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Landau-‐Pomeranchuk-‐Migdal	  (LPM)	  Effect	  
•  Qualita;vely	  -‐	  At	  high	  energies	  or	  high	  maJer	  densi;es,	  the	  

cross-‐sec;ons	  for	  bremsstrahlung	  and	  pair-‐produc;on	  decrease	  
•  1953	  –	  Lev	  Landau	  and	  Isaak	  Pomeranchuk	  showed	  that	  the	  

cross-‐sec;ons	  at	  high	  energies	  do	  not	  follow	  the	  Bethe-‐Heitler	  
formula	  (otherwise	  the	  correct	  rela;on)	  

•  1956	  –	  Arkady	  Migdal	  showed	  what	  the	  proper	  quantum	  
mechanic	  treatment	  for	  the	  cross	  sec;ons	  would	  be	  

•  	  	  	  	  	  	  L(andau) 	   	  	  	  P(omeranchuk) 	   	   	  M(igdal)	  
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Why	  does	  this	  happen?	  
•  Only	  for	  bremsstrahlung	  and	  pair	  produc;on	  	  

–  Same	  interac;on,	  rotated	  Feynman	  diagrams	  
•  Requires	  low	  momentum	  transfer	  between	  the	  nucleus	  and	  the	  

electron	  (q)	  

•  Since	  γ	  is	  high	  and	  the	  emiJed	  photon	  energy	  (k)	  is	  low,	  q	  is	  very	  
low	  	  

•  Since	  q	  is	  low,	  the	  interac;on	  must	  occur	  over	  a	  large	  distance	  or	  
forma;on	  length,	  Lf	  –	  uncertainty	  principle	  

•  If	  L	  (mean	  free	  path)	  ~	  Lf,	  the	  emissions	  cannot	  be	  seen	  as	  
independent,	  i.e.	  the	  first	  emission	  interferes	  with	  the	  second	  	  

–  Bremsstrahlung	  and	  pair	  produc;on	  are	  suppressed	  
•  Happens	  at	  high	  energy	  (low	  momentum	  transfer,	  long	  Lf)	  or	  high	  

density	  target	  media	  (short	  L)	  or	  a	  combina;on	  
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Energy	  Threshold	  
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•  LPM	  effect	  becomes	  important	  for	  par;cles	  
(electrons	  and	  photons)	  above	  

•  Where	  L	  is	  the	  standard	  Bethe-‐Heitler	  radia;on	  
length	  and	  Lcm	  is	  the	  LLPM	  value	  in	  cm	  

•  LLPM	  is	  the	  radia;on	  length	  for	  bremsstrahlung	  
and	  4/3	  the	  mean	  free	  path	  for	  pair	  produc;on	  
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Different	  Materials	  
•  Radia;on	  lengths	  drama;cally	  change	  above	  ELPM	  
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Material 
Density 
(g/cm^3) 

Radiation 
Length  
(g/cm^2) 

Radiation 
Length (cm) 

E_LPM 
(TeV) 

L_LPM for 
1EeV (cm) L_LPM/L 

Water 1 36.4 36.4 2240 769.1 21.1 

Lead 11.35 6.4 0.56 35 94.7 169.0 

Ice 0.918 36.08 39.31 2418 799.4 20.3 
Air 
(estimate 
at STP) 1.28E-03 36.66 2.87E+04 148707 74538.4 2.6 



What	  about	  par;cle	  showers?	  
•  LPM	  effect	  decreases	  cross	  
sec;on,	  thus	  increases	  
interac;on	  length	  

•  If	  E0	  is	  high	  enough,	  dras;c	  
lengthening	  	  
–  The	  primary	  and	  “enough”	  
secondary	  par;cles	  must	  be	  
above	  the	  energy	  required	  	  

•  Longitudinal	  shower	  
development	  (shower	  profile)	  is	  
important	  for	  the	  shape	  of	  the	  
radio	  pulse	  observed	  emiJed	  
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Figure 1: Effect of LPM on 1000 EeV gamma ray

shower in the Earth’s atmosphere is then a superposition of these lower energy gamma rays. The effect de-
pends on the magnitude of the perpendicular component of the magnetic field with respect to the direction of
the primary particle. Hence the effect will depend on the arrival direction of the particle with respect to the
Earth’s coordinate system referenced to the North and South magnetic poles. Neither CORSIKA nor AIRES
presently incorporate this effect. We have used the results of a calulation by Stanev and Vankov [6] for a
320 EeV gamma ray. These authors present a distribution of secondary gamma rays impacting the top of the
atmosphere. We have taken this distribution and used it to generate a superposition of showers using standard
CORSIKA and AIRES code and incorporating the LPM effect. At 320 EeV, the main effect is to shift the
most probable gamma ray energy impacting the top of the atmosphere from 320 EeV to near 30 EeV, i.e., one
would expect that the shower maximum would move to shallower depths in the atmosphere with respect to the
standard Bethe-Heitler model, in this case by about 80 gm/cm2. The severity of the shift is mitigated by the
LPM effect which is important for the highest energy sub-showers and tends to cancel this shift. Fig. 2 shows
the effect of magnetic brehmstrahlung on a 320 EeV gamma ray.

4 Effect of Combined LPM and Magnetic Bremstrahlung on Gamma Rays

Since any incident gamma ray flux is expected to be isotropically distributed with respect to the Earth’s mag-
netic field direction, we expect to see a continuum of effects on the EAS from near pure LPM effect for
particles entering along magnetic field lines to magnetic bremstrahlung dominated showers. This modulation
from shallower Xmax and near normal shower width to deep Xmax and wide longitudinal shower develop-
ment depends effectively on the azimuthal angle with respect to North or South magnetic pole and should be
a useful signature for the presence of gamma rays. Fig. 3 shows the Xmax vs. energy plot for several extreme

K.Kim,	  et	  al.	  ICRC	  1999,	  OG	  4.5.12	  



E-‐M	  cascades	  and	  Energy	  

•  Averages	  of	  simulated	  
photon-‐ini;ated	  
cascades	  in	  water	  

•  As	  energy	  increases,	  
shower	  lengthens	  
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FIG. 8. Calculated number of electrons N, as a function of depth t in radiation lengths for photon-initiated cascades
in H20 in approximation A including the LPM effect: E$=10, 10', 10", 5X10 TeV, E$/Ew =10, this work (by SV),
140 cascades at 10' TeV, 200 cascades each at 10' and 10 TeV, 100 cascades at 5&(10 TeV. Solid curve: Misaki, Ref.
22, analytic calculation using Bethe-Heitler cross sections. Dashed curves drawn to guide the eye.

s=3rl(t+2Po), (25)

where eo is the critical energy and s is the shower
age parameter. (eo——73 MeV for water and 7.6
MeV for Pb were assumed. )
It was found that the hybrid method requires

following only a small number of cascades since
much of the averaging over fluctuations is included
in the individual analytic NKG distributions. This
is illustrated in Fig. 9, where the results at 10 TeV
in Pb are shown for five calculations, three of
which show single cascades, one shows the average
of two cascades, and one shows the average of 100
cascades.

For Pb, 1 TeV was chosen for ENK~. Figures
10 and 11 show the hybrid calculation results for
100 photon-initiated cascades at 100 and 1000
TeV. Also shown for comparison are the curves
given by the NKG approximation 8 formula [Eqs.
(23)—(25)] if the LPM effect is neglected. The re-
sult are in excellent agreement with independent
calculations by Fujimaki and Misaki and by
Kokoulin and Petrukhin.
Calculations were also carried out for photon-

initiated cascades in water, where 100 TeV was
chosen for EN&G. Figures 12, 13, and 14 show the
results at 10, 10, and 10 TeV along with NKQ
approximation 8 curves neglecting the LPM effect.

T.	  Stanev	  et	  al.,	  PRD,	  25,	  5,	  p.	  1299	  	  



Hadronic	  Shower	  Development	  
•  Average	  longitudinal	  

development	  of	  hadronic	  
showers	  ini;ated	  by	  
neutrinos	  interac;ng	  in	  ice	  

•  Okay	  up	  to	  1	  EeV	  
–  Fits	  standard	  shower	  profile	  	  
–  Average	  photon	  energy	  
produced	  by	  pion	  core	  is	  
~35PeV	  

•  At	  higher	  E,	  tails	  produced	  
by	  E-‐M	  decays	  of	  
resonances	  with	  short	  
life;mes	  from	  early	  in	  the	  
shower	  
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Primary Proton Pion Kaon
S0 0.11842 0.036684 0.0298

X0 (g cm−2) 39.562 36.862 36.997
λ (g cm−2) 113.03 115.26 119.61
Ec (GeV) 0.17006 0.052507 0.048507

Table I: Values of the parameters for the fit to expression 1 of the longitudinal development of hadronic
showers in ice.

We have studied hadronic showers initiated in neutrino interactions in ice for energies up to 100 EeV.
We have chosen to simulate several quantities that are relevant for Cherenkov emission such as the fraction
of energy going into electromagnetic subshowers, which is seen to increase with shower energy reaching
values as high as 94% at EeV energies (Alvarez 1998), and the total and excess charge tracklengths, which
are respectively dominated by the contribution of electrons and positrons and by the excess of electrons over
positrons. For the latter purpose we have used parameterizations obtained in (Zas 1993).
In Fig. 2 we show the longitudinal development of hadronic showers. Below 1 EeV the longitudinal de-

velopment ”scales” with
shower energy and it is
not affected by the LPM
effect in agreement with
the interpretation given above.
This is not surprising. Due
to the high multiplicities
involved in hadronic in-
teractions the energy of
the π0’s is considerably
reduced with respect to
the primary energy. The
average energy of the π0’s
(as produced by SIBYLL)
in a proton-proton colli-
sion at 1019 eV in the
LAB frame is of the order
of 17 PeV. Moreover we
have obtained that only
about 10% of the π0’s of
energy greater than 20 PeV,
produced in proton-ice in- Figure 2: Longitudinal development of hadronic showers initiated by neutrino interactions in ice.

teractions, are expected to decay in ice producing photons of energy above 20 PeV. As a conclusion showers
are not elongated despite being produced by primaries with energies well above ELPM.
We have found that a fraction of showers above 1 EeV have deep tails characteristic of LPM showers. These

tails are produced by the electromagnetic decays of resonances with short lifetimes that are created in early
interactions in the shower. In particular we found that the η and η′ contribute most to this effect. Although the
result is model dependent, it is very interesting since if these showers are ever observed, they would provide
experimental information on the production of resonances and their decays in electromagnetic particles.
The probability of having a neutrino hadronic shower with an LPM tail can be computed with the aid of Fig-

J.	  Alvarez-‐Muniz	  and	  E.	  Zas,	  ICRC	  1999,	  
arXiv:astro-‐ph/9906347	  



E-‐M	  component	  of	  Hadronic	  Shower	  

•  Probability	  of	  crea;ng	  
a	  photon	  with	  Eγ>xE0	  
from	  a	  neutrino	  
induced	  shower	  in	  ice	  

•  Photons	  with	  E	  >	  100	  
PeV	  produce	  LPM	  tails	  
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ure 3, in which we plot
the integral energy distri-
bution of the most ener-
getic photon obtained in
showers initiated in the
hadronic vertex of a neu-
trino interaction. The plot
represents the probability
of having a photon with
a energy (Eγ = xE0)
greater than xE0 where
E0 is the shower energy.
From the plot we can see
that 10 EeV showers have
a probability of 50% of
having a photon with en-
ergy greater than 100 PeV
which will produce a long
LPM tail. Approximately
the same distribution is
obtained for a 100 EeV
shower, from which it can

Figure 3: Probability of having a photon of energy greater than Eγ = xE0 in a neutrino hadronic
shower of energy E0.

be deduced that it is practically impossible to have a 100 EeV shower without LPM effect.
In summary, we have shown that hadronic showers produced in neutrino interactions are very different from
electromagnetic showers being much less affected by the LPM effect. We can expect the hadronic showers
induced by neutrinos of energy below 1 EeV/y where y is the fraction of energy transferred to the hadron to
have a quite ordinary longitudinal development without the typical LPM tails. Our results are relevant for
radio emission from hadronic showers which is treated in (Alvarez 1999)
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Further	  Reading	  
•  Original	  QM	  treatment:	  

– A.	  B.	  Migdal,	  Phys.	  Rev.,	  V.	  103	  (1956)	  6,	  pp.	  1811-‐1820.	  	  

•  UHE	  EM	  cascades	  and	  their	  characteris6cs	  
– T.	  Stanev	  et	  al.,	  Phys.	  Rev.	  D,	  V.	  25	  (1982)	  5,	  pp.	  
1291-‐1304.	  -‐	  H2O	  and	  Pb	  

– A.	  Misaki,	  Phys.	  Rev.	  D,	  V.	  40	  (1989)	  9,	  pp.	  3086-‐3096.	  –	  
Pb	  

– E.	  Konishi	  et	  al.,	  J.	  Phys.	  G:	  Nucl.	  Part.	  Phys.	  17	  (1991)	  
pp.	  719-‐732.	  –	  Pb	  
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