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Qutline

® Motivation: ultrahigh energy neutrino astronomy
® Atmospheric neutrinos: conventional and prompt
® Calculation of prompt neutrino fluxes: uncertainties

® Comparison with IceCube observations

Work in collaboration with

Atri Bhattacharya, Rikard Enberg,Yu Seon Jeong, Mary Hall Reno, Ina Sarcevic
arXiv:1502:01076, also work in progress

Note: I will also show comparisons with calculation by Garzelli, Moch and Sigl: arXiv:1507:01570
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Neutrino astronomy

® Universe not transparent to extragalactic photons with
energy > |0 TeV

® Weakly interacting: neutrinos can travel large distances
without distortion

Interaction lengths (at | TeV):

~\ 4

£mt ~ 100 g/cm? v -~ 250 x 107 g/cm

Y, \_
® Protons and nuclei get bent by the magnetic fields

~N

® Neutrinos can point back to their sources 9’

Angular - 0.77
distortion 0 (E,,/Te\/')(” V:U/Jé




Sources of high energy neutrinos

® Atmospheric: interactions of cosmic rays with nuclei in the atmosphere. This
talk.

® Interactions of cosmic rays with gas, for example around supernova
remnants. Interaction with microwave background (GZK neutrinos).

® Production at some source: Active Galactic Nuclei, Gamma Ray bursts.

® More exotic scenarios:WIMP annihilation (in the center of Sun or Earth),
decays of metastable relic particles,...

See talk by Kohta Murase on Thursday



lceCube

* UHE neutrinos measured in lceCube
Antarctic detector

* Neutrinos detected using Cherenkov light
produced by charged particles after
neutrinos interact

* Sensitivity to high energy >100 GeV
neutrinos (>10 GeV with Deep Core)
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lceCube results
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lceCube results

IceCube Coll. Phys.Rev.Lett. 113 (2014) 101101; Observation of High-Energy Astrophysical Neutrinos in Three Years of IceCube Data

988 day sample, 37 events observed (after selection with entering muon veto) with energies between 30-2000 TeV
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Atmospheric neutrinos

Neutrinos in the atmosphere originate
from the interactions of cosmic rays
(etc. protons) with nuclei.

thiemction
T, K

decax

My Vy




Atmospheric neutrinos

® Conventional: decays of lighter mesons

7_‘_:: ’ K::

Mean lifetime; T~ 1()_8 S

Long lifetime: interaction occurs before decay

{ Ling < Ldec J

Long-lived ' —
ong-lived mesons N Steeply falling flux of (I)y ~ F 3.7

loose energy neutrinos 1
9




Prompt neutrinos

® Prompt. decays of heavier, charmed or bottom mesons

D:_ DO
baryon

Mean lifetime: T~ 107 12 S

Short lifetime: decay, no interaction

{ Ling > Ldec J

Flat flux, more energy
transferred to neutrino

O~ E—2.7

| 4



nucleus

From cosmic ray to
charm-antiquark neutrino detection

//

gluon

production

cosmic ray
proton

—

charm-quark

\

fragmentation

D meson

- decay
Sources of uncertainties:
Initial Cosmic Ray flux: shape and composition “....neutrino
. . . .~A~, i
 Strong interaction cross section: framework ’ _neutrino
. . . . interaction
(collinear, small x, saturation), parton distribution “.._and detection
functions, nuclear effects, intrinsic charm \

e Charm meson fragmentation
* Decay

* Interaction cross section of neutrino



Charm production in hadron collisions

Schematic representation of charm production in pp scattering:

fi(x, )  parton distribution function at filxy, 1)
scale 1
parametrized at scale [ig
evolved to higher scales with QCD
evolution equations

1, To longitudinal momentum fractions
(of a proton momentum) of gluons
participating in a scattering process

Ggg—sce(8, LF, ILR, (ts) partonic cross section calculable in
a perturbative way in QCD

Factorization formula for cross section:

-
do.pp—>c—|—X

- Zfz(ilfl,,up) ®699_>C5(§7mC7NF7NR) 020 fJ(CIS‘Q,,uF)

d.CBF .y
2V}




Charm production in hadron collisions

-
dO.pp—>C—|—X

dZEF

— Z f’l/(xljluF) 029 6gg—>cé(§,mc, HUE, IU’R) X) fj(gj27 ,U’F)
t,]

For the cosmic ray interactions we are interested in the forward production: charm quark is
produced with very high fraction of the momentum of the incoming cosmic ray projectile.
Other participating gluon will have very small fraction of longitudinal momentum:

Tp >~ — XIp > 29 To ~

s> M2

The cross section is sensitive to the domain of 0.4
parton densities which are at very small values of x. 7
This is poorly constrained region.

H1 and ZEUS

2 o
M2 s

T F S 03 i —— HERAPDF1.0
I B exp. uncert.
E model uncert.

E parametrization uncert.

XS (x 0.05)

.

Q*=10 GeV?

Xu,




Frameworks for calculation of charm production

Standard LO/ N LO collinear calculation: Thunman, Ingelman, Gondolo; Gelmini, Gondolo, Varieschi;

Pasquali, Reno, Sarcevic; Bhattacharya, Enberg, Reno, Sarcevic, Stasto; Garzelli, Moch, Siegl; Gauld,Rojo,Rottoli,Sarkar, Talbert;

High-energy factorization with small x BFKL/DGLAP resummed evolution
and saturation model: Martin, Ryskin, AS.

Small X dIPOle model Wlth saturation: Enberg, Reno, Sarcevic

This talk:
BERSS (1502.01076): NLO calculation with latest parton densities distributions including
constraints from charm measurements at RHIC and LHC.

Also:

Preliminary calculations from updated calculation (BEJRSS): dipole model with nonlinear QCD
evolution evolution, high energy factorization with unintegrated parton densities, nuclear
effects.



Total charm production cross section

BERSS
® Using NLO code by 10” E—rrrrm e
Cacciari,Frixione,Greco,Nason. i == ]
104 3 -
® Default parton distribution set is [ I
3
CTI10 Central. 10°F E
a r Expt. data ]
= B v Fixed target expts.
© 2 I A STAR |
10 =
® Charm quark mass m, = 1.27 GeV § T CTiocenmal = PHENX :
L CT10 Limits & ALICE [2.76 TeV] i
1 i --—-- CT10 Limits, * ALICE [7 TeV] }
10 F , (Mpg) = mg P ATLAS E
® Variation of factorization and LHCb :
renormalization scalgs with respect to 10 Lt il il sl vl il it il
10 10 10 10 10 10 10 10 10
transverse mass M = m + pT  [GeV]
Expt. Vs [TeV] | o [mb]
. . PHENIX [31] 0.20 0.5517029 (sys)
® Comparlson with RHIC and LHC STAR [32] 0.20 0.797 £ 0.210 (stat) "0 508 (sys)
data. Data are extrapolated. with NLO o . 4805 ()1 (o) £000 (B
QCD from measurements in the £0.1(frag) £0.1 (fum) g4 (extrap)
o« e . 8.5+ 0.5 (stat) "3 (sys) £ 0.1 (BR)
limited phase space region. ALICE [27] 7.00 £0.2(fing) £ 0.3 ()20 (cxtrap)
7.13 4 0.28 (stat) T2 (sys)
Range of scale variation: A o £0.78 () 15 (extrap)
(MF, ,LLR) — (125’ 148)mT LHCb [30] 7.00 6.100 £ 0.930
( M F, lu R) — (46 57 171)mT Table 1: Total cross-section for pp(pN) — ¢cX in hadronic collisions, extrapolated based

on NLO QCD by the experimental collaborations from charmed hadron production mea-
surements in a limited phase space region.

Need to extrapolate CT |0 parton distribution functions down to very low x.
PDF uncertainties not included in this plot.



Differential charm cross section

Differential charm cross section in proton-nucleon collision as a function of
the fraction of the incident beam energy carried by the charm quark.
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Differential charmed hadron cross section as a function of the energy: need to convolute with the fragmentation function

—(AB — kX)D?

Using Kniehl, Kramer fragmentation functions.
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d ag/dxg [u b]

Differential charm cross section

Alternative calculations with low x resummation: kT factorization and dipole model,
compared with NLO calculation

kT factorization: two versions of unintegrated gluons used, with and without saturation
(Kutak-Sapeta model)

dipole: two versions of dipole cross sections used (AAMQS and Soyez)

10— 1

r e e kt-linear ]

105 A s\  T==== kt—nonlinear 7

10 \ . BERSS
1041 _ 10%
[ O r
? = E
1000 % 1000
i o) I
100, © 100:
10, 10

17“‘““““““‘““““““‘ 17“"\““\““\““\““\““
0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6
XF XF

Modifications at large xF as expected. NLO calculation in between the kT linear and nonlinear calculation.



Nuclear corrections

In most calculations simple superposition was used, no nuclear effects: U(pA — C(_jX) ~ Ao (pN — CEX)

Forair: (A) = 145
Used nuclear pdfs: EPS and nCTEQI5

145 nCTEQ15 -
pp — ccX [pA — ccX]/A I I
Energy 0ca(MF,R X my) Uca(MF,R X M) Uca(MF,R x mr) Uca(MF,R X M) s
102 1.51 1.87 1.64 1.99 1.2+ 7
10° 3.84 x 101 472 % 101 4.03 x 10" 4.92 x 101 R
10* 2.52 x 102 3.06 x 102 2.52 x 102 3.03 x 102 s
10° 8.58 x 102 1.03 x 103 8.22 x 102 9.77 x 10? :SJ’ 1.0
106 2.25 x 10° 2.63 x 10? 2.10 x 10° 2.43 x 10° z I
107 5.36 x 103 5.92 x 103 4.90 x 10? 5.35 x 103 bo‘ :
103 1.21 x 10° 1.23 x 10 1.08 x 10° 1.09 x 10* 0.8
10° 2.61 x 10* 2.41 x 10° 2.27 x 10* 2.05 x 107 I
1010 5.12 x 10* 4.28 x 10% 4.38 x 104 3.50 x 104 g
0.6~ .
Table 1. The NLO cross section per nucleon [ub] for charm pair production as a func- ‘ ‘ 4 ‘ 6 ‘ 8 10
tion of incident energy [GeV] for scale factors (Ng, Ngr) = (2.1,1.6) (the central values for 100 10 10 10 10
charm production) for protons incident on isoscalar nucleons. The PDFs are for free nu- E [GeV]

cleons (nCTEQ15-01) and the target nucleons bound in nitrogen (nCTEQ15-14). For these
numbers, we use A = 226 MeV, Ng = 3 and m. = 1.27 GeV.

20% reduction of integrated charm cross section for highest
energies for nCTEQ5 and 30% reduction for EPS

0% reduction of integrated beauty cross section for highest energies for nCTEQI5

|18



Development of air shower: cascade equations

Production of prompt neutrinos:

production _ fragmentation decay
—  C e M — v

where M=D* D D, A.

Use set of cascade equations in depth X

X = / o()dI
h

i, o, <1> E X)dny_.;(E: E

dX __j Adec E) dE

), interaction length and \7°“ = ~cr;p(X) decay length

dnk—>3

production or decay distribution

1 dO‘k_m'(E,Ek> 1 drk—U(Eka)

Need to solve these equations simultaneously assuming non-zero initial proton flux.
19



Development of air shower: cascade equations

Can solve equations numerically or semi-analytically
(assuming factorization of X and E dependence) via Z-moment method

e ™

where |  (Ydog op(E/2E,0) M(E) dng—j(E/zp) B
L E)= ||y B0 wEan) e e = g
- Y

Then fluxes can be expressed via closed analytical expressions in terms of Z moments.

For example proton flux is:

Op(E, X) ~ ¢p(E) exp(—X/Ap) = (dN/dE) exp(—X/Ay)
Ap = Mp(E)/(1 = Zpp(E))

20



Semi-analytical solutions to lepton fluxes

Lepton fluxes from the decays of the hadrons.
Characteristics of solution depends on the energy range and competition between decay and interactions.
Critical energy at which hadron decay probability is suppressed with

respect to the interaction probability Eopp ~3.7—95 X 107 GeV

A4
b < Ecrit gbl()w( ) — Zg%w P
1 — pr

z

Ziph lH(Ah/A )
1 —-Z,,1— /Ah

E > FE.. oy " (h) = 20" o

Interpolation:

N (e ()
" ; o (1) + " (h)

Above formulae are good approximation to the exact solution of the cascade equations.
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Cosmic ray flux

Important ingredient for lepton fluxes: initial cosmic ray flux.

Parametrization by Gaisser (2012) with three populations and five nuclei groups:
H,He,CNO,Fe,MgSi

10% . T T T T T T T T

p
< 10° F E
>
8 CNO
,:_w MgSi
NE
€ 10% Grigorov E
X Akeno .
MSU +—x— T
L KASCADE ]
§ HEGRA —&— T
S CasaMia —e— _
o Tibet-SIBYLL —=— et 1
Ve -
lu 10" [KASCADE-Grande | :
: AGASA —a+— A ]

HiRes1&2 +—e— o
Auger2009 +—=—
Allparticle fit ——

A
1\

Gaisser,
Astroparticle Physics 35 (2012) 801

100 I I I I I I
10 10* 10° 10®° 10 108 10° 10" 10" 10"
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Cosmic ray flux

Multicomponent parametrization by Gaisser (2012) with three populations:

| st population: supernova remnants
2nd population: higher energy galactic component
3nd population: extragalactic component

R, Y p He CNO Mg-Si Fe
y for Pop. 1 — 1.66 158 1.63 1.67 1.63
3 oy E Population 1: 4 PV Seeline1 7860 3550 2200 1430 2120
¢i(E) — Z aijE i % exp _Z-R . llzop.2:3o_ PV 1.4 20 20 134 134 134
j=1 ifcj op. 3 (mixed): 2 EV 14 1.7 1.7 1.14 1.14 1.14
Pop. 3 (Proton only): 60 EV 1.6 200 O 0 0 0
5
e . M M 10 SRRLELILRELLL B L) B ) N L L) AL AL R AL B L L
a;, g normalization : ot ]
¢»=dN/dIn E N _ ]
. tr'al |ndeX 1ok Gaisser H3a -
/77'7] SPeC 7'; e S - Broken power-law | ]
. . e g K 103§ ~~~~~~~~~~ 3
R ; magnetic rigidity O
c .—i%) 102 - i
Ei,=Zex R, 3
g 10:L =
: 100; E
Convertin to nucleon spectrum 207 Dot v it i v i b d i
& P 10° 10° 10* 10° 10° 10 10° 10" 10" 10%
energy per nucleon E [GeV]

din(En) = A x ¢;(AEy)

1L.7TE"%7  for E<5-10° GeV
for each component

174 E—3 for £ > 5-10° GeV,

This power law was used widely in previous
evaluations of the prompt neutrino flux ¢0( ) = {
p
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Impact of CR flux on Z moments

1 0
dep Oo(En/xp) 1 do

Z moments: Zon(E :/ P X A——(pN — hX
ph(En) vy . TE  O)(En) opa(Ep) de(p )

min

Noticeable dip of Z moments as a function of energy. The dip corresponds to the softening
of cosmic ray flux due to the change of the population.The energy is reduced because of
the inelasticity of the collisions.

E hadron

TE — Eb , <£CE> ~ 0.1
ealn
Ratio to the calculation with power law
10-2 F T T T T TT1TT T T T TTTTT T T T T TT1TT T T ||||||| T T ||||||| T T ||||||: 3 T T T T TT1TT T T T TTT0T T T T T TT0T T T T TTT0T T T |||||||
o Broken power-law | ] - Gaisser H3p | 1
Gaisser H3p | i --—--- Gaisser H3a |
107 F ------ Gaisser H3a -
o";’{;‘
a -4 Z 0 g =—_;-.-ﬂ:’_—:- ..... s /:/’ _8
NS 100 E ——===" e T 2
P PR S s s
/':;’ — :;‘»’—A—’—“ ~——— g < /
' /_,’::’—”’ < - //, _-—————___\\ ,
//:/:/’ - 1 -> ~ 4
5 /// h \ 4
10 L —
ZpD:I: NG /7
10-6 1 1 ||||||I 1 1 ||||||I 1 I ||||||I 1 1 ||||||I 1 L1111l 0 1 |||||I ||||||I I IIIII 1 |||||I L1111
10° 10° 10* 10> 10° 10’ 10 10° 10° 10* 10> 10° 10’ 10°
E [GeV] E [GeV]
BERSS
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Neutrino fluxes

flux of v, + 1y,

10 | LI | LR | L | LI | LU | L
- e TS T - -
e — S~ —

Yy >~
[ I AT T 7T 7 S A < ~ .
= _ L 'd N -
-~ - ~ ~
= P ” ———————— Z ~ AN
~ > LT <~ N
> d - =~ \
B - - — N :
N

]

----- Broken power-law CR flux

E> dN/dE GeV  ecm st ort

Gaisser H3p CR flux

Gaisser H3a CR (central only)

B Honda conventional \)u (rescaled to H3a)

_6 | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | |
10 2 3 4 6 7 I BERSS

10 10 10 10° 10 10 10
E [GeV]

Significant reduction (factor 2-3) due to the updated cosmic ray spectrum with respect to the broken power law.
The reduction is in the region of interest, where prompt neutrino component should dominate over the

atmospheric one.
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Neutrino fluxes

flux of Vu + Vg,

2
10 E T LI llllll T LI ||l||l T LI llllll T LI llllll T LI llllll T LI E
— -3
" 10 =
0 :
'_.'m -
‘e i
) 4 \
> 10 ¢ N
q) = -
O N ]
" B §
S I i
Z -
T
5
mLu 10 7¢ - . -
- CT10, (M, pp) & m_ ERS Dipole Model e
E ----- CT10, (M, pp) o« m_ Honda conventional v E
I Ctea3, (M., p) « m_ (broken power-law)
-6
10 1 1 ||||||| 1 1 ||||||| 1 1 ||||||| 1 1 ||||||| 1 1 ||||||| 1 L1 1111
2 3 4 5 6 7 8
10 10 10 10 10 10 10
E [GeV] BERSS

Comparison with earlier calculation based on the dipole model (using the same power law flux for comparison).

NLO calculation lower than the calculation based on dipole model with parton saturation...different large x partons, CT 10 very low at
low scales.

Large sensitivity to gluon at low x, CTEQ3 higher than CT 0.

Bands illustrated scale variation in NLO calculation.
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X * g(x,Q)

PDF differences: CTEQ3 v CTI0

71071
[72]
30 \ -
. (7]
| \ i
<- 5
L\ o 107)
L\ CTEQ3M A
ANy e MRSA O
R \.\ --------- cteq2mf TZ\’
20 | \ '\ ................. Cteq2m| m-c 5 y
S ".“.\\ \ ———— cteg2ms w 10 ?7/ CT10, (M, pg) < m ERS Dfpole Model ——
B W\ R et CT10, (MF, yR) o m Honfa conventional \)ll ]
“ A\ i g 1
B \\\ \ \ I Cteq3, (MF' “R) «m, (bfroken power-law)
| \\\"."\ .\. Q=5 Gev 10—6 IIIII 1 1 IIIIIII IIIII 1 11 1111 1 1 IIIIIII 11l
SO 10° 10° 10* 10° 0® 10’ 10°
10 |- N\ E [GeV]
*} .
f CTI0
B RN
B (@]
X
0 T T T T T 25 [
104 2 5 103 2 5 102 2 5 10-1 2 3 4

At initial scales:
CTEQ3: gluon rises towards small x

CIZg(CE, QO) ™~ x—0-3

CT10: valence like gluon at low scales.
Smaller CT10 gluon vs CTEQ3
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Flux differences: BERSS vs GMS

Our (BERSS) calculation is smaller but consistent with the
GMS(Garzelli-Moch-Sigl) calculation within pQCD

uncertainties.

Some differences du

e to PDF choice and fragmentation.

GMS closer to the older ERS calculation based on the dipole
model with gluon saturation.

Below: comparison between BERSS and GMS for Gaisser
fluxes (note: BERSS uses Gaisser 2012 fluxes whereas GMS

Gaisser 2014 fluxes)

QCD uncertainties

dominate for lower energies,

astrophysical uncertainties (CR flux) for higher energies.
Though PDF uncertainties can be large at high energies as
well (not shown on these plots).

vy + anti-v, flux

102

108

(GeVZcm2stsrt)

ES dN/dE

106 |

T 1111»111‘ T lllle T lllle T lllle T T T TTTTT )
Ry scale var + Mgnam var + PDF var s 10 F

%, this work, Gaisser 2014 - var 1 CR ——— |
BERSS 2015 ]

Honda-2007 conventional -

IL

| w

%)

&
S
o
= e

..l.. .-..l.‘; C\I>

©

O}

ES dN/dE

106

1 JJJJJHJ 1 JJJJJHJ 1 JJJJJHJ 1 JJJJJHJ 1 I

10° 108 107 108

(GeV)

104
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Elab,\)

(GeVZcm?2stsrt)

E3 dN/dE

102

103

104

10 |

106

—

vy + anti-v, flux

[
scale var + Mgharm var + PDF var s
this work, power-law CR
TIG 1998 =@

BERSS 2015

ERS 2008 (dipole model)

10° 108

(GeV)

103 104
Elab,v

v, + anti-v, flux

103
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%, this work, Gaisser 2014 -var2 CR ——— |
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Nuclear corrections

BEJRSS(different PDF)-nuclear effects

0.010—+i — e ] ]
- —— Brokenpowerlaw ~ ————- nCTEQ-proton 1
H3p Solid: nCTEQ-Nitrogen |

H3a

0.001 é

10—6 / -

1000 10* 10° 10 107 108
E, [GeV]

* Nuclear effects mostly visible above 100TeV, still within the uncertainties of PDFs and scale uncertainties (not
shown here).
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Comparison with lceCube 3-year data

e BERSS NLO calculation from charm gives reduced background (with respect to earlier calculations).
e GMS on the other hand would likely not change the current lceCube background estimate.

e Need to redo the analysis with 4-year data

3
10 = | | | | L | | | | | | L | | | | | | L =
: Conventional ATM v (Honda flux, reweighed for H3a CR flux) ] 3 year data
B ATM prompt v (our pQCD results) 7
> . ATM v (Honda conv. v + our central prompt) )
10 E | | ———— IC ATM v (IC 90% CL Charm Limit) =
E ATM u + Honda conv. + Central Prompt (our results) + IC E_2 Astrophysical best-fit E
n T ATM p + Honda conv. + 90% CL Charm Limit (IC) + IC E? Astrophysical best-fit 7]
s 1) |
© 10 ;.ﬁ-- E =
00 - E -
o8] I il At C Dy SEt :
m — -
\ —
m 0
+—J 0 _ _ |
c 10 E =
v - . -
> - AR XX —
I 1. i ;
1 — e T
10" E PRRRES 4  BERSS
L RSRSS SSEIN) -
2 PaaLe%es!
10 1 1 1 1 11 1 I 1 1 1 1 1 1 NONNNE 1 1 1 1 1 1
5 6 7
10 10 10



Summary and outlook

® Calculation of the prompt neutrino flux using NLO and new PDFs. Charm cross section
matched to LHC and RHIC data.

® Updated cosmic ray flux gives lower values (as compared with earlier ERS evaluation)
for the atmospheric neutrino flux.

® Prompt neutrino component is rather small. The data are significantly above, new
calculation can change the evaluation of the statistical significance of the astrophysical
signal for IC.

® Nuclear effects in the target. Further reduction of the flux by about 20-45%.

® Alternative calculations: dipole and kT factorization. Small x resummation leads to
enhancement, saturation to the reduction of the flux.

® Other calculations also on the market: consistent but still large uncertainties. Largest
uncertainties due to the QCD scale variation, PDF uncertainties and CR flux.

® Work in progress: fragmentation (forward production, hadronic-nuclear environment,

differences between PYTHIA and fragmentation functions), comparison withe LHCb
data (NLO is consistent), comparison with 4-year data.
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