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It is likely that further research into "showers" and 
"bursts" of the cosmic rays may possibly lead to the 
discovery of still more elementary particles, neutrinos 
and negative protons, of which the existence has been 
postulated by some theoretical physicists in recent years.         !

Victor Hess !



1912:	  Victor	  Hess	  discovers	  cosmic	  rays	  –	  
Nobel	  Prize	  1936	  
	  
[1928:	  Paul	  Dirac	  predicts	  an2maGer	  –	  Nobel	  
Prize	  (shared	  with	  Erwin	  Schrodinger)	  1933]	  
	  
1932:	  Carl	  Anderson	  discovers	  the	  positron	  
in	  cosmic	  rays	  using	  a	  cloud	  chamber	  
[invented	  by	  C	  T	  R	  Wilson	  in	  1911	  -‐	  Nobel	  
Prize	  1927]	  -‐	  Nobel	  Prize	  1936	  
	  
[1935:	  Hideki	  Yukawa	  predicts	  the	  existence	  
of	  mesons	  –	  Nobel	  Prize	  1949]	  
	  
1937:	  Seth	  Neddermeyer	  &	  Carl	  Anderson	  
discover	  the	  muon	  in	  cosmic	  rays	  
	  
1947:	  Cecil	  Powell	  discovers	  the	  pion	  in	  
cosmic	  rays	  –	  Nobel	  Prize	  1950;	  George	  
Rochester	  &	  Clifford	  Butler	  discover	  the	  kaon	  
	  
[Patrick	  Maynard	  Stuart	  BlackeG	  awarded	  
Nobel	  Prize	  1948	  “for	  his	  development	  of	  the	  
Wilson	  cloud	  chamber	  method”]	  	  

Per	  Carlson	  (Physics	  Today,	  Feb	  2012)	  



So	  there	  were	  indeed	  more	  fundamental	  discoveries	  in	  cosmic	  rays	  ...	  un8l	  accelerators	  took	  
over	  the	  show	  in	  the	  ’60s	  -‐	  but	  what	  have	  cosmic	  rays	  done	  for	  high	  energy	  physics	  since	  then?	  



The experiments that we will do with the LHC have been done 
billions of times by cosmic rays hitting the Earth. ... They're being 
done continuously by cosmic rays hitting our astronomical 
bodies, like the moon, the sun, like Jupiter and so on and so forth. 
And the Earth's still here, the sun's still here, the moon's still here. 
LHC collisions are not going to destroy the planet. !

John Ellis !
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All	  experiments	  measuring	  UHE	  cosmic	  rays	  now	  give	  consistent	  results	  
(a^er	  suitable	  rescaling	  of	  the	  energy	  scale	  within	  es8mated	  uncertain8es)	  
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But	  these	  energy/flux	  esAmates	  are	  based	  on	  gross	  extrapolaAons	  of	  known	  physics	  	  	  
…	  how	  have	  air	  shower	  simulaAons	  fared	  against	  the	  LHC	  forward	  physics	  data?	  
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Comparisons	  with	  data	  from	  ATLAS,	  CMS,	  ALICE,	  LHCb,	  LHC-‐f	  and	  TOTEM	  
show	  that	  the	  air	  shower	  models	  work	  (surprisingly)	  well 
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It	  seems	  that	  the	  air	  shower	  simulaAons	  are	  really	  not	  so	  bad	  aWer	  all	  
…	  QGSJET-‐II	  (Ostapchenko)	  and	  EPOS	  (Werner)	  do	  rather	  well	  on	  the	  whole	  
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In	  fact	  they	  give	  a	  be3er	  descripAon	  (for	  soW	  physics)	  than	  the	  standard	  LHC	  event	  generators!	  
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It	  is	  reassuring	  that	  energy	  esAmates	  from	  air	  shower	  simulaAons	  are	  robust	  
…	  results	  from	  modern	  cosmic	  ray	  experiments	  can	  indeed	  be	  trusted!	  

Pierog 

 Only	  anomaly	  at	  present	  is	  a	  factor	  of	  ~2	  overproduc8on	  of	  muons	  



Moreover	  Auger	  has	  provided	  new	  measurement	  of	  #-‐secns	  (test	  Glauber	  model)	  	  
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The	  GZK	  cutoff	  has	  supposedly	  been	  seen	  …	  if	  the	  primaries	  are	  protons	  and	  the	  
sources	  accelerate	  them	  to	  energies	  >1020	  eV	  and	  are	  homogeneously	  distributed	  
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Addi8onal	  uncertain8es	  if	  the	  primaries	  are	  heavy	  nuclei	  (Hooper	  et	  al	  2004,	  Ave	  et	  al	  2004)	  

…	  if	  so,	  we	  have	  the	  “guaranteed” cosmogenic	  neutrino	  flux	  	  

But	  the	  shape	  of	  the	  energy	  spectrum	  
constrains	  the	  injec8on	  and	  evolu8on	  
parameters	  …	  as	  do	  observa8onal	  
constraints	  on	  the	  associated	  γ-‐ray	  cascade	  	  	  



The	  sources	  of	  cosmic	  rays	  must	  also	  be	  neutrino	  sources	  

Æ Making	  a	  reasonable	  es8mate	  for	  επ	  allows	  
this	  to	  be	  converted	  into	  a	  flux	  predic2on	  

…	  would	  be	  higher	  if	  extragalac8c	  cosmic	  rays	  become	  dominant	  at	  energies	  well	  
below	  the‘ankle’	  as	  in	  Berezinsky	  et	  al’s	  model	  of	  the	  ‘dip’	  as	  due	  to	  e+e-	  produc8on	  
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There	  is	  also	  a	  GZK	  photon	  flux	  from	  π0	  decay,	  pair	  produc8on	  etc	  …	  
challenging	  target	  for	  air	  shower	  arrays	  (Gelmini,	  Kalashev,	  Semikoz	  2007)	  

Auger	  has	  set	  stringent	  limits	  and	  may	  ul8mately	  have	  the	  sensi8vity	  to	  detect	  
this	  flux	  (blue	  line	  above)	  …	  alterna8vely	  can	  wait	  for	  the	  photons	  to	  be	  
degraded	  to	  lower	  energies	  and	  then	  detect	  them	  with	  e.g.	  Fermi-‐LAT	  



The	  GZK	  photons	  will	  
‘cascade’	  on	  intergalac8c	  

radia8on	  backgrounds	  and	  
generate	  a	  diffuse	  γ-‐ray	  	  

background	  at	  ~GeV	  to	  TeV	  
energies	  …	  we	  calculate	  

this	  taking	  into	  account	  all	  
EM interac8ons	  on	  CMB	  
and	  EBL	  (IR	  and	  op8cal)	  

This	  is	  well	  constrained	  by	  the	  
measurement	  by	  Fermi-‐LAT	  of	  the	  	  
extragalac8c	  diffuse	  γ-‐ray	  bkgd.	  
(well	  below	  older	  EGRET	  es8mate)	  	  

Ahlers,	  Anchordoqui,	  Gonzalez-‐Garcia,	  Halzen,	  
Sarkar,	  Astropart.	  Phys.	  34:106,2010	  
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	  We	  can	  fit	  the	  observed	  spectrum	  for	  various	  combina8ons	  of	  injec8on	  spectral	  index,	  
maximum	  energy	  et	  cetera,	  as	  well	  as	  the	  ‘cross-‐over’energy	  at	  which	  the	  
extragalac8c	  cosmic	  rays	  begin	  to	  dominate	  over	  the	  galac8c	  component	  	  	  



The	  corresponding	  cosmogenic	  flux	  can	  then	  be	  calculated	  …	  imposing	  
the	  Fermi-‐LAT	  constraint,	  its	  maximum	  value	  is	  severely	  restricted	  	  
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The	  Ahlers	  et	  al	  (2011)	  best-‐fit	  with	  the	  Fermi-‐LAT	  constraint	  is	  shown	  as	  GZK	  6	  	  

(Ahlers	  et	  al	  2011)	  



30	  

–  Protons	  from	  n-‐decay	  fiued	  to	  observed	  UHE	  cosmic	  ray	  spectrum	  

–  Photons	  from	  π0-‐decay	  ‘cascade’	  down	  in	  energy	  through	  scauering	  on	  the	  	  on	  the	  CMB	  

from	  π0-‐decay	  a^er	  
cascading	  on	  CMB	   π+-‐decay	  neutrinos	  

photons and neutrinos 
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IceCube	  begins	  to	  challenge	  GRBs	  as	  major	  sources	  of	  UHE	  cosmic	  rays	  

A	  similar	  argument	  can	  be	  applied	  to	  constrain	  neutrinos	  
from	  e.g.	  Gamma-‐Ray	  Bursts	  (‘fireball	  model’)	  



STOP	  PRESS:	  Now	  we	  do	  have	  …	  

Gaisser,	  ISVHECRI	  2012	  



These	  are	  unlikely	  
to	  be	  due	  to	  charm	  
(in	  the	  atmospheric	  
neutrino	  flux)	  …	  

Gaisser,	  ISVHECRI	  2012	  



…	  and	  their	  energies	  are	  well	  below	  the	  Glashow	  resonance	  

Can	  they	  be	  cosmogenic	  (from	  decay	  of	  
neutrons	  produced	  by	  photodissocia8on	  

of	  heavy	  cosmic	  ray	  primaries)?	  
Middel,	  ISVHECRI	  2012	  



Auger	  data	  on	  the	  depth	  of	  air	  shower	  maximum	  +	  fluctua8ons	  do	  
indicate	  increasingly	  heavier	  composi8on	  at	  E	  >	  1018	  eV	  

This	  conflicts	  with	  results	  from	  HiRes/TA	  which	  are	  consistent	  with	  protons	  	  



…	  or	  is	  it	  due	  to	  a	  change	  in	  UHE	  interac8ons?	  	  

Joint	  working	  group	  (Auger+TA)	  formed	  to	  inves8gate	  this	  vexed	  issue	  	  	  
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Puzzle:	  correla8on	  of	  Auger	  arrival	  direc8ons	  at	  E	  >	  4x1019	  eV	  (within	  
~few	  degrees)	  with	  nearby	  AGNs	  suggests	  the	  primaries	  are	  protons	  
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BUT	  If	  the	  primaries	  were	  heavy	  nuclei	  with	  Z	  >>1	  (and	  protons	  and	  nuclei	  ~equally	  
abundant	  at	  source),	  then	  would	  expect	  increased	  anisotropy	  at	  E	  ~	  4x1019/Z	  eV	  	  

…	  contrary	  to	  observa8on!	  (Lemoine	  &	  Waxman	  JCAP	  11:009,2009)	  



Obtain	  solu8on	  in	  excellent	  agreement	  with	  Monte	  Carlo	  simula8ons:	  
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The	  photodisintegra8on	  of	  UHECR	  nuclei	  on	  the	  CIB	  can	  be	  studied	  analy2cally	  

⇒	




The	  data	  can	  be	  well	  fi^ed	  if	  the	  primaries	  are	  heavy	  nuclei	  

This	  is	  not	  the	  GZK	  cutoff,	  so	  π	  produc8on	  and	  νμ	  flux	  will	  be	  suppressed	  
…	  but	  the	  νe	  flux	  from	  neutron	  decay	  may	  be	  boosted	  	  	  

(NB:	  When	  propagated	  through	  the	  cosmic	  infrared	  background,	  
photodisintegra8on	  results	  in	  a	  mixed	  composi8on	  at	  Earth)	  

Ho
op

er
	  &
	  T
ay
lo
r,	  
AP

	  3
3:
15
1,
20
10

	  



• The degree of suppression depends critically on the maximum 
energy to which cosmic rays are accelerated 
 

  

Fe: Emax=1022.5 eV	


56Fe +γCMB/CIB ➙  55Mn + p,	

	


55Mn +γCMB/CIB ➙  54Mn + n,	

…	


	


In	  order	  to	  contribute	  to	  the	  
cosmogenic	  ν	  flux,	  the	  photo-‐
disassociated	  protons	  must	  

exceed	  the	  GZK	  cutoff	  in	  energy,	  
hence	  the	  original	  nuclei	  must	  

have	  energies	  >	  EGZK	  x	  A	  	  	  

Emax=1021.5 eV 

p 
He 

Fe 
O

Hence	  the	  (high	  energy)	  νμ	  flux	  is	  
suppressed	  but	  the	  (lower	  energy)	  
νe	  flux	  is	  boosted	  (sensi8ve	  to	  Emax!)	  

Hooper,	  Sarkar	  &	  Taylor,	  AP	  23:11,2005	  



But	  when	  normalised	  
to	  the	  Auger/HiRes	  
energy	  spectrum,	  
the	  cosmogenic	  νe	  
flux	  is	  not	  enhanced	  
rela8ve	  to	  the	  value	  
for	  proton	  primaries	  
…	  and	  the	  νμ	  flux	  is	  
suppressed	  too	  
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So	  detec8on	  may	  
require	  ~102-‐3	  km3	  

volume	  …	  might	  be	  
possible	  using	  radio	  
(e.g.	  ARA,	  ARIANNA) 

Is	  it	  worth	  it	  just	  to	  
confirm	  that	  there	  is	  	  
a	  cosmogenic	  flux?	  



ν-N	  deep	  inelas8c	  scauering	  

Q2 ~ MW
2 and x ~

MW
2

MNE!

Most	  of	  the	  contrib.	  to	  #-‐secn	  is	  from:	  

So	  for	  cosmogenic	  νs	  with	  E	  ~	  1010	  GeV,	  the	  
kinema8c	  region	  of	  x	  ~	  10-‐6	  is	  being	  probed	  
The	  HERA	  experiments	  showed	  that	  the	  gluon	  

structure	  func8on	  rises	  steeply	  at	  low	  x	  	  
…	  but	  it	  cannot	  keep	  rising	  indefinitely!	  	  
Satura8on/screening	  must	  set	  in	  (exactly	  	  
how	  this	  happens	  is	  an	  open	  ques8on)	  



The	  kinema8c	  region	  relevant	  for	  
cosmogenic	  νs	  has	  not	  been	  directly	  

explored	  at	  colliders	  -‐	  so	  parameterise	  as:	  	  	  

…	  evolve,	  using	  the	  DGLAP	  equa8ons,	  to	  scale	  of	  measurement:	  Q0
2 ➙ Q2  

At	  leading	  order,	  structure	  func8ons	  are	  given	  by:	  	  	  

…	  more	  complicated	  at	  NLO	  (which	  we	  adopt)	  



…	  the	  (perturbaAve	  SM)	  uncertainty	  is	  
es8mated	  accoun8ng	  for	  all	  experimental	  and	  
model	  uncertain8es	  (excluding	  all	  unphysical	  
extrapola8ons	  leading	  to	  nega2ve	  F2, xF3, FL)	  

All	  modern	  PDF	  sets	  (e.g.	  PDF4LHC	  recommended)	  
give	  consistent	  results	  (excluding	  ‘rogue’	  members)	  	  

DGLAP	  evolu8on	  of	  measured	  PDFs	  to	  very	  low-‐x	  then	  yields	  the	  ν-N	  #-‐sec8on	  



But	  this	  extrapola8on	  cannot	  be	  right	  at	  low	  x	  …	  	  
must	  sum	  ln(1/x)	  terms	  (“BFKL”)	  and	  allow	  for	  	  
screening/satura8on	  ➙	  color	  glass	  condensate?	  	  

The	  UHE	  neutrino	  #-‐sec8on	  is	  sensi2ve	  to	  such	  non-‐perturba8ve	  effects	  in	  the	  SM	  (as	  
well	  as	  to	  beyond-‐Standard-‐Model	  physics	  e.g.	  new	  dimensions	  at	  TeV	  scale)	  so	  a	  

direct	  measurement	  of	  cosmogenic	  ν	  scauering	  will	  probe	  new	  fundamental	  physics	  



Earth-‐skimming	  showers	  (ντ → τ) rate ∝ neutrino	  flux,	  but	  independent	  of	  ν-N #-‐sec8on	  

Deeply	  penetra8ng	  showers	  (all	  flavour)	  rate ∝ cosmic	  neutrino	  flux	  and	  to	  ν-N cross-‐sec8on 



The	  steep	  rise	  of	  the	  gluon	  density	  at	  
low-‐x	  must	  saturate	  (unitarity!)	  
⇒	  suppression	  of	  the	  ν-N #-‐secn	  

Beyond	  HERA:	  probing	  low-‐x	  QCD	  with	  cosmic	  UHE	  neutrinos	  

The	  ra8o	  of	  quasi-‐horizontal	  (all	  
flavour)	  and	  Earth-‐skimming	  (ντ)	  
events	  measures	  the	  #-‐sec8on	  	   An

ch
or
do

qu
i,	  
Co

op
er
-‐S
ar
ka
r,	  
Ho

op
er
,	  S
ar
ka
r,	  
Ph

ys
.R
ev
.D
74
:0
43
00
8,
20
06

	  

To	  do	  this	  with	  the	  cosmogenic	  neutrino	  flux	  will	  require	  >100	  x	  Auger	  exposure	  



Perhaps	  such	  a	  measurement	  be	  done	  by	  JEM-‐EUSO?	  	  





Summary	  

“The existence of these high energy rays is a 
puzzle, the solution of which will be the 
discovery of new fundamental physics or 
astrophysics”                        Jim Cronin (1998)!

“On what can we now place our hopes of solving the 
many riddles which still exist as to the origin and 
composition of cosmic rays? It must be emphasized 
here above all that to attain really decisive progress 
greater funds must be made available” !

Victor Francis Hess (1936)!


