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Motivation 

•  The	  following	  statement	  sums	  it	  up:	  
	  “The	  ‘underlying	  event’	  (UE)	  is	  an	  unavoidable	  background	  
to	  most	  collider	  observables	  and	  having	  good	  
understanding	  of	  it	  leads	  to	  more	  precise	  collider	  
measurements”	  –	  Rick	  Field	  (2006)	  

•  All	  LHC	  experiments	  dependent	  on	  generators	  to	  
provide	  required	  understanding	  of	  soX	  QCD	  processes	  
contribuZng	  to	  the	  UE	  

•  Min.	  Bias	  results	  from	  LHC	  1st	  data	  can:	  
–  Allow	  comparisons	  with	  different	  generators	  
–  Assist	  in	  their	  constraining	  (tuning)	  

•  InteresZng	  physics	  in	  its	  own	  right	  
–  New	  energy	  fronZer	  
–  New	  Physics?	   2	  



Relevant Min. Bias Measurements 

•  ParZcle	  MulZpliciZes	  &	  CorrelaZons	  
– See	  talks	  by	  Andy	  Buckley	  and	  Luca	  Perrozzi	  

•  ParZcle	  ProducZon	  
– What	  are	  the	  spectra	  of	  specific	  parZcle	  species?	  
– How	  do	  they	  compare	  with	  theoreZcal	  models	  
and	  previous	  experiments?	  

– Main	  experimental	  hurdles:	  
•  Means	  of	  idenZfying	  and	  disZnguishing	  parZcle	  species	  

•  Ability	  to	  access	  producZon	  at	  low	  pT	  
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Particle Production 

•  Several	  areas	  of	  experimental	  study:	  

–  IdenZfied	  Final-‐State	  ParZcle	  (K±,	  π±,	  p)	  Spectra	  
•  Requires	  good	  ParZcle	  IdenZficaZon	  (PID)	  

–  ParZcularly	  suited	  to	  the	  qualiZes	  of	  ALICE	  &	  LHCb	  

–  Strange	  Resonance	  (K0,	  Λ,	  φ,	  Ξ, Ω)	  Spectra	  
•  PID	  not	  necessary	  

–  Decays	  well	  separated	  from	  Primary	  Vertex	  (except	  strongly	  
decaying	  φ)	  

–  Invariant	  mass	  sufficient	  as	  a	  discriminaZng	  variable	  (except	  for	  φ)	  
–  Accessible	  by	  all	  LHC	  experiments	  

–  	  Cross-‐SecZons	  of	  above	  Processes	  
•  Requires	  good	  knowledge	  of	  LINT	   4	  
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The Detectors 



The Detectors 
•  What	  about	  in	  a	  more	  appropriate	  variable?	  	  (η)	  
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ECAL,	  HCAL,	  lumi	  Counters,	  MUONS,	  Hadron	  PID	  Tracking,	  

• 	  Complementary	  detector	  acceptances	  
• 	  PotenZal	  to	  compare	  data/models	  over	  extensive	  η	  range	  
• 	  Furthermore,	  data	  at	  different	  energies:	  √s	  =	  0.9,	  2.76*	  &	  7.0	  TeV	  	  



Identified Particle (K±, π±, p) Spectra 

Measurement	   ALICE	   LHCb	  
0.9	  TeV	   7	  TeV	   0.9	  TeV	   7	  TeV	  

Par3cle	  pT	  Spectra	   arXiv:1101.4110v2	   [IN	  PREP]	  

An3-‐p/p	   arXiv:1006.5432	   LHCb-‐CONF-‐2010-‐009	  

(K+	  +	  K-‐)/(π+	  +	  π-‐)	   arXiv:1101.4110v2	   [IN	  PREP]	  

(p	  +	  An3-‐p)/(π+	  +	  π-‐)	   arXiv:1101.4110v2	   [IN	  PREP]	  
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• 	  Possible	  at	  ALICE	  &	  LHCb	  due	  to	  dedicated	  PID	  systems	  
• 	  Impressive	  array	  of	  results	  from	  ALICE	  
• 	  New	  and	  updated	  LHCb	  results	  imminent	  	  



ALICE Hadronic PID  

•  Provided	  via	  several	  
systems:	  
–  Inner	  Tracker	  (ITS)	  
–  Time	  ProjecZon	  (TPC)	  
–  Time-‐of_Flight	  (TOF)	  

•  Combined	  PID	  over	  range	  
0.1<pT<2.5	  GeV	  

•  Kaons	  also	  idenZfied	  via	  
their	  ‘kinked’	  tracks	  in	  
TPC	  (weak	  decays)	  
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LHCb Hadronic PID 
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•  Provided	  via	  two	  Ring	  
Imaging	  Cherenkov	  (RICH)	  
Detectors:	  
•  RICH-‐1	  :	  2<p<60	  GeV	  
•  RICH-‐2	  :	  30<p<100+	  GeV	  	  

∆logL(K− π) > 0



LHCb Hadronic PID 
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•  Provided	  via	  two	  Ring	  
Imaging	  Cherenkov	  (RICH)	  
Detectors:	  
•  RICH-‐1	  :	  2<p<60	  GeV	  
•  RICH-‐2	  :	  30<p<100+	  GeV	  	  

∆logL(K− π) > 0



Particle (K±,π±,p) pT Spectra 
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• 	  Spectra	  normalised	  to	  inelasZc	  pp	  collisions	  (Nev)	  

• 	  Spectra	  using	  the	  different	  ALICE	  PID	  techniques	  shown	  
• 	  Excellent	  agreement!	  
• 	  Confirms	  reconstrucZon	  efficiencies	  well	  reproduced	  by	  simulaZon	  

• 	  Results	  from	  the	  different	  analyses	  are	  combined	  to	  cover	  full	  	  	  	  
	  momentum	  range	  (	  0.1<pT<1	  GeV)	  

arXiv:1101.4110v2	  

|y| < 0.5
√

s = 0.9 TeV



Particle (K±,π±,p) pT Spectra 
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arXiv:1101.4110v2	  

• 	  Perform	  fit	  to	  spectra	  to	  extract	  yields	  and	  <pT>	  
• 	  Use	  Lévy	  (Tsallis)	  funcZon	  	  

|y| < 0.5
√

s = 0.9 TeV



Particle (K±,π±,p) pT Spectra 
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arXiv:1101.4110v2	  

• 	  Perform	  fit	  to	  spectra	  to	  extract	  yields	  and	  <pT>	  
• 	  Use	  Lévy	  (Tsallis)	  funcZon	  	  

|y| < 0.5
√

s = 0.9 TeV



Particle (K±,π±,p) pT Spectra 
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arXiv:1101.4110v2	  

• 	  Perform	  fit	  to	  spectra	  to	  extract	  yields	  and	  <pT>	  
• 	  Use	  Lévy	  (Tsallis)	  funcZon	  	  

Also consistent, but… 

High precision anti-p/p ratio 
studied earlier found mean 
value of 0.957 ± 0.006 ± 0.014 
and pT INDEPENDENT 
(more on this later) 

arXiv:1006.5432v1 

|y| < 0.5
√

s = 0.9 TeV



Hadron Yields 
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arXiv:1101.4110v2	  

• 	  Comparison	  of	  charge	  summed	  distribuZons	  with	  models	  

• 	  Pions	  
• 	  Reasonably	  described	  by	  Phojet,	  Pythia	  D6T,	  Perugia-‐0	  

• 	  Kaons	  
• 	  UnderesZmated	  above	  pT	  of	  1	  GeV	  

• 	  Protons	  
• 	  UnderesZmated	  also,	  except	  by	  Pythia	  D6T	  



Hadron Yield Ratios 
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arXiv:1101.4110v2	  



Hadron Yield Ratios 
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arXiv:1101.4110v2	  

• 	  A	  lot	  more	  strange	  mesons	  produced	  at	  larger	  pT	  than	  predicted	  by	  any	  
	  model!	  
• 	  Shape	  of	  curve	  very	  different	  from	  models	  
• 	  RaZo	  appears	  to	  be	  independent	  of	  √s	  energy	  



Hadron Yield Ratios 
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arXiv:1101.4110v2	  

• 	  A	  lot	  more	  baryon	  producZon	  than	  predicted	  by	  Phojet	  and	  Perugia0	  
• 	  Pythia	  CSC	  and	  D6T	  have	  reasonable	  agreement	  

• 	  RaZo	  appears	  to	  be	  independent	  of	  √s	  energy	  at	  only	  low	  pT	  
• 	  Both	  datasets	  feed-‐down	  corrected.	  



Baryon Transport (Anti-p/p Ratio) 

•  Conservation of baryon number associated 
with beam particles  

•  Model predictions at LHC vary greatly 

20	  

Peter  
Skands 

Phys.	  Rev.	  D,	  82(7):074018	  (2010)	  

h}
p://hom

e.fnal.gov/~skands/	  



Baryon Transport (Anti-p/p Ratio) 

•  Conservation of baryon number associated 
with beam particles  

•  Model predictions at LHC vary greatly 
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Anti-p/p Ratio 

•  Experimentally	  challenging	  measurement	  
–  Require	  <1%	  precision	  to	  disZnguish	  models	  

•  But	  raZo	  means:	  
–  	  LINT	  not	  required!	  
–  	  SystemaZcs	  cancel	  to	  1st	  order,	  but…	  

•  Several	  areas	  for	  potenZal	  biases/systemaZcs:	  
– Differing	  material	  interacZon	  σ	  for	  anZ-‐p	  and	  p	  

•  Significantly	  different	  at	  low	  momentum	  
•  Accurate	  descripZon	  of	  detector	  material	  budget	  

–  PolluZon	  from	  2nd’ary	  protons	  
•  Via	  weak	  decays	  and	  material	  interacZons	  	  

–  ContaminaZon	  from	  K/π	

22	  

Phys	  Rev	  LeV	  Vol.105,	  No.7,	  (2010)	  

LHCb-‐CONF-‐2010-‐003	  



ALICE anti-p/p Strategy 

•  Performed	  in	  a	  restricZve	  region	  of	  kinemaZc	  space	  

– |y|<0.5,	  	  
•  Low	  material	  budget	  	  

– 0.45<p<1.05	  GeV	  
•  Excellent	  PID	  via	  TPC	  (no	  misID)	  

23	  

•  Detector	  simulaZon	  package	  
	  chosen	  that	  agrees	  best	  with	  
	  external	  data:	  

• 	  FLUKA	  

Phys	  Rev	  LeV	  Vol.105,	  No.7,	  (2010)	  



LHCb anti-p/p Strategy 

•  Performed	  over	  all	  accessible	  rapidity	  
– Minimum	  momentum	  limit	  of	  5.0	  GeV	  
•  Limits	  systemaZc	  due	  to	  anZ-‐p,	  p	  material	  interacZon	  σ	


•  Use	  RICH	  PID	  to	  isolate	  signal	  
– CorrecZons	  for	  hadron	  cross-‐contaminaZon	  
considered	  through	  calibraZon	  samples	  
•  Requires	  selecZng	  pure	  samples	  of	  K,	  π	  and	  anZ-‐p,	  p!	  	  	  	  

24	  
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LHCb anti-p/p Strategy 
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LHCb-‐CONF-‐2010-‐003	  

•  Analysis	  becomes	  a	  comprehensive	  parZcle	  
study:	  

•  Basis	  for	  K/π,	  p/π	  and	  anZ-‐p/p	  raZo	  results	  
– PublicaZon	  imminent	  	  
– Only	  anZ-‐p/p	  preliminary	  results	  to	  date	  



ALICE anti-p/p Results 

•  No	  pT	  dependance	  
– Either	  @	  √s	  =	  0.9	  or	  7	  TeV	  

•  PredicZons	  also	  flat	  
– Except	  HIJING/B	  @	  0.9	  TeV	  
– Pythia6.4	  best	  performer	  

•  Result	  at	  each	  energy	  
averaged	  (vs	  Δy	  =	  ybeam	  -‐	  y)	  	  
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Δy	  

R|y|<0.5 = 0.957± 0.006± 0.014

R|y|<0.5 = 0.991± 0.005± 0.014

√
s = 0.9 TeV

√
s = 7 TeV

Phys	  Rev	  LeV	  Vol.105,	  No.7,	  (2010)	  



LHCb anti-p/p Results 
•  RaZo	  considered	  as	  a	  
fnc.	  of	  η	  within	  bins	  of	  
pT:	  	  

•  0<pT<0.8	  GeV	  
•  0.8<pT<1.2	  GeV	  
•  pT>1.2	  

29	  
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LHCb anti-p/p Results 
•  RaZo	  considered	  as	  a	  
fnc.	  of	  η	  within	  bins	  of	  
pT:	  	  

•  0<pT<0.8	  GeV	  
•  0.8<pT<1.2	  GeV	  
•  pT>1.2	  
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LHCb anti-p/p Results 

•  Cast	  raZo	  as	  fnc.	  of	  Δy,	  as	  
done	  by	  ALICE	  
–  Span	  almost	  4	  units	  

•  Results	  not	  averaged	  
over	  pT	  
–  Possible	  pT	  dependence	  

•  Comparison	  with	  other	  
experimental	  
measurements	  
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LHCb anti-p/p Results 

•  Cast	  raZo	  as	  fnc.	  of	  Δy,	  as	  
done	  by	  ALICE	  
–  Span	  almost	  4	  units	  

•  Results	  not	  averaged	  
over	  pT	  
–  Possible	  pT	  dependence	  

•  Comparison	  with	  other	  
experimental	  
measurements	  
–  Reasonable	  agreement	  
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To come: 
•  Updated anti-p/p 
•  K/π, p/π ratios 
•  K,π,p pT spectra 



Strange Resonance Production 

•  A	  probe	  of	  fragmentaZon	  and	  hadronisaZon	  
•  Variety	  of	  mesons	  (K0,	  φ)	  and	  baryons	  (Λ,	  Ξ, Ω)	  
accessible	  by	  all	  LHC	  detectors	  
–  PID	  not	  necessary,	  invariant	  mass	  reconstrucZon	  sufficient	  

•  Possible	  measurements:	  
–  pT	  spectra	  
–  Baryon	  Transport	  RaZos	  (e.g.	  Λ/Λ)	  
–  Baryon	  Suppression	  RaZos	  (e.g.	  Λ/K0)	  
–  Cross-‐secZons	  

•  Requires	  good	  knowledge	  of	  LINT	  

•  Achieved	  at	  LHCb	  with	  novel	  techniques	  [Nuc.	  Instrum.	  and	  
Methods	  A	  553	  (2005)	  388]	  
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Strange Production Results 

35	  

Result	   ALICE	   LHCb	   CMS	  
0.9	  TeV	   7	  TeV	   0.9	  TeV	   7	  TeV	   0.9	  TeV	   7	  TeV	  

Resonance	  pT	   ✔	   ✔	   ✔	  

Baryon	  Transport	   ✔	   ✔	   ✔	  

Baryon	  
Suppression	  

✔	   ✔	   ✔	   ✔	   ✔	  

KS0	  Cross-‐Sec3on	   ✔	  

φ	  Cross-‐Sec3on	   ✔	  



KS
0 & Λ pT Spectra 

•  pT	  spectra	  observed	  to	  be	  harder	  than	  models	  predicted	  
–  pT	  ≿	  1	  GeV,	  parZcle	  spectra	  greatly	  underesZmated	  by	  model	  

–  ~	  factor	  x2	  for	  Kshort	  	  
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Eur.	  Phys.	  J.	  C	  71,	  1594	  (2011)	  



φ & Ξ pT Spectra 
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•  pT	  spectra	  observed	  to	  be	  harder	  than	  models	  predicted	  
–  ~	  factor	  x	  3	  for	  hyperons	  (discrepancy	  increases	  with	  mass)	  

–  Discrepancy	  is	  smaller	  for	  φ	  spectrum	  
•  [Plans	  at	  LHCb	  for	  similar	  measurements	  with	  Hyperons]	  

φ	
 Ξ	


Eur.	  Phys.	  J.	  C	  71,	  1594	  (2011)	  



  Baryon No. Transport (Λ/Λ) 

•  RaZo	  considered	  as	  a	  
fnc.	  of	  y	  
– Unique	  η	  range	  of	  LHCb	  
– Clear	  √s	  dependence	  

•  More	  baryon	  transport	  
than	  predicted	  
– RaZo	  overesZmated	  at	  
√s	  =	  0.9	  TeV	  

– More	  consistent	  at	  √s	  =	  
7	  TeV	  
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  Baryon No. Transport (Λ/Λ) 
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•  RaZo	  vs	  Δy	  
•  Consistency	  between	  
•  √s	  =	  0.9	  TeV	  
•  √s	  =	  7	  TeV	  
•  STAR	  data	  



 Baryon No. Suppression (Λ/Κ0) 

•  Good	  agreement	  between	  ALICE	  results	  and	  STAR	  (√s	  =	  0.2	  TeV)	  
–  Implies	  li}le	  or	  no	  energy	  dependence	  	  

•  UA1	  &	  CDF	  distribuZons	  not	  ‘feed-‐down’	  corrected	  
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 Baryon No. Suppression (Λ/Κ0) 
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arXiv:1102.4282v1	  

•  Very	  similar	  results	  obtained	  by	  CMS	  (plot	  contains	  ALICE	  
points)	  

•  Furthermore,	  Ξ/Λ	  raZo	  results	  obtained	  (look	  consistent)	  



 Baryon No. Suppression (Λ/Κ0) 
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•  CMS	  results	  vs	  |y|	  

•  No	  apparent	  energy	  dependence	  



      Baryon No. Suppression (Λ/Κ0) 

•  RaZo	  larger	  than	  
expectaZons	  
– At	  both	  energies	  
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φ Production X-Section 
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•  X-‐secZon	  via	  novel	  LINT	  technique	  (reduced	  syst.	  error)	  

•  pT	  spectra	  observed	  to	  be	  harder	  than	  models	  predicted	  
•  As	  seen	  in	  ALICE	  analysis	  (slide	  36)	  

•  ProducZon	  underesZmated	  (again!)	  



φ Production X-Section 
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Summary 

•  A	  large	  number	  of	  parZcle	  producZon	  results	  	  
–  Public	  results	  from	  ALICE,	  CMS	  &	  LHCb	  
–  Results	  in	  the	  pipeline	  from	  ATLAS	  

•  SituaZon	  from	  IdenZfied	  ParZcle	  Studies:	  
– Models	  do	  not	  produce	  enough	  strange	  parZcles	  
–  p/π	  not	  correct	  either	  	  

•  SituaZon	  from	  Baryon	  Transport/Suppression	  
RaZos:	  
– Models	  over	  esZmate	  anZ-‐B/B	  raZos	  (LHCb)	  
–  But	  underesZmate	  B/meson	  raZos	  (CMS,LHCb)	  
– Note	  enough	  strange	  produced	  

•  Many	  more	  results	  currently	  in	  progress	  
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Thanks Go To… 
A big thank you to the following people who assisted me in 
writing this talk: 

•  Raluca Muresan, 
•   Andrea Contu,  
•  Guy Wilkinson,  
•  Emily Nurse,  
•  Ferenc Sikler,  
•  Kevin Einsweiler, 
•  Ermanno Vercelli 

Thank you! 
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BACKUP 
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KS
0 Production X-Section 

•  1st	  LHCb	  result!	  
•  Harder	  pT	  spectrum	  
than	  MC	  

•  Comparison	  with	  
other	  experiments	  
– Consistent	  
– Extends	  knowledge	  at	  
low	  pT	  
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Strange Particle Production 
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