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Detection of naturally generated neutrinos
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Discovery of atmospheric neutrinos: 1965

Neutrino detector at the

Kolar Gold Fields, India
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Discovery of atmospheric neutrino oscillations: 1993

CosmIC

INCOMING 75 ' Single Cherenkov
COSMIC RAYS _ ‘ ring event

Multi Cherenkov
ring event

“ Size = pulse height
... Color = time

2 muon-
neutrinos

1 electron-
neutrino

bt s
© we e e o
Times (ns)

Fukuda et al., Phys.Rev.Lett. 81 (1998) 1562

e
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Experiments using the atmospheric neutrino flux




The origin of cosmic rays

Extraordinary cosmic particle
accelerators somewhere, but still
poorly identified a century after
the discovery of cosmic rays!

e Supernova remnants v’

e Active galactic nuclei ? -

w
* Gamma ray bursts ? ‘-‘B

. . Al

* Radio galaxy jets ? g
e Starburst galaxies ? >
: S
Cosmic ray interactions with matter L
and photons, near source or during _%
propagation, produce neutrinos: oy

p+N = X+ {77, 7%}
™ =+

7T+—>,LL+—|—VM

pt—=et +rv.+ 1,
Oscillations en-route to Earth can
equlibrate flavours so: v,: v, i v;01:1:1

Energies and rates of the cosmic-ray particles

I
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Neutrino production through cosmic ray interactions

conventional

p, A+ air — wi,wO,Ki,Kg,L

muons and muon neutrinos

= K+ — ,U,il/#(

electron neutrinos

K*¥ KY — [n=, Wo]eiz/e(ﬁe)

prompt

p,A+air - D, Ac = vy, ve, p

Subset of dominant decay channels

decay channel

branching ratio (BR)

P e Dewy, 100 %
= uty, 99.9877 %
K% K} — n=eTu, 4055 %
K3 K) = 7 pFu, 27.04 %
Kt > pupty, 63.55 %
K5 KT — 7", 507 %
Ky KT —nutu, 3.353 %
Dt 5K 'y, 9.2 %
D° - K uty, 33 %

+ charge conjugates

http://pdg.lbl.gov
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Prompt vs. conventional flux

« The energy spectrum from semi-leptonic decay products depends on a hadronic
‘critical energy’, below which the decay probability is > interaction probability:

th2h0 €+ = 115 [G@V]
cTp, cos 0 e+ = 850 [GeV]

€Enh —

- For pions & kaons, this critical energy is low (decay length is long) hence the
leptonic energy spectrum is soft. For charmed mesons, the critical energy is high
... they decay promptly to highly energetic leptons:

epo = 9.71 x 107 [GeV]
ept = 3.84 x 107 [GeV]
ept = 8.40 x 107 [GeV
en, =24.4 x 107 [GeV]

« The atmospheric neutrino flux from the decay of pions & kaons is the ‘conventional
flux,” whereas that from charm decay is called the ‘prompt flux’



Spectrum from /K decay 1s measured to high energies
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Phys. Rev. Lett. 110 (2013) 151105

cosmic ray

B air shower

muons

spheric
inos

Monte Carlo calculation (e.g. http://www.icrr.u-tokyo.ac.jp/~mhonda/y



Atmospheric muon spectrum
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“Courtesy: Analtoly Fedynitc
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Atmospheric muon neutrino spectrum
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Atmospheric electron neutrio spectrum

®, (E/GeV)® (cm?® s sr GeV) ™
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Beating the atmospheric background

107

10%

Thereis an enormous
background of cosmic ray
muons going down

(only misreconstructed
muons apparently going

107 Mis-reconstructed atms. muons

T TTTI lIl[II[[ T IIIII\I

- e

-

-
..............

10°

T I\I|

10°

Events

I\IIII] T TTTT

104‘ up since muonsare all
—— absorbed in the Earth)
a1 Atmosphericneutrinos
tof come from the same
| TeVastophysical neutinos — showers (1 in 10° events)
L o2 o089 ) /1
North Pole South Pole

By using a veto for downgoing events, we remove the atmospheric
neutrinos ... because we remove the muons coming from the same
Cosmic Ray Air Shower

What’s left is: PeV-EeV astrophysical neutrinos comingfrom above

NB: Doesn’t work for upgoing, since the Earth absorbed the muons...
so Southern Sky (downgoing events) becomes the best channel.



‘High energy starting events’ (HESE) analysis

Events per 662 days

Use outer-most layer of IceCube as a veto

Removes atmosphericbackground
(muon + neutrino) from above
Earth filters muon background from below

10°

10°

10* .

e | .  Cannow see signal
10° b ... Sl separatiah cfsgra and o of interest ... albeit
o SO PE-..... ¢ atthe cost of throwing
oo @0(‘0‘\ out most of the datal!

(similar to collider expts)
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Discovery of high energy cosmic neutrinos

* 2013: 662-day analysis, with 28 candidates in the energy range [50 TeV - 2 PeV].
(4.1 o excess over the expected atmospheric background).

% 2014: 988-day analysis, with a total of 37 events with energy [30 TeV - 2 PeV]
(5.7 o excess), no events in the energy range [400 TeV - 1 PeV], spectral [ = —2.3 £ 0.3.

x 2015: 1347-day analysis, with a total of 53 + 1 events, previous energy gap partially filled,
(7 o excess), spectral [ = —2.58 &= 0.25.
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— Bkg.+Signal Best-Fit Astrophysical (bestfit slope £37)

— - Bkg.+Signal Best-Fit Astrophysical {fixed slope £7)
et Data

- T ;’;L_

10°

——t - -4 J e
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103 10*
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S
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I, — == 8kg, Atmospharic Neutrings {x/K)
Background Uncertainties
—  Atmespheric Neutrines (0% CL Charm Umit)
: —  Bkg,+Signal Best-Fit Astrophysical (best-fit slope £ %)
— - Bkg,+Signal Best-Fit Astrophysical (fixed slope £7)
e Lt 7 loee ous |
1 - T i
l—c]_ 13- re
- 7 - ! 5
....... + B I BPEEE NN N P s
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2 3 a
10 10 10

Deposited EM-Equivalent Energy in Detector (TeV)

2015
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But where are the prompt neutrinos?

The flux of prompt neutrinos is harder than that of conventional neutrinos, and was
predicted to dominate the total atmospheric flux at energies above ~10%-¢ GeV

P conv. atms. v, (HKKMO07)
— PIOMPL atms. v, (Enberg et al.)

- prompt atms. v, (Bugaev et al. - RQPM)
v s e | Prompt atms. v, (Martin et al. - GBW)
........ prompt atms. v, (Martin et al. - KMS)
siimie < prompt atms. v, (Martin et al. - MRST)

Illlllllllllllllllllllll
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v
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—
]
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-Illllllllllll_llllllll\l I‘ﬂ

4 5 6 7 8
log10(E, [GeV])

No prompt flux seen so far ... however astrophysical

signal with ~similar spectrum has been discovered!

1074 - ol g e .
§ B Conv. atmospheric v, + v, (best-fit)

Ts.. 1075 4 B Prompt atmospheric v, + v, (flux limit) i

=z B Astrophysical v, + v, (best-fit) g
L +++ HESE unfolding: PoS(ICRC2015)1081 .
L 1076 4 L S
Z e
S <
i S
2 1077 - L O
S B
t 10-8 n
& 1078 - =

N —]
1079 4 \ -
L ' L ' L ' S
10° 104 10° 109 107
E,/GeV
The conventional background is well understood as it has been calibrated against
many observations ... uncertainties in charm production make the prompt flux less
16

so but it is the most important background for the expected astrophysical flux!



Tension with ERS ‘benchmark’ s/

3 ; —25
H'ga 2.5 ------------------------------------------------------------------------- I
| |
T,
f’ 115
% 1 5 ___________________________________________________________
ﬁw 4 [% ].0
<|: 1 RN
3 5
2 0.5 B B
=
ol ; i i i i 0
o 05 1 15 2 25 3
@ rompt / ERS
« Recent data put an upper limit on the prompt flux above 1 TeV, which is less than
~1.06 x the benchmark ERS 2008 calculation (arXiv:1607.08006)

Even stronger limit of 0.54xERS @ 90% C.L. from combined IC59 + IC79 + IC86 data
(Sebastian Schonen, IPA 2015)

Need a better calculation of cosmic ray charm hadroproduction and decay




Theoretical calculations

Volkova, Sov. J. Nucl. Phys. 12 (1980) 784
Bugaev, Naumov, Sinegovksy, Zaslavskaya, Il Nuovo Cim. C 12 (1989) 41

Lipari, Astropart. Phys. 1 (1993) 195

Thunman, Ingelman, Gondolo (TIG), Astropart. Phys. 5 (1993) 309
Pasquali, Reno, Sarcevic (PRS), Phys. Rev. D59 (1999) 034020

Gelmini, Gondolo, Varieschi (GGV1), Phys. Rev. D61 (2000) 036005
Gelmini, Gondolo, Varieschi (GGV2), Phys. Rev. D61 (2000) 056011
Martin, Ryskin, Stasto (MRS), Acta Phys. Polonica B34 (2003) 3273
Enberg, Reno, Sarcevic (ERS), Phys. Rev. D78 (2008) 043005
Bhattacharya, Enberg, Reno, Sarcevic, Stasto (BERSS), JHEP 06 (2015) 110

Garzelli, Moch, Sigl (GMS), JHEP 10 (2015) 115
Gauld, Rojo, Rottoli, Sarkar, Talbert (GRRST), JHEP 02 (2016) 130

Calculating the prompt flux of atmospheric neutrinos requires a

synthesis of QCD, cosmic ray physics, and neutrino physics
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Tracing a particle through the atmosphere

The flux of particle j can be generically written as:

doj ¢ &

dX — N e

+> Sk — j)

Interaction
decay
production

This depends on the ‘slant depth’ X measuring the atmosphere traversed:

X(1,0) = /loo p(H(l',0)dl

l2

Y —_— ] 2
H(l,0) ~1lcos + SR, Sin 0

0

Adopt a simple isothermal model of the atmosphere:

H

p(H) = poe o

Such that sample values of X are:

X =

=551 (space)

X =0 [L] (ground)

cm?

po = 2.03x 1073 [ ]
cm

X = 1300 [C’#] (6 =0)

g
X =36000 |—| (0 =
51 ¢

19



Cascade Formalism: Sources & Z-moments

S(k_ﬂ):/ Ok(By) dnlk = ji B E) |
g A(E,) dE

« Assuming factorisation in energy vs. depth in atmosphere , the S-moments simplify:

Pk
- For particle production: Sk —j) = A Zkj
7 _/ ,¢k( X,0) \e(E) dn(kA — hY B’ E)
" or(E, X, 0) Mi(E) dE
dn(pA — hY;E'\E) 1  do(pA— hY;FE' F)
dE ~ opa(E) dE
« For particle decay:
Zn—1 = / g OB X) dy(E) dn(h — IV E' E) dn(h — 1Y E', E) _1dl’
ot on(E, X) dn(E) dE dE T dE

20



Atmospheric Nucleon Flux

dX

Yy = 9N L S(NA— NY) = -2 + Zyn 4

ok (E, X) = op(E)or(X)

Assume a factorisation of fluxes

A
: : . AN(E) =
Define the interaction length N(E) Noopa(E)
Define the attenuation length An = (1—)\ZJ\;\; N)
dpn N B dpn N o _
d—X_E(ZNN 1)—) X +)\N (1 ZNN)—O

11

On = On(E) e A

{

What is the primary

nucleon flux?

21



Incident Cosmic Ray Fluxes: ¢n(E)

L4 Cosmic ra.y Spectrum T I;II;I!. T T IIIIII! T TTTTI T TTTTI T T TTTTI T T TTTTI T T
° 4 —.00..-.-..-5 oA — ---------------------- ----------------------- ----------------------- ----------------------- --------- —
constrained ~up to 10° GeV 10°E w&i _ ; | ; g
= : o5t F¥YL : : : -
by balloon and space expts, - | ]
e.g. AMS and CREAM e e
%10 = | —%— HEGRA : =
C}IE E —=&— Casa-Mia E
© — Tibet Il 2008 l .
% — | —&— Kascade 2005 LT
(2. 1 02 .| —"— Kascade-Grande 2012 | .l ool N —
. . . % E —*—— IceTop-26 E
. ngher energies rely on air > [ | —*— GAwMA2008 ||
© ~ | —e— Tunka-133 2011 t T
shower arrays, e.g. S [ |+ Acasa | | 1T
T 10| —*— HiRes1 | e e ]
Kascade, Auger & TA ... = | HiRes2 L] x| 3
. . = —4— TA 2011 : : ]2 -
many uncertainties | —%— Auger 2011 ; f il
i .. : : : : z ey
regarding CR composition gl v vl il il
10° 107 . 188 }89 10'° 10"
Primary Energy, E [GeV]

A(5) {1.7 E2T for E<5x100 GeV
Law’ (BPL) fit the data? N V174 g3 for E>5x 106 GeV

R—
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But cosmic rays are not just protons!

(m'2sr'1s'1G«'-3V1 '5)

E25dN/dE

10% ¢

103 3

-
o
N
1

10"

§KASCADE-Grande

Grigorov
Akeno
MSU
KASCADE
HEGRA
CasaMia
Tibet-SIBYLL

AGASA
HiRes1&2
Auger2009
Allparticle fit

-

o
w
I

E2SAN/AE  (m2sr s Gev'®)
o
N
1

10—

All nucleon

Polygonaio

L 1 "

N

" 1 L

10°
103

10* 10° 108

. 3 4 5
107 108 10° 10 10" 10" 10 10 10

F. .. (Ge\

\ 101 PP R

108 107
En (GeV/nucleon)

108

The composition is not very well known at high energies hence

empirical parameterisations must be used (guided by some
‘theoretical” expectations and the energy spectrum shape)

10°
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Gaisser ef al. fits: ON

arXiv:astro-ph/1111.6675
arXiv:astro-ph/1303.3565

10*

E*® x dN/E [GeV'® m2 srs ]

-
o

10° 10* 10> 10° 10" 10® 10° 10" 10"
Primary Energy, E [GeV]

s E
- 25":1 ai; BT X exp “ZiR.,
p He CNO Mg-Si Fe
7860 3550 2200 1430 2120
1.66 1 1.58 1.63 1.67 1.63
20 20 134 134 134
1.4 14 14 14 14
1.7 1.7 114 114 1.14
R.=2EV 14 14 14 14 14
Pop. 3(*): 200 0.0 0.0 0.0 0.0

R.=60EV| 1.6
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BPL. vs. Gaisser parameterisations

- |— H3p
107 i
: — Hlda ]
. H14b
_ 106§ |
T |
104, *
o e e i ion o

E(Gev)

- The effect of the new parameterisations is significant above ~10° GeV ...



Atmospheric hadron flux

don __ ¢ </5 </5 ¢
&®Ph — _pdh}(LE) h + Zhh h + Zp Pp

e In the low energy limit, the probability for hadron interaction is minimal, so we can
- neglect the interaction and regeneration terms:

Ohliow = Zph pdp ¢ (E)e_AX_p
o Ap(l T ZPP) P

- At high energies the decay length becomes large, hence we neglect the decay term:

Zonbp(E) (¢35 — ¢ )

(1= Zpp) (1— —h)

Oh|high =

« These solutions then feed into asymptotic solutions for the final leptonic flux
(note that the low-energy solution scales with an additional power of E):

high — ¢n < ¢p
low ¢@p, o< E¢yp

26



Lepton flux @ detector

1 % = — fz + prf—g Full series of cascade
i ’ . equations, from
h h h
2. Ux =~ odn(E) — M + Zhh Incoming cOSMIC ray
nucleons to final state
3. 2% — o \
axX = 2h Zhsl pdp, leptons

S — 6 (E) Zlov Zon Geometric
o IR (1= Z,) Interpolation:

Zh—s1€n Zph®p(E)

low¢hi9h
5 n A l )
(1= Zpp)(1 - A_Z) p

D1|high =

b=

hidh
oY+

« Our final flux includes all (interpolated) contributions from charmed hadrons

27



The QCD input: Z

E e Pp(E) opa(E) dE

/OO ¢p(E') A  do(pp — ccY; E'|E)
Zop =

The differential cross-section can be calculated in a variety of formalisms, e.g. the ERS
‘colour dipole model” which is empirical (but is the basis of the benchmark calculation)

However, perturbative QCD (with DGLAP evolution) can describe charm
production for the entire kinematical region of interest, hence can calculate with
Next-to-Leading-Order QCD+Parton Shower Monte-Carlo event generators

Boosting from CM to the rest frame of the (atmospheric) fixed target, one finds:

Vs ="T[TeV] «— E,=26x10" [GeV]

Thus there is complementarity with LHC physics. We can predict the prompt
neutrino flux at energies up to 107 GeV ... at these energies, the charm production
cross section is dominated by gluon fusion, hence we are sensitive to the behaviour

of the gluon PDF (parton distribution function) at small-x s



The (perturbative) QCD approach

Perturbation
Theory Rules

Greens
Functions

Cross sections

Observables

Lagrangian

2= 318GeV

inclusive jet production
in badran-in

. Vs = 300 GeV | )
10° R . ne S

duced proceszes

v (v 200y

vs = 200 GeV
o STAR 02« <

e PP

ora | PR PR Incl freshokd corectons (240¢

JastNLO

= )
8 g oF o S ey
£
- »:-:AGG:‘\' .*.i
co [ ) AN T
210 “ T
3 \:-w)Ge\ 4
. 00 \mac
e ‘\Eﬂ 10.-\
. [2 ,Z %10
V8 = 1960 GeV | |
1 [ — _:.-ovv‘#wmmm-*tf ™"

10°
p; (GeVic)

1 B
ij — m (52‘}) ul"} — ZGEVGﬁ
1 a 15
i1 8, — m) — gGo iy P 4(”#,,(‘”
V2,32 V1,44
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does a great job!

data / theory

-
o

-l
o

N

inclusive jet production _fastNLO

+ in hadron-induced processes
| \/s = 200 GeV
400
(> ) STAR 0.2<|y| <0.8 pp
H1 150 < Q° =< 200 GeV”
H1 200 < Q° < 300 GeV”
(% 100) H1 300 < Q° < 600 GeV?
H1 600 < Q° < 3000 GeV?

ZEUS 125 < Q%< 250 GeV?

-3

ZEUS 250 <Q’< 500 GeV?®
ZEUS 500 <« Q" < 1000 GeV~

Vs = 318 GeV D |S
MH&% (< 35) 2 2
ZEUS 1000 < Q7 < 2000 GeV?
ZEUS 2000 < Q% < 5000 GeV?

Vs = 546 GeV ' T (x16)
oo T pp-bar

e DO |y|<0.5

Vs = 1800 GeV

o CDF 0.1 <|y|
e DO 0.0<ly|
A DO 0.5<ly|

Vs = 1960 GeV

o CDF cone algorithm
4 CDF Ky algorithm

2o P00 «arne

(< 1)

4

all pQCD calculations using NLOJET++ with fastNLO:

a (M;)=0.118 | CTEQ6.1MPDFs | pu =p,=p; jot
NLO plus non-perturbative corrections | pp, pp: incl. threshold corrections (2-loop)
L | | | | el | | | |  —_—
10 10 2 10

pr (GeV/c)

30
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.. of understanding high energy collisions

Proton is a complex object AEAL > 1h
ApAxr > 1L h

£ 2

§ ... leads to scaling violation

me My Me Mg Mg My My

Agep ~ 200 MeV 175 4.5 1.3 0.3 0.00? 0.00? 0

31
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The QCD input: Z,

p-p and p-p collision overview (LHC and Tevatron)

.\ .|’ ’ ; ’. .. —
K1 .\‘° ..’. ’ :“ AN - Q “ féwTeV_
‘ln o® |? Y ] .l ) L i
R S B By o @ hard scattering
o ' @ Newm W 74
o o\ ® = VLGB 9 \\’. o & @ parton shower
ey G @Ak JY S P d=
" 5‘7/_ 23! I/ \\ ’.'.’ o =
.. -2, o o QED shower N
- 9. ' . —~
T . Agep =200 MeV (5
- 9-9- JiiBe | B ¥ T l-o;.!.."-- @ hadronization o
o= ..‘._ ‘ A b ¢ :. 30008 ',.-_'. .E
.- ®e- = TTTI000N0v00Y ©
- \ @ /| o ., @ hadron decay S
o:_—.‘...‘ \ @D -‘.;.. 0.-_. 20, .‘?‘: >\
..:z.f " M .E @ underlying event §
Xoy _ =
| . - o pile-up (overlap of 5
N WAL ) o . different collisions).
o \ R _."
o/ AL = 1\ *
e .0 - v @-¢ *
v ..' ' ." \. o] |..
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... can now confront with 1.LHC data!

Basic Observables

@ Pseudorapidity

<% emission angle of a particle from

S
mid-rapidity interaction point (“mid-rapidity” : n=0) :

St 0 1. (Ipl+p
° £ p:rnax=\l§12 exp(-1) n=—1Inltan [ = n=—-In ( L)
9'103— 2 2 |p| _ pL
5._ 0% 7\ <» when the mass of the particle is known
S102E /; ; D the rapidity is used :
;,,: : : I ‘l:-. 1447 m
3 8 1 E
10 :EI::: ::::g: =—ln( +pL)
BTy LT 2 E—pL
o T O © )
e 3 ;g;; g <% for EAS development, “forward” particles
c HEE S S (with large n) are most important
I el e
TR N B B @ Transverse momentum
% p,=\pi+tp,
LHC : First hadron C e
collider with full @ Multiplicity
coverage. <% number of particles in a given n and p;

range

Cosmic ray interactions probe the very ‘forward’ region




The QCD input: Z,,

* We used QCD in the standard collinear factorization formalism.

x So far this has been succesfully employed not only to explain ATLAS and CMS
results (central pseudorapidities), but even many observables at LHCb (mid-forward
pseudorapidities 2 < 7 < 5).

+* LHCf is able to investigate in very-forward rapidity regions (8.4 < 1 < o) the
production of ~'s, 7%'s, neutrons and light neutral hadrons, no charmed charged
particles :-(

x total cross-section for c¢ pair hadroproduction using NNLO QCD radiative cor-
rections in pQCD.

x differential cross-section for ¢ pair hadroproduction not yet available at NNLO;
use of a NLO QCD + Parton Shower + hadronization + decay approach.

x QCD parameters of computation and uncertainties due to the missing
higher orders fixed by theory, i.e. by looking at the convergence of the
perturbative series (LO/NLO/NNLO comparison).
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Predicting total #-secn in perturbative QCD
o(pp — cc) at LO, NLO, NNLO QCD

102

2
IIIIII|T| IIIIlI|T| IIIlII|'|] IIIIIIIII LLILLLLLL L 10

?l‘mﬂﬂ]_ﬂ'l'l'ml] ?l‘l'l’l‘lﬂl] ||||Im| I llllllll I l|l|||T| I Illllﬂl | ||||l|T| I ||||l|T| LR
E opp—;cc [mb] E o’pp—>(>(: [mb]
10 £ pole m_=1.40 GeV 10 e m(m)=1.27 GeV
R= 1 F o=
10 g 10 £ o
= = N
= - —
2 F 2 F ©
10 §g° 10 = O
i - 8
10 -3 | | IIIII|,|,| | IIII||,|,| 1 Il||l|,|l | IIIIIIII | Illlllll L 10 -3 / llllll,lll | I||IIIII | IlIIlI],l | |IIl||,|,| 1 Il||||,|l L E
3 S 7 9 3 5 7 9
10 10 10 10 10 10 10 10 2
Elab [GeV] Elab [GeV] a\
U
-—
pole mass scheme running mass scheme §
O

exp data from fixed target exp + colliders (STAR, PHENIX, ALICE, ATLAS, LHCb).

(Epbp = 106 GeV ~ E,, = 1.37 TeV)
(Epb = 108 GeV ~ E,, = 13.7 TeV)
(Epp = 100 GeV ~ Egpm = 137 TeV)
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Forward Charm Production & LHCDb

dzo(D)/dy/de (ub/GeV)

D° mesons, 4.0 <y <4.5 NNPDF3.0, Scales+PDFs, D° mesons, 3.5 <y <4.0 NNPDF3.0, Scales+PDFs, D’ mesons, 3.5 <y < 4.0

R LA L BN LB L L B B B

A LHCb data << FONLL << POWHEG
10° ¥ FONLL, scales+PDF —~ 10[ H —~ 1 H
ONLL scaless > E W avcenwo | = I aMC@NLO
@ FONLL, scales 8 B 1 o ]
1 = [ 1 = i

= B 1 =

10 ERa: ER E
J1 B = 14 2 3
1% 13 ]
18 | 13 ]
1 — © 1 — O 1 —

1 2 3 3 5 : - 1 2 3 T s 6 7 i 2 3 ) 5 =

b_ (GeV) P, (GeV) b, (GeV)
o B ' NNPDF3.0, scales+PDFs, D° mesons, 3.5 <y < 4.0

T T I T T T T I T T I T T T I T T S S S S —— — — ]
\/7 7 TeV E= POWHEG |
s="7T[TeV] . i
: %5 aMC@NLO

arXiv:1506.08025
arXiv:1302.2864 (LHCDb)

Ratio to central value

P IR S|
3

\ L
p, (GeV)

- We first validate our NLO predictions for forward charm production against

recent LHCDb data ... finding good agreement between the 3 calculation schemes
36



arXiv: 1506.

Small-x Gluon NNPDEFE: LHCb constraints

08025

We utilise charm production data from
LHCD to reduce the uncertainties in
the small-x gluon PDF

By implementing a Bayesian
reweighting technique, the impact of

the new data is estimated ... 75 data
points added to NNPDF3.0 analysis

The impact is negligible for x > 104, but
substantial in the smaller-x region

where data was previously unavailable.

At x ~ 105, we achieve a 3x reduction
in uncertainty

We utilise these improved PDFs to
make predictions for 13 TeV physics

NNPDF3.0 NLO a,=0.118

B no LHCb D°,D* data

S with LHCb D°,D* data (unw)f

g (x, Q° =4 GeV?)

A(g(x,Q%) ) for Q@?=4 GeV? NNPDF3.0 NLO

no LHCb D°,D" data
-------- with LHCb D°,D* data

80
60

Percentage PDF uncertainty
)
S
III|III|III|III|III*I’II'III'III'III'III
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Validation with LHC Run Il data @13 TeV

(¢*0)/(dydpr) - 107" [ub/(GeVe'))

i [LHCb DO POWHEG+NNPDF3.0L |
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I 1 GMVENS :
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pr [GeV/¢]
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Our new result: Z,

. The differential cross-section is generated at various E’ between 102 and 101 GeV
with POWHEG+PYTHIAS, and incorporates our updated NNPDF3.0+LHCD ...

¢p(E') A  do(pp — ccY; E'|E)

A
ph /E E(bp(E)UpA(E)

dE

Cross-checks made with aMC@NLO

pp — CGC, s =13.7 TeV 400 T, ls= )

> F _ Central  NNPDF3.04LHCb 1 S "F  NNPDF3.0+LHCD, a,(m) = 0.118 L -
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S e Mass G->v,, =0.102 ] S ERGECEETES POWHEG Total Uncertainty c->v,, = 0.102 3
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o . en en o N . 0 n
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s . 05 p;
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pp — cC, (s =13.7 TeV

Gauld, Rojo, Sarkar, Rotolli, Talbert, arXiv:1506.08025
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Benchmark NNPDF3.0+LHCDb data

« Predictions for prompt atmospheric neutrino flux adopting the broken power-law
(BPL) as well as H3A and H3P cosmic-ray spectra

Prompt Flux (Central Theory Prediction) Prompt Neutrino Fluxes
1073 pr———r—— T T T
5.x107- ] ;
’ TN <N 0,001 f:
— 1.x 1074 / el RN i N
%) ‘‘‘‘ \:\\\‘\\ ’f ~ 5
oo R I
5 I g -- BPL T ] - g 107% ]
T 1.x10° o o o
. 6* . HSA ’ (S I
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]_‘)(10_6“““ Ll Ll N | | | . —67
1000 10% 10° 108 107 108 e o oN S —
1000 104 10° 10° 107

**Scale, PDF, and charm mass uncertainty™”

Different cosmic ray spectrum parameterisations
=> significant differences in the expected flux above ~100 TeV



Consistency with previous calculations

Prompt Neutrino Flux (BPL)
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Consistent with recent lceCube data
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arXiv:1607.08006
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Conclusions

 The most important background for the detection of cosmic neutrinos
is the (uncertain) flux of prompt atmospheric neutrinos

o This can be calculated in perturbative QCD, incorporating;:

1. State-of-the-art calculation of charmed hadron production in the
forward region, validated against recent LHCb measurements

2. A small-x gluon PDF which is also constrained by LHCb data

- Current estimates are consistent with previous studies but provide a
more reliable estimate of uncertainties and alleviate the tension
between the previous empirical (ERS) calculation and IceCube data

The prompt flux should be seen soon (and provide a probe of low-x QCD)
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