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Myth, Legend, or Fantasy?
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Optically thin source
It is helpful to envision CR engines as machines where protons 
are accelerated and (possibly) permanently confined by 
magnetic fields of acceleration region

Production of neutrons and pions and subsequent decay 
produces neutrinos, gamma-rays, and CRs

If the neutrino-emitting source also produces high energy CRs 
then pion production must be principal agent                      
for high energy cutoff on proton spectrum

Conversely ☛ since protons must undergo sufficient acceleration 
inelastic pion production needs to be small below cutoff energy 
consequently ☛ plasma must be optically thin

Since interaction time for protons is greatly increased over that 
of neutrons because of magnetic confinement ☛ neutrons escape 
before interacting and on decay give rise to observed CR flux
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Optically thin source (cont’d)
3 conditions on:                                            
❖ characteristic nucleon interaction time scale                           
❖ neutron decay lifetime                                                                             
❖ characteristic cycle time of confinement                         
❖ total proton confinement time

(i) ensures that protons attain sufficient energy

(ii) and (iii) allow neutrons to escape source before decaying

(iii) permits sufficient interaction to produce n’s and nu’s

τint
τn

τcycle
τconf

(i) τint ! τcycle (ii) τn > τcycle (iii) τint " τconf
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Waxman-Bahcall bound
CR flux above ankle often summarized as                      
``one                  particle per km square per yr per sr''3× 1010 GeV

 translated into energy flux

E {EJCR} =
3× 1010 GeV

(1010 cm2)(3× 107 s) sr

= 10−7 GeV cm−2 s−1 sr−1

Derive energy density in UHECRs using flux = velocity × density

taking  andEmin ! 1010 GeV Emax = 1012 GeV

εCR =
4π

c

∫ Emax

Emin

10−7

E
dE

GeV

cm2 s
! 10−19 TeV cm−3

Power required to generate this energy density over Hubble time 

T ≈ 1010 yr

4π

∫
dE {EJCR} = cεCR
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Waxman-Bahcall bound (cont’d)
ε̇[10

10,1012]
CR ∼ 5× 1044 TeVMpc−3 yr−1 # 3× 1037 ergMpc−3 s−1

Energy-dependent generation rate of CRs is therefore 

E2 dṅ

dE
=

ε̇[10
10,1012]

CR

ln(1012/1010)

≈ 1044 ergMpc−3yr−1

Energy density of neutrinos ☛ E2
ν
dnν

dEν
≈ 3

8
επ T E2 dṅ

dE

ξz ∼ 3

E2
ν Φνall

WB ≈ (3/8) ξz επ T
c

4π
E2 dṅ

dE
≈ 2.3× 10−8 επ ξz GeV cm−2 s−1 sr−1

``Waxman-Bahcall bound'' is defined by condition 

accounts for effects of source evolution with redshift
Waxman & Bahcall, Phys. Rev. D 59 (1999) 023002 

επ = 1
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Ultrahigh energy neutrinos from Cen A

E2Φνall = 3× 10−6 GeV cm−2 s−1

R ! 1 horizon ! 3 Gpc nFRI ∼ 8× 104Gpc−3

Upper bound on directional flux from Cen A

LAA, Goldberg, Halzen, Weiler, Phys. Lett. B 600 (2004) 202

Diffuse flux assuming Cen A typifies the FRI population

Preliminary upper bound from Auger (ICRC 2009)

E2Fνall =
1

4πd2
LCR

3
8

επ

≈ 5× 10−9 GeV cm−2 s−1

E2Jνall =
1
4π
R nFRI LCR

3
8

επ

≈ 1.5× 10−8 GeV cm−2 s−1 sr−1
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Fit to CR flux + assumption of transparent sources           
implies WB bound

Similar argument for Cen A                                       
implies directional neutrino bound  

Additional transparent sources hidden by Xtragalactic B-field 
should contribute to diffuse neutrino flux                 

If Cen A typifies source population                           
maximum emission energy of CRs and neutrinos is reduced  

 

Waxman & Bahcall Phys. Rev. D 59 (1999) 023002

Reduction of maximum luminosity roughly compensates for 
presence of far away neutrino sources not visible in CRs      
no enhancement of WB bound do to hidden sources

Ultrahigh energy neutrinos (cont’d)

Friday, April 1, 2011



Exercise 3
The assumption that GRBs are the sources of the observed 
UHECRs generates a calculable flux of neutrinos produced when 
the protons interact with the fireball photons
In the observer's frame, the spectral photon density 

can be adequately parametrized by a broken power-law spectrum

(GeV−1 cm−3)

nGRB
γ (εγ) ∝ ε−β

γ where β ! 1, 2
respectively at energies below and above εbreakγ ! 1 MeV

Show that Φνall
GRB(Eν > Ebreak

ν ) ∼ 10−13

(
Ebreak

ν

105 GeV

)−1

cm−2 s−1 sr−1

Ebreak
ν ∼ 5× 105 Γ2

2.5(ε
break
γ /MeV)−1 GeVwhere ☛

Recall that ☛ 

Convince yourself that the non-observation of extraterrestrial 
neutrinos from sources other than the Sun and SN1987a           
puts the GRB model of UHECR acceleration on probation

εlabγ = Γ εfireballγ
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GZK  neutrinos
Diffuse neutrino flux has additional component originating 
in energy losses of UHECRs en route to Earth
Accumulation of these neutrinos over cosmological time      
is known as cosmogenic neutrino flux
For spatially homogeneous distribution of sources          
emitting UHECRs of type  ☛ comoving number density           
is governed by  Boltzman equation

i Yi

Ẏi = ∂E(HEYi) + ∂E(biYi)− Γi Yi +
∑

j

∫
dEj γjiYj +Qi

together with Friedman equation describing                    
cosmic expansion rate       as function of redshiftH(z) z

♻

For CMB only first term rhs contribute (adiabatic scaling)
number density per comoving volume is constant number 
density per volume gets diluted with expanding universe

ni(z, E) ≡ (1 + z)3 Yi(z, E)
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Fractional energy losses at z = 0

Ahlers, LAA, Gonzalez-Garcia, Halzen, and Sarkar, Astropart. Phys. 34 (2010) 106
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 Universal source population
Emission rate of CR protons per co-moving volume                
is assumed to follow power-law

Qp(0, E) ∝ (E/E0)
−γ ×






f−(E/Emin) E < Emin ,

1 Emin < E < Emax ,

f+(E/Emax) Emax < E

consider spectral indices   in range γ 2÷ 3

functions                                smoothly turn offf±(x) ≡ x±2 exp(1− x±2)
Emincontribution below       and above Emax

take  vary in rangeEmax = 1012 GeV Emin 108.5 ÷ 1010 GeV
cosmic evolution of spectral emission rate per comoving 
volume parameterized by ☛ Qp(z, E) = H(z)Qp(0, E)

For simplicity ☛ we use standard approximation

H(z) ≡ (1 + z)nΘ(zmax − z) zmax = 2
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Goodness-of-fit test
Allowed proton flux (@ 99% CL) for increasing crossover energy

Ahlers, LAA, Gonzalez-Garcia, Halzen, and Sarkar, Astropart. Phys. 34 (2010) 106
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Limits on cosmogenic neutrino flux from Fermi-LAT data

B = 10−12 G

Ahlers, LAA, Gonzalez-Garcia, Halzen, and Sarkar, Astropart. Phys. 34 (2010) 106
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FIG. 4: Comparison of proton, neutrino and gamma ray fluxes for different crossover energies. We show the best fit values
(solid lines) as well as neutrino and gamma ray fluxes within the 99% C.L. with minimal and maximal energy density (dashed
lines). The gamma ray fluxes at the 99% C.L. are marginally consistent with the highest energy bins of the Fermi LAT data.
Note, that due to the uncertainties of the infrared background the exact contribution around 100 GeV is uncertain.

The marginalization in Eq. ((9)) also determines Nbest and δbest for the model which are the values of the energy shift
and normalization that render the best description of the experimental data, i.e. the maximum probability.

The model is compatible with the experimental results at given goodness of the fit (GOF) if
∑

!k

P!k(n, γ,Nbest, δbest)Θ
[
P!k(n, γ,Nbest, δbest)− Pexp(n, γ)

]
≤ 0.99 (11)

Technically, this is computed by generating a large number Nrep of replica experiments according to the probability
distribution P!k(n, γ,Nbest, δbest) and counting the fraction of those which verify P!k(n, γ,N , δbest)−Pexp(n, γ) ≤ 0.99

Wit h this method we determine the value of (n, γ) parameters that are compatible with the HiRes I and HiRes II
experiments [5]. We plot in Fig. 1 the regions with GOF 64%, 95% and 99% for four values of the minimum energy.
We also show the corresponding values of wcas. These results are obtained assuming an energy scale uncertainty
σEs = 25% with a top hat prior for the correspondig energy shifts which are assumed to be uncorrelated for HiRes I
and HiRes II. In Fig. 3 we explore the dependence on the results on these assumptions by using a different form for
the prior, assuming the energy shifts to be correlated between the two experiments, or reducing the uncertainty to
σEs = 15%. As seen in the figure, the main effect, is associated with the reduction of the energy scale uncertainty
which, as expected, results into a worsening of the GOF for models with larger n. This is directly related to the
normalization constraint from Eq. (10). If one naively ignores the energy scale uncertainty, the constraint in Eq. (10)
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Influence of extragalactic   -field!B

Esyn
γ =

(
3

2

)1/2 h eE2
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2πm3
e c

5
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Detecting neutrinos at Auger

Hadron-induced shower Neutrino-induced shower 

Andes 

cc interaction 
decay 

Upgoing ντ
Signal:
♦ curved front

♦ Large time over threshold (ToT) 

♦ For downgoing                        

µ

Hadronic background:
    At large zenith angles showers traverse several vertical atmospheres        

Beyond 2 vertical atmospheres most EM component  is extinguished
Hadron shower front is relatively flat only very high muons survive

❖

❖

❖

Downgoing νe, νµ, ντ

forward-backward assymmetry
early tanks large ToT (EM)

 late tanks smaller ToT (  )
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Limits on UHCR ν

Ahlers, LAA, Gonzalez-Garcia, Halzen, and Sarkar, Astropart. Phys. 34 (2010) 106
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FIG. 5: The best fit (solid) and range of cosmogenic neutrino fluxes at the 99% C.L. with (dashed) and without (dotted)
the Fermi-LAT data. For comparison we show upper limits on the total diffuse neutrino flux from AMANDA [34, 35], Lake
Baikal [36], HiRes [37] (minimum of νµ and ντ channel), RICE [38] and ANITA [39]. The black solid line (with extrapolation [40])
shows the sensitivity of IceCube [41] after one year of observation. We assume an equal distribution between neutrino flavors
Nνe : Nνµ : Nντ ∼ 1 : 1 : 1 and scale the limits if necessary. Integrated limits assuming an E−2 spectrum are shown as solid
lines; differential limits as dotted lines. (For Auger and ANITA we show both limits.)

rules out models with n ! 3 (the precise value depending on the assume Emin. However, once the energy scale
uncertainty is included, the constraint Eq. (10) plays a very little role on the determination of the GOF of the
experiment. It does however imply a maximum value of Nbest.

We show in the right panel of Fig. 1 the range of proton fluxes corresponding to the 99% confidence level for
increasing crossover energies Emin. As discussed above each fit of the proton spectra is marginalized with respect to
the experimental energy scale uncertainty and we show the shifted predictions with δbest in comparison to the HiRes
data at central value. The corresponding range of gamma ray fluxes and cosmogenic neutrinos (summed over flavor)
is shown in Figs. 4. As a representation we chose models with minimal and maximal energy density at the the 99%
C.L. The calculation of the gamma ray fluxes is illustrated in the Appendix. The flux is marginally consistent with
the Fermi-LAT data within the errors.

We have not included in the analysis the results from the Auger Collaboration [6, 26]. As described in Ref. [6, 26]
besides the energy scale uncertainty there is also an important, and energy dependent, energy resolution uncertainty
which implies that bin-to-bin migrations influence the reconstruction of the flux and spectral shape. No public
information on the form of the corresponding bin-to-bin migration matrix is given and therefore no analysis of the
data can be done outside the collaboration.
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Model-independent bounds on neutrino flux
Event rate for quasi-horizontal deep showers 

Pierre Auger Collaboration has searched for quasi-horizontal 
showers that are deeply-penetrating
There are no events that unambiguously passes all experimental 
cuts ☛ with zero events expected from hadronic background
This implies an upper bound of 2.4 events at 90% CL      
from neutrino fluxes

if number of events integrated over energy is bounded by 2.4 
☛ also true bin by bin in energy

∑

i,X

∫

∆
dEi NA Φi(Ei)σiN→X(Ei) E(Ei) < 2.4

N =
∑

i,X

∫
dEi NA Φi(Ei)σiN→X(Ei) E(Ei)
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Model-independent bounds on neutrino flux (cont’d)
In logarithmic interval    where single power law approximation∆

Φi(Ei)σiN→X(Ei) E(Ei) ∼ Eα
i is valid

∫ 〈E〉e∆/2

〈E〉e−∆/2

dEi

Ei
Ei Φ

i σiN→X E = 〈σiN→X E Ei Φ
i〉 sinh δ

δ
∆

δ = (α+ 1)∆/2

〈A〉 A evaluated at center of logarithmic interval☛
☛ conservative boundSince sinh δ/δ > 1

NA

∑

i,X

〈σiN→X(Ei)〉 〈E(Ei)〉 〈EiΦ
i〉 < 2.4/∆

By taking         as likely interval in which single power law  
is valid (corresponding to one  -folding of energy)             
☛ upper limits on neutrino flux

∆ = 1
e
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Model-independent upper limits on diffuse neutrino flux from Auger

integrated time            of full Auger exposure

Thanks to Yann Guardincerri

≡ 0.8 yr

Eν (GeV) 〈Eν Φνall〉 (cm−2 sr−1 s−1)
1 × 108 4.3 × 10−14

3 × 108 5.3 × 10−15

1 × 109 1.2 × 10−15

3 × 109 4.7 × 10−16

1 × 1010 2.2 × 10−16

3 × 1010 1.3 × 10−16

1 × 1011 7.2 × 10−17

3 × 1011 4.3 × 10−17

1
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Hadronic Interactions
Uncertainties in hadronic interactions at UHE

Below CERN ISR                 soft processes

Soft interactions are no longer described                    
by single particle exchange

Measured minijet cross sections indicates onset of

√
s = 62 GeV

√
s = 200 GeVSH interactions has just occured by CERN SPS

constitute one of most problematic sources

of systematic error in analysis of air showers

but by highly complicated modes known Reggeons
☛ Pomeron dominant contribution
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Semihard Interactions
SH interactions are mediated by minijets ☛

(ET = |pT |)
jets with transverse 

much smaller than total c.m. energy
  ☛ cannot be identified by jet finding algorithms
  ☛ still they can be calculated using perturbative QCD

σQCD(s, p
cutoff
T

) =
∑

i,j

∫
dx1

x1

∫
dx2

x2

∫ ŝ/2

Q2
min

d|t̂| dσ̂ij

d|t̂|
x1fi(x1, |t̂|) x2fj(x2, |t̂|)

Mandelstam variables

transverse and longitudinal momenta

pT = Elab
jet sinϑjet =

√
ŝ

2
sinϑ∗ p‖ = Elab

jet cosϑjet

for small    ☛ ϑ∗ p2
T
≈ Q2

ŝ = x1 x2s and t̂ = ŝ (1− cosϑ∗)/2 = Q2

energy 

integration limits satisfy ☛ Q2
min < |t̂| < ŝ/2
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DGLAP evolution
First source of uncertainty  in modeling UHECR interactions  
☛ extrapolation of measured parton densities                  
several orders of magnitude down to low x
For large    and not too small    DGLAP equations successfully
predict      dependence of quark and gluon densities

xQ2

Q2

∂

∂ lnQ2

(
q(x,Q2)

g(x,Q2)

)
=

αs(Q2)

2π

(
Pqq Pqg

Pgq Pgg

)
⊗

(
q(x,Q2)

g(x,Q2)

)

Pij ☛ splitting functions indicate probability of finding a
daughter parton   in parent parton                                   
with given fraction of parton   momentum

j

j
i

 depends on number of splittings allowed in approximation

Double-leading-logarithmic approximation              
lim
x→0

ln(1/x)

DGLAP equations predict a steeply rising gluon density

lim
Q2→∞

ln(Q2/ΛQCD)

xg ∼ x−0.4 which dominates quark density at low x
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Gluon momentum distribution
DGLAP prediction in agreement with HERA results 

HERA data are found to be consistent with power law

xg(x,Q2) ∼ x−∆H
0.3 < ∆H0.4
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minijet cross section is determined by dominant   distribution

integration limits satisfy ☛

σQCD(s, p
cutoff
T

) ≈
∫

dx1

x1

∫
dx2

x2

∫ ŝ/2

Q2
min

d|t̂| dσ̂

d|t̂|
x1g(x1, |t̂|) x2g(x2, |t̂|)

x1x2s > 2|t̂| > 2Q2
min

is peaked at low end of the   integration ☛    dσ̂/d|t̂| |t̂|
σQCD

(via lower limits of          integrations)
 by small-   behavior of gluonsx

x1, x2

σQCD(s) ∝
∫ 1

2Q2
min/s

dx1

x1
x−∆H
1

∫ 1

2Q2
min/x1s

dx2

x2
x−∆H
2 ∼ s∆H ln s ∼s→∞ s∆H

x

         high energy behavior of        is controlled 

x−∆H xg
σQCD s

Minijet cross section

g

g

This estimate is too simplistic ☛ at sufficiently small                 
shadowing corrections suppress singular        behavior of   

and hence suppress power growth of         with increasing
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Breakdown of Geometrical Scaling
onset of SH processes is an unambiguous prediction of QCD          
however in practice                                                  
difficult to isolate SH contributions from soft interactions

Reasonable approach ☛ base extrapolation of soft interactions 
on assumption of geometrical scaling                                  
which is observed to be true throughout the ISR energy range

f(s, b) = fGS (β = b/R(s))

opaqueness of the proton remains constant with rising energy

Immediate consequence of GS

(i)  partial wave at        should be energy independentb = 0

(ii)                  should be energy independentσel(s)/σtot(s)
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Breakdown of Geometrical Scaling (cont’d)

(i) ☛

(ii)

f(s, b = 0) = fGS(β = 0)

σtot = 8π

∫
Imf(s, b) b db

= 8πR2(s)

∫
ImfGS(β)β dβ

σel = 8π

∫
|f(s, b)|2 b db

= 8πR2(s)

∫
|fGS(β)|2 β dβ

GS

GS
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At ISR energies ☛ elastic amplitude has a simple form

Fourier transform  of elastic amplitude                             
has Gaussian shape in impact parameter space

and it follows that

It is  easily seen breakdown of GS and to identify SH interactions

F (s, t) = i σtot(s) eBt/2

f(s, b) =
iσtot(s)

8πB
e−b2/2B

Imf(s, b = 0) =
σtot

8πB
=

2σel

σtot

Breakdown of Geometrical Scaling (cont’d)
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Unitarity ☛ black disk
Unitarity requires Imf(s, b) ≤ 1

2
☛ in turn implies σel/σtot ≤

1

2
This seems to indicate that Gaussian form may not longer      
be applicable at ultrahigh energies ☛ but rather it is expected 
that proton will approximate a ``black disk'' of radius b0

Then

f(s, b) =
i

2
for 0 < b ! b0 and zero for b ! b0

σel !
1

2
σtot ! πb20

In order to satisfy unitarity constraints ☛                    
convenient to introduce 

f(s, b) =
i

2
{1− exp [iχ(s, b)]}

Imχ ≥ 0
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Unitarity ☛ black disk (cont’d)
If we neglect shadowing corrections to PDFs and take xg ∝ x−∆H

σQCD ∼ s∆H Imχ(s, b = 0) ! 1 s → ∞

σtot = 4π

∫ ∞

0
b dbΘ(b0 − b)

" 4π

∫ b0(s)

0
b db = 2πb20

and as

ImχSH(s, b0(s)) ! 1is defined by ☛andχ ! χSH b0(s)
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σel = 2π

∫
db b {1− exp [−χsoft(s, b)− χSH(s, b)]}

2

σinel = 2π

∫
db b {1− exp [−2χsoft(s, b)− 2χSH(s, b)]}

σtot = 4π

∫
db b {1− exp [−χsoft(s, b)− χSH(s, b)]}

χSH =
1

2
σQCD(s, p

cutoff
T

) A(s,#b)

Unitarized elastic, inelastic, and total cross sections
Hereafter we ignore small real part of scattering amplitude

(good approximation at high energies)
considering (now) a real eikonal function

☛ parton distribution in plane transverse to collision axisA(b, s)
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QGSJET

Gaussian profile function A(s, b) =
e−b2/R2(s)

πR2(s)

For QCD cross section dependence                           σQCD ∼ s∆H

b20(s) ∼ R2∆H ln s☛ one gets for Gaussian profile

therefore σinel = 2π

∫ b0(s)

0
db b ∼ πR2∆H ln s

parameter   itself depends on collision energy through 
convolution with parton momentum fractions

R

R2(s) ∼ R2
0 + 4α′

eff ln2 s
α′
eff ≈ 0.11 GeV−2

cross section saturates the Froissart bound

σinel ∼ 4π α′
eff ∆H ln2 s
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SIBYLL
Transverse density distribution is taken as Fourier transform         
of proton electric form factor ☛ resulting in energy-independent 
exponential (rather than Gaussian) fall-off of density profile              
for large

normalization condition is satisfied when ☛

b
A(b) =

µ2

96π
(µb)3 K3(µb) ∼ e−µb

b0(s) =
∆H

µ
ln s

χSH ∼ eµb s∆H

σinel ∼ πc
∆2

H

µ2
ln2 s

transverse momentum cutoff
SIBYLL uses parametrization based on DGLAP

DPMJET uses ad hoc parametrization

pcutoff
T

(
√
s) = p0

T
+ 0.065 GeV exp[0.9

√
ln s]

pcutoff
T

(
√
s) = p0

T
+ 0.12 GeV [log10(

√
s/50GeV)]3
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Proton-air production cross section
Glauber Model

☛ transverse distribution function  TN (b)
of nucleon inside a nucleus

σp−air
inel ≈ 2π

∫
db b {1− exp [σtot ATN (b)]}

σp−air
prod ≈ 2π

∫
db b {1− exp [σinel ATN (b)]}

proton-air inelastic cross section is sum of:
``quasi-elastic'' cross section ☛ target nucleus breaks up                       
without production of any new particle
production cross section ☛ at least one new particle is generated

Development of EAS is mainly sensitive to production cross section
Overall ☛ geometrically large size of nitrogen and oxygen nuclei 
dominates inclusive proton-target cross section and                  
as a result disagreement from model-dependent extrapolation    
is not more than about 15%
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Consider a typical air nuclei of average                     
and calculate the proton-air cross section using                 
approximated expressions for proton-proton cross section 
together with the   -integrated  Woods-Saxon profile

Exercise 4
〈A〉 = 14.5

z

where

TN (b) =
1

Z

∫ ∞

−∞
dz

{
1 + exp

[
(
√

b2 + z2 −RN )/α
]}−1

Z =
4π

3
R3

N

[
1 + π2

(
α

RN

)2
]

andα = 0.5 fm RN = 1.1A1/3 fm

Friday, April 1, 2011



k
Adding a greater challenge to determination of UHE     
proton-air cross section is lack of direct measurements    
in a controlled laboratory environment
Measured shower attenuation length      is not only 

with Λm = kλp−air = k
14.4 mp

σp−air
prod

sensitive to interaction length of protons in atmosphere    

but also depends on rate at which energy of primary proton 
is dissipated into EM shower energy                                
there is a  large range of    values                            
(from 1.6 for very old model based on Feynman scaling                                           
to 1.15 for modern models with large scaling violations)                           
this makes published values of         unreliable

λp−air

k

Λm

σp−air
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Measurements of p-air production cross section

σp−air
prod = A−B ln(E/GeV) + C ln2(E/GeV) mb

A = 290 B = 6.2 C = 0.64 A = 280 B = 5.7 C = 0.9
dashed linedot-dashed line
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Achilli, Godbole, Grau, Pancheri, Shekhovtsova and Srivastava,  arXiv:1102.1949

Block and Halzen,  arXiv:1102.3163
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proton-antiproton inelastic data
proton-proton inelastic data

total proton-antiproton

UA5
UA1
UA4
CDF
E710
E811

ATLAS - preliminary data

ATLAS-CONF-2011-002

ATLAS - PYTHIA extrapolation - preliminary

Aspen Model & Analytic Amplitude Model

total proton-proton

"tot Model I
"inel Model II

GRV, pTmin=1.15 GeV, "TOT(7 TeV)=93.4 mb, "INEL(7 TeV)=56.3 mb

Clues from LHC data
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Heitler model of (EM) shower

γ

Heitler, The Quantum Theory of Radiation ,3rd Ed., (1954), p.386.

Shower is imagined to developed exclusively via bremsstrahlung 
and pair production each of which results in conversion 

of 1 particle into 2
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Heitler model of (EM) shower

e+e−

Heitler, The Quantum Theory of Radiation ,3rd Ed., (1954), p.386.

Shower is imagined to developed exclusively via Bremsstrhlung 
and pair production each of which results in conversion 

of 1 particle into 2
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Heitler model of (EM) shower

γ

γ γe−

e+

Heitler, The Quantum Theory of Radiation ,3rd Ed., (1954), p.386.

Shower is imagined to developed exclusively via Bremsstrhlung 
and pair production each of which results in conversion 

of 1 particle into 2
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Heitler model of (EM) shower

γ

γ γ

e−

e−

e+

e+
d

d

Xr = 37g/cm2

(radiation length)

Heitler, The Quantum Theory of Radiation ,3rd Ed., (1954), p.386.

Shower is imagined to developed exclusively via Bremsstrhlung 
and pair production each of which results in conversion 

of 1 particle into 2

d = Xr ln 2
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Heitler model of (EM) shower (cont’d)
After n generations:

Cascade stops when:

X = nXr

Npart = 2n = 2X/Xr

Epart =
E0

Npart
=

E0

2X/Xr

Epart < Ecrit = ε0

Nmax = E0/ε0

Xmax ∼ Xr
ln(E0/ε0)

ln 2
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Elongation rate
Changes in mean mass composition of CR flux                           

Change of        with    is commonly known as elongation rate

〈Xmax〉as function of    will manifest as changes in E

Xmax E

De =
δXmax

δ lnE

For pure EM showers Xmax ≈ Xr
ln(E0/ε0)

ln 2
☛

For convenience elongation rate is often written                   
in terms of energy decades

D10 =
∂〈Xmax〉
∂LogE

D10 = 2.3De

De ∼ Xr
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(a) (b)!

e+ e
_

n=1

n=2

n=3

n=4

p

" +_ "o
n=1

n=2

n=3

Heitler-Matthews model

Matthews, Astropart. Phys. 22 (2005) 387

Baryon-induced showers are also dominated 
by electromagnetic processes

For proton primaries ☛ multiplicity rises with energy 
and resulting elongation rate becomes smaller

On average ☛ first interaction is determined           
by proton mean free path in atmosphere ☛ λp−air = X0
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Further assume a multiplicity dependence 

Assuming that            depends dominantly                    
on first generation of  gamma subshowers

Incoming proton splits into         secondary particles 
each carrying an average energy 

Heitler-Matthews model (cont’d)
〈n(E)〉

E/〈n(E)〉
Xmax(E)

〈n(E)〉 ≈ n0E
∆

or equivalently

Xmax(E) ≈ X0 +Xr ln[E/〈n(E)〉]

δXmax

δ lnE
= Xr

[
1− δ ln〈n(E)〉

δ lnE

]
+

δX0

δ lnE

De = Xr

[
1− δ ln〈n(E)〉

δ lnE
+

X0

Xr

δ ln(X0)

δ lnE

]
= Xr (1−B)

B ≡ ∆− X0

Xr

δ lnX0

δ lnE
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Heitler-Matthews model (cont’d)

Xp
max = X0 +Xr ln[E0/(6Nπε0)]

= (470 + 58 log10[E0/1 PeV]) g/cm2

Matthews, Astropart. Phys. 22 (2005) 387

First interaction yields 

Each photon initiates EM shower of energy
Using     data we parametrized charged particle production 

in first interaction as 

Based on sole evolution of EM cascade of 1st interaction

this falls short of  full simulation value by about 100 g/cm2

pp

Nγ = 2Nπ0 = Nπ±

E0/(3Nπ±) = E0/(6Nπ)

Nπ± = 41.2(E0/1 PeV)1/5
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The depth of shower maximum obtained in previous slide       
is only approximate since it considers just first interaction    
as hadronic in nature

Exercise 5

Try the generalization to include all the generations of 
hadronic collisions until charged pions cool down below the 
critical energy

Extend the approximation to include hadronic interactions 
in second generation of particles

✥

✥
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Using    -air cross section of           at           
and a rate of change of about         per decade of energy 

X0 ! 90− 9 log (E0/EeV) g/cm2

p 550 mb 109GeV
50 mb

Elongation rates for protons
A good approximation of elongation rate can be obtained
when introducing cross section and multiplicity     dependence

Assuming that first interaction initiates            cascades2Nπ EM

each of energy E0/6Nπ

Dp
10 =

dXmax

d logE0
=

d(X0 ln 2 +Xr ln[E0/(6Nπε0)]

d logE0

Dp
10 =

4

5
Dγ

10 − 9 ln 2 " 62 g/cm2

It is in good agreement with Monte Carlo simulation

☛

√
s
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We apply superposition principle
We pretend that nucleus comprises unbound nucleons
point of 1st interaction of 1-nucleon independent of all others

De = X0 (1−B)

[
1− ∂〈lnA〉

∂ lnE

]

Shower produced by nucleus with energy     and mass   EA

A

A

A−1

BAssuming that    is not changing with energy

Elongation rates for mixed primary composition

is modeled by collection of    proton showers

each with       of the nucleus energy
Modifying previous analysis accordingly

Xmax ∝ ln(E0/A)
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Energy      (eV)
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DPMJET 2.55

SIBYLL 2.1

QGSJET01

HiRes-MIA

HiRes

Auger 2007

p

Fe

Variation of       with energyXmax

Bluemer, Engel & Hoerandel, Prog. Part. Nucl. Phys. 63 (2009) 293
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Using cosmic rays to search for new physics
Challenging to search for new physics with CR:

L ∼ 7× 10−10(E /PeV)−2 cm−2 s−1

Almost 50 orders of magnitude smaller than LHC lumi

But it may be possible anyway (one approach: use    )ν′s

Neutrino flux should accompany CR flux  

Take usual benchmark ☛ “Waxman-Bahcall bound”

Waxman & Bahcall PRD59 (1999)

Φνα
0 = 2.3× 10−8 E−2

ν GeV−1 s−1 cm−2 sr−1
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Possible effect of non-perturbative physics

◉ Increase in  rate of   showers could be due toν

❍ higher flux than expected

❍ new physics

◉ Disentangling unknown physics from unknown flux     
may be possible by checking the ratios of ES to QH 
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Rates for earth-skimmers vs. horizontals

depend on acceptanceCES CQH

for those types of events

NQH = CQH
Φν

Φν
0

σν
CC + σν

NP

σν
CC

NES ≈ CES
Φν

Φν
0

σν2
CC

(σν
CC + σν

NP)
2
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Estimating     andCES CQH

Monte Carlo-ed “all the way”

Incoming neutrinos propagated through Earth using ANIS

   decays handled by TAUOLA
Gora, Roth, Tamburro Astropart. Phys. 26 (2007) 402

τ

Downgoing   N interaction simulated with PYTHIAν

Shower development with AIRES

Andes modeled with data from 
Consortium for Spatial Info
http://srtm.csi.cgiar.org

Response of surface array simulated in detail using
Auger Offline simulation/reconstruction package
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Expected number of SM events/year

Assume isotropic   fluxν

Assume (at Earth)νe : νµ : ντ = 1 : 1 : 1

Bracket range of plausible fluxes to estimate systematics

1.Φνα
0 (Eν) = (C/E0)E

−1
ν

2.Φνα
0 (Eν) = CE−2

ν

3.Φνα
0 (Eν) = (CE0)E

−3
ν

4.Φνα
0 (Eν) = CE−2

ν exp[−log10(Eν/E0)
2/(2σ2)]

E0 = 1010GeV

σ = 0.5GeV

C = 2.3× 10−8 GeV−1 s−1 cm−2 sr−1
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Sensitivity to non-perturbative physics

LAA, Goldberg, Gora, Paul, Roth, Sarkar, Winders, Phys. Rev. D 82 (2010) 043001

Systematics from NLO QCD CC neutrino-nucleon cross section

NQH = CQH
Φν

Φν
0

σν
CC + σν

NP

σν
CC

NES ≈ CES
Φν

Φν
0

σν2
CC

(σν
CC + σν

NP)
2

Nobs
ES = 1 Nobs

QH = 10Nobs
ES = 1 Nobs

QH = 5
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