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CR	  physics	  and	  Collider	  energy	

3	D’Enterria	  et	  al.,	  APP,	  35,98-‐113,	  2011	  	

Knee:	  end	  of	  galac.c	  proton	  CR	

End	  of	  galac.c	  CR	  and	  	  
transi.on	  to	  extra-‐gal	  CR	

Ankle	 (GZK)	  cutoff:	  	  
end	  of	  CR	  spectrum	

RHIC	 LHC	



4	  

① Inelastic cross section  

② Forward energy spectrum   

If large k  
   (π0s carry more energy) 
    rapid development 
If small k  
    ( baryons carry more energy) 
    deep penetrating 

If large s	

     rapid development 
If small s    
     deep penetrating ④ 2ndary interactions 

      nucleon, p   

③ Inelasticity k= 1-plead/pbeam    

If softer 
     shallow  development 
If harder 
     deep penetrating 
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     deep penetrating 

•  SoS	  interacDon	  (non-‐perturbaDve	  QCD)	  dominates	  
•  Various	  phenomenological	  models	  are	  proposed	  
(keywords:	  diffracDon,	  Regge	  theory,	  mulD-‐Pomeron	  interacDon,	  Glauber	  theory,…)	  

•  Experimental	  inputs	  are	  important	  
•  LHC	  gives	  the	  best	  opportunity	



2ry	  par.cle	  flow	  at	  colliders	  
mulDplicity	  and	  energy	  flux	  at	  LHC	  14TeV	  p-‐p	  collisions	  

	 Energy	  Flux	  

All	  parDcles	

neutral	

ü  LHCf	  covers	  the	  peak	  of	  energy	  flow	  
ü  √s=14	  TeV	  pp	  collision	  corresponds	  to	  ECR=1017eV	  	6	

Mul.plicity	  	  



The	  LHC	  forward	  experiment	  
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ATLAS 
LHCf Arm#1	

LHCf Arm#2	

140m	  

Two	  independent	  detectors	  at	  
either	  side	  of	  IP1	  	  (Arm#1,	  Arm#2	  )	  

Charged	  parDcles	  (+)	  
Beam 

Charged	  parDcles	  (-‐)	  

Neutral	  	  
par.cles	  

Beam	  pipe	  

96mm	

ü  All	  charged	  parDcles	  are	  swept	  by	  dipole	  magnet	  
ü  Neutral	  parDcles	  (photons	  and	  neutrons)	  arrive	  at	  LHCf	  
ü  η>8.4	  (to	  infinity)	  is	  covered	



LHCf	  Detectors	

Arm#1	  Detector	  
20mmx20mm+40mmx40mm	  
4	  XY	  SciFi+MAPMT	  

Arm#2	  Detector	  
25mmx25mm+32mmx32mm	  
4	  XY	  Silicon	  strip	  detectors	  

ü  Imaging	  sampling	  shower	  calorimeters	  
ü  Two	  calorimeter	  towers	  in	  each	  of	  Arm1	  and	  Arm2	  	  
ü  Each	  tower	  has	  44	  r.l.	  of	  Tungsten,16	  sampling	  scinDllator	  and	  4	  

posiDon	  sensiDve	  layers	  	
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Detector	  performance	
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Arm2	

ΔE/E	  <	  5%	

ΔE/E	  ≈	  40%	



LHCf	  Status	
ü  Done	  

–  0.9,	  2.76,	  7	  TeV	  pp	  collision,	  5	  TeV	  pPb	  collision	  data	  taking	  finished	  
–  Photon	  spectra	  at	  0.9	  and	  7TeV	  published	  
–  π0	  spectra	  at	  7	  TeV	  published	  
–  Performance	  at	  0.9	  and	  7TeV	  published	  
–  π0	  and	  UPC	  spectra	  at	  5TeV	  pPb	  accepted	  by	  PRC	  (public	  on	  arXiv	  

and	  CDS)	  

ü  On	  going	  
–  Neutron	  spectra	  at	  7TeV	  (to	  be	  published	  soon)	  
–  Rad-‐hard	  detector	  upgrade	  for	  13	  TeV	  pp	  

ü  Plan	  
–  13TeV	  pp	  collision	  in	  2015	  	  
–  0.5TeV	  pp	  at	  RHIC	  (proposal	  submiped)	  
–  Discussions	  for	  light	  ion	  collision	  at	  RHIC	  and	  LHC	
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Publica.on	  Summary	

JINST,	  9,	  	  
P03016	  (2014)	

	  
	  PRC	  in	  press	  

arXiv:1403.7845	  	  
[nucl-‐ex](2014)	  

	

to	  be	  submided	  
soon	  
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Photon	  spectra	  @	  7TeV	  (Data	  vs.	  Models)	  	

DPMJET	  3.04	  	  QGSJET	  II-‐03	  	  SIBYLL	  2.1	  	  EPOS	  1.99	  	  PYTHIA	  8.145	

Adriani	  et	  al.,	  PLB,	  703	  (2011)	  128-‐134	
Around	  0	  degree	  (On	  axis)	 Off	  axis	

LHCf	  7TeV	  pp	  photon	



π0	  analysis	  	  
•  π0	  candidate	  
•  599GeV	  &	  419GeV	  photons	  in	  25mm	  

and	  32mm	  tower,	  respecDvely	  
•  M	  =	  θ√(E1xE2)	  
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Longitudinal	  development	

Lateral	  development	

Silicon	  X	

Silicon	  Y	

Small	  	  
Cal.	

Large	  
Cal.	

m 140
=

R
θ

I.P.1 
θ

γ1(E1) 

γ2(E2) 

140m R 

LHCf	  7TeV	  pp	  π0	
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Adriani	  et	  al.,	  PRD,	  86,	  092001	  (2012)	

π0	  pT	  distribu.on	  in	  different	  
rapidity	  (y)	  ranges	

LHCf	  7TeV	  pp	  π0	



5.02TeV	  pPb	  collision	  	  
π0	  at	  p-‐remnant	  side	

15	

LHCf	  5TeV	  ppb	  π0	

(0.5x)	  UPC	  
calcula.on	

LHCf	  data	  vs.	  UPC	  calcula.on	

γ	
γ	π0	



5.02TeV	  pPb	  collision	  	  
π0	  at	  p-‐remnant	  side	
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LHCf	  5TeV	  ppb	  π0	

LHCf	  data	  (UPC	  subtracted)	  vs.	  models	



5.02TeV	  pPb	  collision	  	  
π0	  at	  p-‐remnant	  side	
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LHCf	  5TeV	  ppb	  π0	



18	

LHCf	  5TeV	  ppb	  π0	 RHIC	  200GeV	  d-‐Au,	  STAR	  CollaboraDon	  
Adams	  et	  al.,	  PRL	  97	  (2006)	  152302.	  

η=2.2	

η=3.2	

η=4.0	
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LHCf	  5TeV	  ppb	  π0	 RHIC	  200GeV	  d-‐Au,	  STAR	  CollaboraDon	  
Adams	  et	  al.,	  PRL	  97	  (2006)	  152302.	  

η=2.2	

η=3.2	

η=4.0	

LHCf	  5TeV	  pPb	  
π0	  RpPb	  	  
8.9<η<9.0	



7TeV	  pp	  neutron	

preliminary	
preliminary	
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LHCf	  7TeV	  pp	  neutron	

ü Sys-‐error	  to	  be	  updated	  
ü Energy	  resoluDon	  40%,	  posiDon	  resoluDon	  0.1-‐1	  mm	  are	  unfolded	  
ü DetecDon	  efficiency,	  PID	  efficiency,	  purity	  are	  corrected	



Origin	  of	  0	  degree	  neutrons	

diffracDve	  
remnant	
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Ostapchenko,	  QGSJET	  II	 Pierog,	  EPOS	

LHCf	  7TeV	  pp	  neutron	



Next	  Steps…	
ü  More	  analyses	  

–  analysis	  of	  full	  acceptance	  
–  correlaDon	  with	  ATLAS	  (diffracDve	  events)	  
–  √s	  dependence	  
–  reduce	  systemaDc	  errors	  
–  impact	  on	  CR	  air	  showers	  

ü  13TeV	  p-‐p	  run	  in	  2015	  
–  dedicated	  run	  in	  April-‐May	  2015	  
–  common	  trigger	  with	  ATLAS	  (LHCf	  triggers	  ATLAS)	  will	  help	  classificaDon	  of	  

events	  into	  MB,	  diffracDve,	  etc…	  
ü  RHICf	  for	  510GeV	  p-‐p	  run	  

–  idenDcal	  xF-‐pT	  coverage	  to	  LHC	  7TeV	  run	  
–  proposal	  presented	  last	  week	  at	  BNL	  

ü  p-‐O	  and	  O-‐O	  runs	  at	  LHC?	  
–  direct	  test	  of	  CR-‐atmosphere	  interacDon	  
–  technically	  feasible	  by	  LHC	  
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Summary	
ü  LHCf	  was	  moDvated	  to	  understand	  the	  fundamental	  

hadronic	  processes	  in	  the	  CR	  air	  shower	  development,	  
where	  soS	  processes	  relevant	  to	  low-‐X	  WS	  dominate	  

ü  LHCf	  has	  published	  spectra	  of	  forward	  neutral	  parDcles	  
using	  LHC	  0.9,	  2.76,	  7TeV	  p-‐p	  and	  5.02TeV	  p-‐Pb	  collision	  
data	  

ü No	  surprise	  so	  far,	  but	  LHCf	  results	  strongly	  constrain	  the	  
models	  
•  Not	  only	  LHCf	  but	  many	  other	  measurements	  at	  LHC	  give	  
generally	  same	  conclusion	  

•  Note	  LHC	  7TeV	  p-‐p	  measurements	  are	  first	  tests	  above	  the	  knee	  
energy,	  ECR=4×1015eV	  

ü  LHC	  13TeV	  p-‐p	  run	  is	  scheduled	  in	  early	  2015	  
ü  Together	  with	  a	  possible	  RHIC	  510GeV	  run,	  a	  wide	  

coverage	  in	  √s	  can	  help	  extrapolaDon	  of	  models	  beyond	  
the	  LHC	  energy,	  ECR	  >1017eV	  	
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Backup	
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Photon	  spectra	  @	  900GeV	

25	

Adriani	  et	  al.,	  PLB,	  715	  (2012)	  298-‐303	



900GeV	  vs.	  7TeV	  

ü  Comparison	  in	  the	  same	  pT	  range	  (pT<0.13xF	  	  GeV/c)	  
ü  Normalized	  by	  #	  of	  events	  XF	  >	  0.1	  
ü  StaDsDcal	  error	  only	  
ü  Comparison	  with	  2.76TeV,	  13TeV	  (and	  RHIC	  500GeV)	  are	  planned	  

XF	  spectra	  :	  900GeV	  data	  vs.	  7TeV	  data	  

Preliminary	  

Data	  2010	  at	  √s=900GeV	  
(Normalized	  by	  the	  number	  	  
	  of	  entries	  in	  XF	  >	  0.1)	  
Data	  2010	  at	  √s=7TeV	  (η>10.94)	  

26	

LHCf	  900GeV	  and	  7TeV	  pp	  photon	
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ConfirmaDon	  of	  xF	  scaling	

28	

Preliminary	  

Phase	  space	  of	  LHC	  
900GeV	  data	

Phase	  space	  of	  LHC	  
7TeV	  data	

Events	  selected	  from	  
very	  narrow	  phase	  
space	  to	  compare	  with	  
900GeV	  result	

p T (
Ge

V/
c)

 

p T (
Ge

V/
c)

 
E (GeV) E (GeV) 

Color	  map:	  photon	  producDon	  rate	  
Red	  triangle:	  LHCf	  acceptance	

RHICf	  500GeV	  

100 200 E (GeV) 0 

p T (
Ge

V/
c)
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LHCf@RHIC=RHICf	
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RHICf	  coverage	

•  Detector	  is	  moved	  up-‐down;	  wide	  pT	  coverage	  and	  to	  avoid	  ZDC	  interference	  
•  xF-‐pT	  coverage	  idenDcal	  to	  LHC	  7TeV	  collision	  
•  Wider	  coverage	  and	  higher	  resoluDon	  in	  pT	  than	  PHENIX	  ZDC+SMD	  

measurements	  (joint	  analysis	  between	  ZDC	  and	  RHICf)	  

Installing	  the	  LHCf	  Arm2	  detector	  at	  RHIC	  (PHENIX	  IP)	

verDcally	  movable	

ZDC	

IP	

limited	  by	  	  
beam	  pipe	

View	  from	  IP	

p T
	  (G

eV
/c
)	



Scaling	  violaDon	  and	  Air	  shower	  
(on	  going	  study)	

30	QGSJET	  II-‐04	  π0	  	

ArDficial	  scaling-‐violaDon	  
funcDon	  applied	  to	  DPMJET3	  
(perfect	  scaling	  model)	

DPM	  Original	  
DPM	  modified	

e+
/-‐
	  si
ze

	
μ	  
siz

e	

500GeV	  
7TeV	

1TeV/500GeV	  
7TeV/500GeV	  
28TeV/500GeV	  
	  	  	  	  	  	  	  	  	  	  	  	  :	

proton	  shower	  1018eV	



Recent	  progress	  on	  UHECR	  observa.on	

31	

RHIC	 FCC	

D’Enterria	  et	  al.,	  APP,	  
35,98-‐113,	  2011	  	

Kampert	  and	  Unger,	  APP.,	  2012	



Observa.on	  of	  UHECRs	

Fluorescence	  
	  	  	  	  Detector	

	  	  Surface	  
	  	  	  	  	  	  Detector	
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Uncertainty	  in	  hadronic	  interac.on	  	  	

33	  

1019	  1018	  

0g/cm2	

Xmax	

Proton	  shower	  and	  nuclear	  
shower	  of	  same	  total	  energy	

Pierre	  Auger	  Observatory	  (PAO)	

Deep	  in	  the	  
atmosphere	

AS	  InterpretaDon	  depends	  on	  the	  hadronic	  interacDon	  model	



34	
(Kampert	  and	  Unger,	  Astropart.	  Phys.,	  2012)	

QGSJET1	 QGSJETII	

SIBYLL	 EPOS	

AS	  InterpretaDon	  depends	  on	  the	  hadronic	  interacDon	  model	



Problems	  in	  the	  CR	  data	  interpreta.on	

InterpretaDon	  of	  AS	  observaDons	  needs	  help	  of	  
MC	  simulaDon	  –	  hadronic	  interacDon	  model	  
=>	  model-‐originated	  uncertainty	  or	  even	  discrepancy	  
ü Energy	  

–  ESD	  >	  EFD	  :	  discrepancy	  
–  missing	  energy	  (μ,ν)	  in	  FD	  :	  uncertainty	  

ü Mass	  
– Mass	  vs.	  Xmax	  in	  FD:	  uncertainty	  
– Mass	  vs.	  e/μ	  or	  μ	  excess	  in	  SD	  :	  discrepancy	

It	  is	  evident	  that	  our	  knowledge	  of	  hadronic	  
interacDon	  relevant	  to	  CR	  is	  missing	  something	  	 35	


