Ulkrahigh Energy Cosmic Rays:
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Myth, Legem, or am&asv?
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Opﬁco\ttv Ehin source

o It is heip{:ut to envision CR engines as machines where protons
are accelerated and (possibly) permanently confined by
magnetic fields of acceleration region

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

o If the neubrino-emitting source also Prcmdutes high energy CKs
then pion Froduc&mvx must be principal agent
for high energy cutoff on proton spectrum

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

o Since interaction time for protons is greatly increased over that
of neutrons because of magnetic confinement m neutrons escape
before interacting and on decay give rise to observed CR flux
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Optically thin source (contd)

o 3 conditions own:
< characteristic nucleon interaction time scale Tint
+ neutron decay Lifetime 7,
+ characteristic cycle time of confinement Teycle
+ total proton confinement time Tconf

| (Z) Tint > Tcycle

o (i) ensures that protons attain sufficient energy

o (i) and (iit) allow neutrons to escape source before decaying

o (iit) permits sufficient interaction ko produce s and nu’s
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Woaxman-Rahcall bound

CR flux above ankle often summarized as
“one 3 x 10'0 GeV particle per km square per yr per sr”
translated into energy flux

3 x 1019 GeV
(1019 cm?)(3 x 107 s) sr
5 — 107"GeV ecm 25! sr_lj

Derive energy density i UHECRSs using flux = velocity X denstty
2 ;

47 / dE{EJcr} = cecr

4 )

F{EJcgr)} =

W

taking Epin =~ 10'° GeV and E.... = 10'2 GeV

i 4 [Pmax 10°7  GeV

ECR — il dE 62 ~ 107" TeVem ™
c Jg.. B CIm~ S

. J

Power required to generate this energy density over Hubble time

[ T~10"yr |

N




Waxman-Bahcall bound (contd)
[[égo 1071 05 % 10% TeV Mpe yr' ~ 3 x 10%7 erg Mpe ™ S_J

Energy-dependent generation rate of CRs is therefore

(

N

d [1010 1012]
E2 n _ ECR
iE In(1012/1010)
5 ~ 10*erg Mpc_gyr_lj
( A
Emergj demsi&v of neutrinos w Eg an, ~ § e T | i an
 dE, 3 dE
“Waxman-Bahcall bound" is defined by condition €x = 1
4 )
5 dn

E,% (I)%ia}l]% ~2 (3/8) fz €7TT_ d_E

. ~ 23x10 %€, £, GeV cm s ter!

£, ~ 3 accounts for effects of source evolution with redshift
Waxman & Bahcall, Phys. Rev. D §9 (1999) o23002

Friday, April 1, 2011

J




Ultrahigh enerqgy neutrinos from Cen A

UF? er bound on directional *ﬂu,x from Cen A8

Preliminary upper bound from Auger (ICRC 2009)

Diffuse flux assuming Cen A typifies the PQI-'FOPML&&LOM
R ~ 1 horizon ~ 3 Gpc o X 10*Gpc°

LAA, Goldberqg, Halzen, Weiler, ‘ths. Lett, B 600 (Ro04) 202
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Ultrahigh energy neutrinos (contd)

o Fit bo CR flux + assumption of transparent sources
implies WB bound

Waxman & Bahcall Phys. Rev. D §9 (1999) o23002

@ Similar arqument for Cen A
imptms directional neutrine bound

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

o If Cen A Evpb‘ﬂes source population
maximum emission energy of CRs and neutrinos is reduced

o Reduction of maximum Lumimasiﬁv rc-u.ghi.fj tompams&%es for
presence of far AwaY neubrino sources not visible in CRs
no enhancement of W bound do to hidden sources
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Exercise 3

The assumption that GRBs are the sources of the observed
UHECRs generates a calculable flux of neutrinos produced when
the protons tnteract with the fireball photons

In the observer's frame, the spectral photon dev\siij (GeV‘l Cm_g)

can be adequa&@.iv Farame&rized bj a broken power—law spectrum

nS‘RB(ev) X e;ﬁ where 3~ 1 2

respectively at energies below and above egreak ~ 1 MeV

Show Ehak , v ik —13 ( EPreak N ©
oL (E, > F ~ 10
Painl ) 105 GeV

~ — — e ——

~ 5 x 10°T3 < (e

where m | [DreaK

5 /MeV

N
T e T - — ————— — S

Recall thak w eljb L Egreball

Convince yourself that the non-observation of extraterrestrial
neutrinos from sources other than the Sun and SN19%7a
puts the GRB model of UHECR acceleration on probation
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G&ZK neubtrinos K
Diffuse neutrino flux has additional component originating
n energy losses of UHECRs en rouke to Earth
Accunulation of these neubtrinos over cosmological time

is khowh as cosmogenic neubrino flux

For spatially homogeneous distribution of sources
emitting UHECRs of type im comoving number density Y,
is governed by Boltzman equation

e — _

Vi Qu(HEY:) + Db X <E:Xe + 5 / dB; v;:Y; + Qs
J

> e 2 £ fi

—_—

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

ite, B =1 Y B
For CMB ovxtj first term rhs conbribube (aiaba?:i,c scaling)
number c&ems&v per comoving volume is constant number
demsi&v per volume qetbs diluted with expamding universe
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Fractional enerqy losses at 2z = 0
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Universal source F’quiaﬁam

Enwission rate ot CR protons per co-moving volume
P ¢ 3

e

consider spectral indices v in range 2 + 3

E expll smoothly turn off

functions [ A= 7

conbribution below Enin and above F. .«

take Emax = 10** GeV  vary Epinin range 1082 = 100 GeVv

cosmic evolution of spectral emission rate per comoving

SEe=———=s e — —  ————————__°

volume parame&eriaed bj -
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Goodness—of-fit test

Allowed proton flux (@ 99% CL) for increasing crossover energy

GOF 99% E..=10"%eV GOF 99% E..=10" eV

* HiRes |l * HiRes |l
» HiRes | » HiRes |

E*J(E) (GeVPem™ s sr™)

GOF 99% E.=10"%" eV GOF 99% E..=10" eV

*+ HiRes Il * HiRes Il
» HiRes | » HiRes |

E*J(E) (GeV:em™ s sr™)

E(GeV) E(GeV)

Ahlers, LAA, Gronzalez-Grarcia, Halzen, and Sarkar, As&ropar& ‘ths. 34 (Ro10) 106
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Limiks on
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cosmoqenic heubrino flux from Fermi-LAT data

maximal cascade

HiRes I&I1
Fermi LAT

p (best fit)
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Detecting heutbrinos at Auger

Hadronic background:
+ At large zenith angles showers traverse several vertical atmospheres
+ Beyohd 2 vertical atmospheres most EM component is extinguished
% Hadron shower front is relatively flak only very high muons survive
Downgoing Ve, UV, Vs

Hadron-induced shower

Muons

| aslamiections & Ehotons Neubrino-induced shower

| Electrons & Photons
“ Interaction
‘ point

Interaction point/'

. Signal:
UQOE Es 3 ¢ curved front

¢ Large time over threshold (ToT)
¢ For downgoing

forward-backward assymmetry
early tanks large ToT (Em)
Lake kanlkes smaller ToT (1)
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Limiks o UHCR v/
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Model-independent bounds on neutrine flux

Event ra&é ffor quaswhoma@m&&t d@.@.p sko—w&rs 0
Vi Z / dE; Ny ®(E;) oinox (E;) E(E;)

Pilerre Au,ger Lottabora&mm b sem{:ked nfor quaswkormo&&ai
showers that are deeply-penctrating

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 neubrinoe fluxes

U number of events inteqgrated over enerqgy is bounded bv R &
w also %ru,e bin bv bm % ki o

Z / dF; NA <I>'L E)a@Nﬁx(E )5(Ez') < 2-4
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In logarithmic interval A where single power Law approximation

(I)Z(E)O'ZN_L)((E )S(E) G E LS vad.ucl

. 1
_i C)-@_T\f-——)‘)(— 25? <(:T}i]\['——>4)<— éE? jEE%i <I> >> ‘£§Sli
Yol JiiEye 22 L

/<E>€A/ dE; i)
(

5 = (a + 1)A/2

(A) w A evaluated ab center of Logarithmic m&@.rvod.
Since sinh 5 / 5 > 1 w conservative bow\d

N Z azNﬁ<E>><<E>> B <24/8

By %al&mg A —"1 408 i.t,kmbj m&&rv&l. L whwh su&xgi& power i.aw
is valid (corresponding to one e-folding of energy)
w upper Limits on neutrino flux
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Model-independent upper Limits on diffuse neukrine flux from Auger

inteqrated time = 0.8 yT of full Auger exposure

Thawnks ko Yann Gruardincerri
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Hadrownie Inkeractions

o Uncerbkainkies in hadronic interactions ak UHE

constitute one of most problematic sources

of systematic error in analysis of air showers
o Below CERN ISR /S = 62 GeV soft processes

o Soft interactions are no longer described
bv single particle exchange

but by highly complicated modes known Reggeons
w Pomeron dominant contribution

o Measured minijet cross sections indicates onset of

SH interactions has just occured bj CERN SPS Vs = 200 GeV
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SH interactions are mediated b'j minijets jeks with transverse
enerqy (B = |p,.|) wuch smaller than total cm. enerqgy

w cannol be identified by jet finding algorithms

= still they can be calculated using perturbative QCD
do

| o dx dx o/ 0 |
UQCD s, potot) Z/ - / = /2 |t a7 Lo fian, [E]) fl32fg(3327\ﬂ)

= _ E—

Mandelstam variables

Eransverse and longitudinal momenta

\V'§ __ olab _
= Ejlgf) Sin Vjey = — sinv” P = Ljey €08 Vje

for small " w p ~ Q°
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First source of uncertainty in modeling UHECR interactions
w extrapolation of measured parton densities
several orders of magnitude down ko low 2

For large QQQMd not too small T DGLAP equations suttess«futtj
predict Q* dependence of quark and gluon densities

T G O )

Pijw splitting functions indicate probability of finding a
daughter partoin 1 n parent parton ;
with given fraction of parton j momentum

depends on number of splittings allowed tn approximation
lin%) In(1/x)
9 Dy ¢

lim IH(QQ/AQCD)

Q2 — o0

DGLAP equations predict a steeply rising gluon density

Double-leading-logarithmic approximation

rqg ~ 7Y% which dominates quark density at Low x



Gluon momentum distribution
DGLAP prediction in agreement with HERA results

Q’=20 GeV?

H1 NLO-QCD Fit 2000

0%=200 GeV> | total uncert.
Bl exp. uncert.

ZEUS NLO-QCD Fit
(Prel.) 2001

exp. uncert.

g Vol : o

HERA dakta are found to be consistent wikh power Law

' "'.',‘;?»:" : o i ,ﬂ' L g e
=¥ Vit .'_l\: SRRV 7, =g Ny 3
AR SR

A ~'>' ‘2 - .’ S . ,-._ .L\.';'- { . et . e : "-" ‘ L ‘.v!’\'.‘ AR - WAL R R o SN s
19 lated ¥ 4 - rary a - - SR e ot T ",,,. e ‘.. - s A
Friday, April 1, 2011



Minijet cross section

minijet cross section is determined by dominant g distribution

integration Limiks so&isfv - —

do /d|t] is peaked at low end of the |7] integration w
high enerqgy behavior of oQcp is controlled
(via Llower Limiks of X1, T2 integrations)
bj small-7 behavior of gluons

This estimate is too simplistic w at swf&aieu&tv small T

gshadowing corrections suppress singular x 2 behavior of xg
and hence suppress power growth of 0Qcp with increasing s
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Breakdowh of Geomekbrical Scaling

onset of SH processes is an unambiguous prediction of QCD
however in practice
difficult to isolake SH contributions from soft interactions

Reasonable approach w base extrapolation of soft interactions
o assumption of qeometrical scaling
which is observed to be brue Ehroughou& the ISR energy range

g f(5>b>:fGS( _b/R ‘>

opaqueness of the proton remains constant with rising energy

(L) partial wave abt b = 0 should be energy independent

Immediate consequence of &GS
(it) 0e1(8)/Ttot(S) should be energy independent
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Breakdowhn of Geomebrical Scaling (contd)

— 8TR*(s) /|fGS(5)‘2 pdps




Breakdown of Geomelrical Scaling (contd)

At ISR ewnergies w elastic ampti&ucie has a simple form

Fourier transform of elastic amplitude
has Graussian shape LA E,mpm:& Farame&er space

and it follows that

It is easily seen breakdown of &GS and to identify SH interactions
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Um&amﬁv w black diske

1
Unitarity requires Im ks b < 5 U turi implies o [Otot < =

2

This seems to indicate that Gaussian form may hot longer

be applicable at ultrahigh energies m bub rather it is expected
Ehalk F‘ro&om m,i.i. appromma&e a “black disk" of radius bo
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Unitarity e black disk (contd)

If we neglect shadowing corrections to PDFs and take g T~ AH

47

N
S
|

b db©O(by — b)

bO(S)
bdb = 2mb;

|2 |
N |
3
o\ N |
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Unitarized elastic, inelastic, and total cross sections

Hereafter we ignore small real part of scattering amplitude
(good approximation at high energies)

considering (Mow) a real eilkonal function
4 )

O-el — 27‘- / dbb {]‘ i eXp [_Xsoft (87 b) e XSH (87 b)]}Q

\_ J

Tinel = 27T/dbb {1 —exp|—2x_,(5,0) —2xx(5,0)]}

\. J

~N

Otot — 4 / db b {1 — €XP [_Xsoft (37 b) — Xsu (87 b)]}

\_ J

4 )

1 cuto 7
Xsg — 5 O-QCD(Sva ' H) A(S,b)

. J

A(D, s)m parton distribution in plane transverse to collision axis



QGSIET

)
Graussian prcwfi,te {uma&wm \, A(S I - R2 ( ) |

s )
therefore | Oinel = 27 / dbb ~ WRQAH Ins |
? 0 .

parameter Rxa&.saixf depem-is on c:oi.i.isi through
convolution with ar%am ~momentum nfrat&mv\s
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SigYLL

Transverse density distribution is taken as Fourier transform
of proton electric form factor w resulting in energy-independent
exponential (rather than Gaussian) fall-off of density profile

e _

normalization condition is satisfied when w p(5) = — 2 ns

Eransverse momentum cutoff
SIBYLL uses parametrization based on DGLAP

DPMIET uses ad hoce parame&rha&imm
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Protown-atir produ&mm cross seckion
Glauber Model

27T/dbb {1 —exp]|

of nucleon inside a nucleus
pro&ow-ai,r inelastic cross section is sum of:

“quasi-elastic” cross section m target nucleus breales wp
without production of any new particle

production cross section m ab least one new particle is generated

Development of EAS is mainly sensitive to Frocl.ut&om 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 nobk more Ehan aboub 18%



Exercise 4

Consider a typical air nuclei of average L 11 5

and calculate the proton-air cross section using
approximated expressions for proton-proton cross section
together with the .-integrated Woods-Saxon profile

[ W
J Tn(b) = —/ dz {1+exp [(\/b2+z2—

— O

N-“M ‘"M
¢t a=05fm Y and & Ry =11AY3fm}Y
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k

o Adding a greater challenge to determination of UHE
proton-air cross section is lack of direct measurements
in a controlled laboratory environment

o Measured shower atkenuakion length A,, is not omi.v

sensitive to interaction length of protons in atmosphere

"
S

but also depends on rate at which energy of primary proton
is dissipated thto EM shower energy

there is a large range of k£ values

(from 1.6 for very old model based omn Feynmain scaling

to 1.15 for modern models with large scaling violations)
Ehis malees Fubtished values off Op—air unreliable
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Measuremem&s of p-oir produahcm cross section

Equivalent Vs (GeV f®r SCCﬁtemm

Equivalent vs (GeV) for pp scattering § ( > PP q
5 3 4 5 10 10 10 1]0 10
10 10 10 10 10 | L ALY L

L) I 1) 111 B 111 O B B M AR AL o ARGO—YB. WF ﬂr
0 ARGO-YBJ T T |l EAS-TOP (renormalized) Tevatron LHC
|l EAS-TOP Tevatron LHC | A HiRes

| A HiRes | /A KASCADE prototype

| A KASCADE prototype | @ Akeno (renormalized)

- ?ﬁkinf o0 | O Yakutsk—90

B ijﬂtzk—99 | [ Yakutsk—99 (renormalized)

- | <» Tien—Shan EAS complex

| <> Tien—Shan EAS complex .
| ¥ Fly’s Eye P |V Fly’s Eye (renormalized)

N

N
~ ]
\“\\4
AN
~
|

[
AN
h |
o N L1 |
L1 | [

.\'

U
N

~ .
s

200

\HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ [ | ZOO
10 10> 10° 10" 10° 10° 107 10® 10° 10'° 10"

10 10° 10> 10" 10> 10° 10" 10® 10° 10'° 10"

(E/GeV) + Cln (E/GeV) mb

dobdoshedi e A doehed Tihe
A=9290 B=62 C=0.64 A ISR —"5 7 C — 0.9
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Clues from LHC daka

" o, Model |
;o Model Il

inel
GRV, pTmin=1.15 GeV, o;57(7 TeV)=93.4 mb, o)\, (7 TeV)=56.3 mb

*  Aspen Model & Analytic Amplitude Model

® ATLAS - PYTHIA extrapolation - preliminary
*  ATLAS - preliminary data

ATLAS-CONF-2011-002

I

A proton-antiproton inelastic data A total proton-antiproton
B proton-proton inelastic data B total proton-proton

- 400> e

2 3 o
10 10 10 Vs (GeV)

Achilll, Godbole, Grau, Pancheri, Shekhovksova and Srivastava, arXiv:1102,1949

Block and Halzen, arXiv:1102.3163
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Heibler model of (EM) shower

~

Shower is imagined to cievei.oped &x&iusiv&iv via bremsstrahlung
and pair production each of which results in conversion
of 1 particle into 2
Heitler, The Quantum Theory of Radiation ,3™ £d4., (1954), p.3%6,



Heibler model of (EM) shower

Shower is imagined to d&vai.oped exclusively via Bremsstrhlung
and pair production each of which resulkts in conversion
of 1 particle into 2
Heitler, The Quantum Theory of Radiation ,3™ £d4., (1954), p.3%6,
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Heibler model of (EM) shower

Shower is imagined to d&vei.oped exclusively via Bremsstrhlung
and pair production each of which resulkts in conversion
of 1 particle into 2
Heitler, The Quantum Theory of Radiation ,3™ £d4., (1954), p.3%6,
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Heibler model of (EM) shower

= X 1y X, = 37g/cm’
(radiation length)
Shower is imagined to d@.vei.o[oed exclusively via Bremsstrhlung
and pair production each of which resulks in conversion
of 1 particle into 2
Heitler, The Quantum Theory of Radiation ,3™ £d4., (1954), p.3%6,
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Heitler model of (EM) shower (contd)

After n generations:
X =
Npary = 2" = 2%/

Fgadime®
Npart & Pl

Cascade s&orzs when:

Epart s

Epart il Ecrit =60

Nmax 5.0 EO/EO
Mo~ XN
112
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Elongation rate

o Chawnges in meain mass campos&mn of CR flux

as function of E will manifest as changes in (Xmax)

o Change of Xax with F is commonly khown as elongation rate

lIl(E()/E()) X

o For pure EM showers X, .« ~ X, ad

In 2

o For cohvenience elonqgation rate is often written
n terms of energy decades

Friday, April 1, 2011



Helbler-Mabkthews model

o Bar30m~£mdu{:ed showers are also dominaked
by electromagnetic processes

Matthews, AsEroPQrE.‘?hvs. 22 (Ro08) 3%7

® For proton primaries m mulkiplicity rises with energy
and resulting elongation rate becomes smaller

o On average w first interaction is determined
bv pra&om mMean ﬂfra@. pc&h LA Q%mospkere - )\p_air = X|
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Heibler—-Matthews model (contd)

o Incoming proton splits into (n(E)) secondary particles
each carrying an average energy E/(n(E))

o Assuming that D& ci@.pes»\cis ciamnmamﬁtv
on first 9@%@1‘0&;0&\ of gamma subshowers

XmaX(E)

or equiv&i@«ﬂv
~ 0In(n(E)) = XodIn(Xo)

D, = X,
? 0ln E Xy olnE

~—— ——
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Heibler—-Matthews model (contd)

First interaction yields Ny = 2Nz0 = Nt
Each photon initiates EM shower of enerqy Eo/(3N,+) = Eo/(6Nx)

Usting PP data we parametrized charged particle production
in first inkeraction as N+ = 41.2(FEy/1 PeV)1/5

Based on sole evolution of EM cascade of 1st interaction

‘ XP = Xo+ X, InlEy/(6N,€)]

— (470 + 58log10[Ey/1 PeV]) g/cm”

~ _ _ _ ___ ___ _ — — — -

this falls short of full simulation value bfj about 100 g/ cm”

Matthews, Astropart. Phys. 22 (Roos) 3%7
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Exercise 8

The depth of shower maximum obtained in previous slide
is only approximate since it considers just first interaction
as hadronic in nature

$ Extend the approxima&iov\ o nclude hadronic inkerackions
in second generation of particles

% Try the generalization to include all the generations of
hadronic collisions unkil thm'geci Fioms cool down below bthe

critical energy
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Elongation rates for protons

A good approximation of elongation rate can be obtained
when nbroducing cross section and mu&ipiici&j \/g ciepavxd@.mca

Using P -air cross section of 550 mb at 107GeV
and a rate of change of about 50 mb per decade of energy

Assuming that first interaction initiaktes 2N EM cascades

each of energy Ly /6N, &
w _

It is W good agreement with Monte Carlo simulation

Friday, April 1, 2011




Elongation rates for mixed primary composition
We appi.v superposiﬁion Primcifoi.e

We Fre&e&\d that nucleus comprises unbound nucleons

point of 1st interaction of l-nucleon independent of all others

Shower produced bv hucleus with enerqy E, and mass A
s modeled bv collection of A proton showers

cach with A7! of the nucleus enerqgy

Modbfjms previous anhalysis aﬁﬂordihgbj

Assumiing that B is not changing wikh eherqgy
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Variation oﬂf XmaX with @;Mﬁfgj

-5~ HiRes-MIA -+ DPMJET 2.55
-@- HiRes -=-== SIBYLL 2.1
-@- Auger 2007 — QGSJETO1

10"

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

o Challenging to search for new physics with CR:

L~T7Tx107E /PeV) ?cm #s™*

Almost 80 orders of magnitude smaller than LHC Lumi

o But it may be Fmssi;ble anyway (one approach: use v's)

o Neubtrino flux should accompany CR flux

o Talke usual benchmark m “Waxman-Bahcall bound”

Ol =23 x107° E° GeV 'stem Zsr?

Waxman & Bahcall PRDS9 (1999)
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Possible effect of non-perturbative physics

® Increase in rabte of UV showers could be due to
O higher flux than expm‘:&ed
O new pkvsws

® Disentangling unknown physics from unknown flux
moay be possible by checking the ratios of ES to QH

non-perturbative physics :
final state dominated by hadyons

Vs S 250TeV
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Rates for earth-skimmers vs. horizontals
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ES%EM&&MQ Crs and Con
o Mownte Carlo-ed “all Ehe mav”

o Incoming neutrinos prapaga&e_d through Earth using ANIS
Gora, Roth, Tamburro Astropart. Phys. 26 (2007) 402

o T ci@.«csz handled bj TAUOLA

o Downgoing VN interaction sinmulabed with PYTHIA

D

o Shower devetcwpmeh& with AIRES

Andes modeled with data from
Consortium for Spatial Info

http://srtm.csi.cglarorg
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o Response of surface array simulated in detail using
Auger O'ﬁi.me sinmulation freconstruction pammge
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http://srtm.csi.cgiar.org
http://srtm.csi.cgiar.org

Expected number of SM events/year

o Assume isotropic V flux
o Assume U, iV, 1V = 1:1:1 (at Earth)

o Brackeb range of plausnbi& {Lu,xes to estimate svsﬁemaﬁws

i 4 i‘iﬁ
Ey = 1010Gev
aae () Htae\/
E,/Eo)?/(20°)]

0. 027 O 031

0.026  0.029
0.036 0.041
0.021 0.024
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Sensibivi Ej to MOM“F?Q\‘&MTbQ&LVQ F’hvswﬁs

DY ghn + ox D Ucc
< NF  Ngg = Cgs

Nog:=-€
QH QH (1)6 U(Vjc 1 (O.I/ _|_O-I/ )2

w1

Systematics from NLO QCD CC neubrino-nucleon cross section
LAA, Goldberqg, Gora, Paul, Roth, Sarkar, Winders, Phys. Rev. D ¥2 (Ro10) 043001
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