  and	  Beam-‐Gas	  Imaging	  (BGI)	  
Present	  uncertainty	  is	  3.5%	  (LHCB-‐PAPER-‐2011-‐015)	  

+	  Acceptance;	  final	  state	  radia1on	  correc1ons	  

What	  are	  the	  major	  ingredients:	  



W→μν	  cross-‐sec1on	  
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∫L	  37.5	  pb-‐1	  (2010)	  
Data:	  single	  μ	  with	  pT	  >	  10	  GeV/c	  
20<pTμ<70	  GeV/c;	  2.0<ημ<4.5	  
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Heavy Flavour

Purity	  determina1on	  (full	  η	  range)	  

W	  analysis	  already	  limited	  by	  
luminosity	  with	  2010	  data	  only	  

W→μν	  (shape	  from	  simula1on)	  

K,	  π	  decay	  in	  flight	  
(shape	  from	  data)	  

Z/γ*	  with	  1	  muon	  in	  acceptance	  
(shape	  from	  simula1on)	  

NW+	  =	  14660	  
ρW+	  =	  78.8%	  

NW-‐	  =	  11618	  
ρW-‐	  =	  78.4%	  W+→μ+ν	  	   W-‐→μ-‐ν̄	  

sta1s1cal	   1.1%	   1.2%	  

systema1c	   3.2%	   2.9%	  

luminosity	   3.5%	   3.5%	  

Uncertain1es:	  



W→μν	  cross-‐sec1on	  
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Published	  in:	  
LHCb-‐PAPER-‐2012-‐008	  
JHEP06	  (2012)	  058	  (arXiv:1204.1620)	  

Reduce	  luminosity	  
uncertainty:	  valuable	  
input	  to	  PDFs	  

Predic1on:	  NNLO	  with	  DYNNLO;	  PDF	  uncertain1es	  at	  68%	  CL	  

Ra1o:	  most	  	  systema1c	  
uncertain1es	  cancel	  
→	  Precise	  measurement	  
1.7%	  



Z→μμ	  cross	  sec1on	  
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∫L	  37.5	  pb-‐1	  (2010)	  
Data:	  single	  μ	  with	  pT	  >	  10	  GeV/c	  
Selec1on:	  two	  muons	  
pTμ>20	  GeV/c;	  2.0<ημ<4.5	  
60	  <	  M(μμ)	  <	  120	  GeV/c2	  

Dominated	  by	  efficiencies	  
Determined	  from	  data	  -‐>	  of	  sta1s1cal	  nature	  

Z→μμ	  signal	  

Low	  background:	  
Z→ττ;	  W-‐pair;	  Top-‐pair;	  QCD	  

NZ 	  =	  1966	  
Bkg 	  =	  4.8±1.0	  
ρZ 	  =	  99.7%	  

Z→μμ	  

sta1s1cal	   2.2%	  

systema1c	   4.3%	  

luminosity	   3.5%	  

Uncertain1es:	  

LHCb

Z	  mass	  peak	  
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Z→ee	  cross	  sec1on	  
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∫L	  1	  �-‐1	  (2011)	  
Data:	  
single	  electron	  with	  pT	  >	  15	  GeV/c	  
Selec1on:	  two	  electrons	  
pTe>20	  GeV/c;	  2.0<ηe<4.5	  
M(ee)	  >	  40	  GeV/c2	  

Detector	  characteris1cs	  prevent	  a	  sharp	  Z	  peak	  
Calorimeter	  saturates;	  good	  momentum	  
measurement	  but	  energies	  are	  underes1mated	  
due	  to	  bremsstrahlung.	  
S1ll	  possible	  to	  select	  Z→ee	  with	  high	  purity	  

Z→ee	  signal	  

Low	  background:	  
Z→ττ;	  Top-‐pair;	  QCD	  

NZ 	  =	  21535	  
Bkg 	  =	  473	  
ρZ 	  =	  97.8%	  

Z→ee	  

sta1s1cal	   1.1%	  

systema1c	   3.1%	  

luminosity	   3.5%	  

Uncertain1es:	  

Z	  mass	  peak	  
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Z→dilepton	  cross	  sec1on	  
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Z→μμ	  LHCb-‐PAPER-‐2012-‐008	  
Precision	  (%):	  2.2	  (stat)	  4.3	  (sys)	  3.5	  (lumi)	  	  

Z→ee	  	  LHCB-‐PAPER-‐2012-‐036	  
Precision	  (%):	  1.1	  (stat)	  3.1	  (sys)	  3.5	  (lumi)	  	  

Z→ττ 	  ∫L	  1028	  pb-‐1	  

Precision	  (%):	  5.0	  (stat)	  3.9	  (sys)	  3.5	  (lumi)	  
LHCb-‐PAPER-‐2012-‐029	  arXiv:1210.6289	  (JHEP)	  	  

NNLO	  with	  DYNNLO;	  PDF	  uncertain1es	  at	  68%	  CL	  

γ*→μμ	  ∫L	  37	  pb-‐1 	  5	  ≤	  Mμμ	  ≤	  120	  GeV/c2	  	  
With	  ∫L	  1	  �-‐1	  analysis	  will	  be	  limited	  by	  luminosity	  in	  higher	  mass	  bins	  
LHCb-‐CONF-‐2012-‐013	  

Other	  measurements	  not	  shown	  here:	  



With	  the	  full	  2011	  and	  2012	  data	  set	  
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Uncertain1es	  on	  electroweak	  cross	  sec1ons	  are	  now	  mostly	  dominated	  by	  systema1c	  
uncertain1es	  
-‐ Most	  systema1c	  uncertain1es	  are	  of	  sta1s1cal	  nature	  -‐>	  will	  improve	  with	  more	  data	  
-‐ Ideally	  the	  major	  electroweak	  cross	  sec1on	  measurements	  should	  be	  limited	  by	  the	  detector	  
performance	  
Measurements	  should	  not	  be	  dominated	  by	  luminosity	  uncertainty	  (now	  3.5%)	  

-‐ Precision	  on	  integrated	  luminosity	  of	  2%	  (or	  less)	  is	  therefore	  necessary	  

€ 

N = ∫L σ
€ 

N1N2 ⋅ Overlap

Number	  of	  
signal	  events	   Integrated	  

luminosity	  

Signal	  event	  
cross	  sec1on	  

Precision	  EW	  measurements	  are	  only	  
possible	  together	  with	  a	  precision	  
luminosity	  measurement	  
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€ 

L = f ⋅ N1N2 ⋅ Overlap

LHC	  instrumenta1on	  

Measured	  by	  experiments	  
(VDM	  or	  beam-‐gas)	  

• Bunch	  intensity	  (N1N2)	  measured	  by	  LHC	  instrumenta1on.	  Uncertain1es:	  2.8%	  in	  2010;	  O(0.3%)	  in	  2011,	  2012	  
• Overlap	  integral	  depends	  on	  beams	  proper1es	  (e.g.	  beam	  width,	  posi1on,	  angle,	  shape)	  
Determined	  with	  2	  independent	  methods:	  

1.  Classic	  “van	  der	  Meer	  scan”	  (VDM)	  used	  by	  all	  4	  LHC	  experiments	  
2.  Beam-‐gas	  imaging	  (BGI):	  new	  method	  exclusive	  to	  LHCb	  



Beam-‐Gas	  Imaging	  (BGI)	  
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€ 

L = f ⋅ N1N2 ⋅ Overlap

€ 

Overlap = ρ1(x,y,z,t)ρ2(x,y,z,t)∫  dxdydzdt

Single	  bunch	  density	  
func1on	  of	  colliding	  
bunch	  pair	  
(e.g.	  double	  Gaussian	  profile)	  

Overlap	  integral	  depends	  on:	  
• Single	  bunch	  profiles	  (X,Y	  width,	  shape)	  
• Beam	  crossing	  angle	  
• Offset	  (head-‐on	  or	  displaced)	  
All	  parameters	  are	  measured	  using	  
interac1ons	  between	  beam	  and	  
residual	  gas	  

2010	  results	  published	  in	  JINST	  7	  (2012)	  P01010	  [arXiv:1110.2866	  [hep-‐ex]]	  

Beam	  1	  
Beam	  2	  

Interac1on	  between	  
beam	  and	  residual	  
gas	  molecule	  

Measuring	  the	  shape	  of	  the	  bunches	  

(data)	  



Global	  fit	  
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-‐ Fit	  single	  beams	  and	  beam	  spot	  in	  one	  global	  fit	  
-‐ Free	  parameters	  are:	  beam	  widths	  (double	  Gaussian,	  weight),	  posi1on,	  angle	  
(only	  amplitudes	  are	  free	  parameters	  for	  beam	  spot	  -‐>	  strong	  fit	  constrain)	  

beam-‐gas	  slices	  
beam-‐spot	  

Measurement	  per	  20	  minutes	  and	  per	  bunch	  pair	  (≈105	  beam	  gas	  and	  106	  beam	  beam	  ver1ces)	  

Shape	  and	  posi1on	  of	  beam	  spot	  is	  fully	  
predicted	  by	  single	  beam	  parameters	  

LHCb	  preliminary	  



Vertex	  resolu1on	  
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Beam	  gas	  ver1ces	  are	  measured	  with	  the	  VErtex	  LOcator	  (VELO)	  detector	  
-‐Geometry	  and	  proximity	  to	  the	  beam	  permits	  to	  achieve	  high	  precision	  in	  vertex	  posi1on	  

Knowledge	  of	  the	  resolu1on	  is	  important:	  
Measured	  beam	  width	  is	  a	  convoluQon	  of	  true	  beam	  widths	  with	  the	  resoluQon	  
Resolu1on	  depends	  on:	  
• Z	  posi1on	  of	  vertex	  
• Number	  of	  tracks	  
• Beam	  gas	  or	  beam	  beam	  events	  have	  different	  track	  distribu1ons	  

→	  Addi1onal	  parameteriza1on	  needed	  for	  beam	  gas	  events	  and	  Z	  posi1on	  

Parameteriza1on	  example	  
for	  pp	  resolu1on	  

Deconvolu1on	  example	  
Beam	  width:	  90μm	  

LHCb	  preliminary	  

LHCb	  preliminary	  

€ 

R(x) = cngn (x;σn )
n−1

N

∑

Vertex	  resolu1on	  
(e.g.	  15μm	  for	  20	  tracks)	  

Resolu1on	  
distribu1on	  



Gas	  injec1on	  to	  increase	  beam	  gas	  rate	  
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• To	  increase	  the	  accuracy	  of	  the	  beam	  gas	  method	  a	  
larger	  beam	  gas	  rate	  is	  necessary	  
• In	  2012	  a	  gas	  injec1on	  system	  (called	  SMOG)	  has	  been	  
used	  in	  dedicated	  fills	  
• By	  injec1ng	  neon	  at	  the	  Interac1on	  Point	  (IP),	  the	  
vacuum	  is	  degraded:	  from	  ≈	  10-‐9	  mbar	  to	  ≈	  10-‐7	  mbar	  

Pressure	  at	  IP	  

Beam-‐gas	  rate	  

• Shortened	  integra1on	  1me	  ≈20	  minutes	  vs.	  2-‐3	  hours	  
• Higher	  fit	  accuracy	  and	  be�er	  shape	  descrip1on	  

Addi1onally:	  
• Measure	  single	  bunch	  rela1ve	  intensity	  in	  a	  sta1s1cal	  
way	  (independent	  of	  LHC	  devices)	  
• Measure	  charges	  outside	  nominal	  filled	  LHC	  bunches	  
(so-‐called	  “ghost	  charges”,	  not	  seen	  by	  LHC	  instrument)	  
• Measure	  beam	  size	  evolu1on	  over	  1me	  

LHCb	  preliminary	  

LHCb	  provides	  this	  data	  to	  the	  other	  experiments	  and	  to	  the	  LHC	  



Luminosity	  uncertain1es	  
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Final	  analysis	  is	  underway	  

Sta1s1cal	  and	  fit	  uncertainty	   O(1%)	  per	  bunch	  pair	  
≈1000	  measurements	  in	  2012	  

Knowledge	  of	  the	  vertex	  resolu1on	  
Affects	  beam	  width	  

Resolu1on	  uncertainty	  of	  5%	  and	  10	  m	  β*	  
op1cs:	  O(1-‐2%)	  on	  cross	  sec1on	  

X/Y	  factorizability*	   O(1%)	  	  

Crossing	  angle	  correc1on	   O(0.2%)	  

Stability	  of	  luminosity	  counters	  over	  full	  
dataset	  

O(0.5%)	  

Beam	  total	  intensity	  scale	   O(0.3%)	  (was	  2.8%	  in	  2010!)	  

Single	  bunch	  intensity	  
(measured	  by	  LHCb	  or	  LHC	  device)	  

O(0.2%)	  

Ghost	  charges	  correc1on	   O(0.1%)	  	  

Major	  uncertain1es	  for	  beam	  gas	  method	  

Luminosity	  uncertain1es	  not	  related	  to	  beam	  gas	  method	  

(LHC	  device)	  

*VDM	  method	  used	  by	  other	  
experiments	  assumes	  “factorizable	  
beams”	  i.e.	  X	  shape	  does	  not	  depend	  
on	  Y	  posi1on.	  
→	  Not	  true!	  Can	  be	  seen	  and	  measured	  
with	  beam	  gas	  at	  LHCb	  

Measured	  by	  LHCb	  for	  all	  experiments	  



Conclusion	  and	  outlook	  
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Luminosity:	  (LHCB-‐PAPER-‐2011-‐015)	  
• High	  accuracy	  of	  beam	  gas	  method	  possible	  in	  2012	  with	  gas	  injec1ons	  (SMOG)	  
• No	  gas	  injec1on	  in	  2011	  but	  beam	  gas	  method	  s1ll	  possible	  with	  less	  accuracy	  
• Uncertainty	  on	  beam	  intensity	  absolute	  scale	  is	  now	  reduced	  by	  x10	  for	  2011	  and	  2012	  
• Combine	  van	  der	  Meer	  and	  beam	  gas	  methods	  (independent	  methods	  →	  strong	  constrain)	  

	  →	  Ideally	  no	  measurement	  should	  be	  limited	  by	  the	  luminosity	  uncertainty	  

LHCb	  electroweak	  measurements	  
1	  �-‐1	  in	  2011	  (√s	  7	  TeV)	  	  

• W/Z	  produc1on 	   	   	  will	  improve	  using	  full	  dataset	  (≈30×	  more	  data)	  
• Low	  mass	  Drell-‐Yan	  γ*→μμ 	  In	  some	  cases	  limited	  by	  present	  luminosity	  uncertainty	  
• Z→ee 	   	   	   	   	  limited	  by	  present	  luminosity	  uncertainty	  

2	  �-‐1	  in	  2012	  (√s	  8	  TeV)	  	  
• New	  kinema1cs	  
• Twice	  the	  data	  
• High	  precision	  luminosity	  
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Results	  compared	  to	  NLO	  calcula1ons	  (data	  not	  corrected	  for	  FSR)	  
Theore1cal	  errors	  include	  the	  NLO	  predic1on	  uncertain1es	  and	  PDFs	  uncertain1es	  (at	  68%	  C.L.)	  
Bins	  Mμμ	  >	  40	  GeV/c2	  have	  a	  cut	  of	  pT	  >	  15	  GeV/c	  (for	  both	  data	  and	  predic1ons)	  
Cross-‐sec1on	  in	  Z	  bin	  compa1ble	  with	  previous	  Z	  cross-‐sec1on	  measurement	  LHCb-‐PAPER-‐2012-‐008	  
With	  more	  data:	  result	  in	  higher	  mass	  bin	  will	  be	  limited	  by	  present	  luminosity	  precision	  
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PYTHIA	  cross-‐sec1on	  
normalized	  to	  highest	  
mass	  bin	  

ϒ	  resonance	  
excluded	  
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Results	  vs.	  different	  PDF	  sets	  with	  NLO	  from	  FEWZ	  (data	  not	  corrected	  for	  FSR)	  
Only	  PDF	  uncertain1es	  at	  68%	  C.L.	  are	  shown	  
Bins	  Mμμ	  >	  40	  GeV/c2	  have	  a	  cut	  of	  pT	  >	  15	  GeV/c	  (for	  both	  data	  and	  predic1ons)	  
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