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Overview

neutrino

 Neutrino telescopes
- why is QCD relevant?
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=\ech

e Challenges:
- data-driven
- theoretical (skipped for time)

« BGR18 predictions
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Neutrino messengers

Credit: IceCube/NASA
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« Weakly interacting, point to production source (unhindered after production)

e Indicative of cosmic ray accelerators (come from charged pion/kaon decays)
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Neutrino messengers

Credit: IceCube/NASA

Multi-messenger observations of a flaring blazar

coincident with high-energy neutrino
IceCube-170922A

The IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, HE.S.S,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool telescope, Subaru, Swift/ NuSTAR,
VERITAS, and VLA/17B-403 teams *

Individual astrophysical sources previously detected in neutrinos are limited
to the Sun and the supernova 1987A, whereas the origins of the diffuse flu>
high-energy cosmic neutrinos remain unidentified. On 22 Septembef 2017 we
detected a high-energy neutrino, IceCube-170922A, with an energy (of ~290 terra—
electronvolts. Its arrival direction was consistent with the location 0fa known
~v-ray blazar TXS 0506+056, observed to be in a flaring state. An extensive
multi-wavelength campaign followed, ranging from radio frequencies to -
rays. These observations characterize the variability and energetics of the
blazar and include the first detection of TXS 0506+056 in very-high-energy -
rays. This observation of a neutrino in spatial coincidence with a y-ray emit-
ting blazar during an active phase suggests that blazars may be a source of
high-energy neutrinos.

« Weakly interacting, point to production source (unhindered after production)

e Indicative of cosmic ray accelerators (come from charged pion/kaon decays)
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Neutrino messengers

Credit: IceCube/NASA
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« Weakly interacting, point to production source (unhindered after production)

e Indicative of cosmic ray accelerators (come from charged pion/kaon decays)
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Neutrino-nucleon Deep Inelastic Scattering
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Neutrino-nucleon Deep Inelastic Scattering

4 )

s=(k+p)? =m3y+2myE,

Total CoM Energy
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Neutrino-nucleon Deep Inelastic Scattering

§ = (k+p)2 :m?\,+2mNEV Q? = —q¢° = —(k—k’)2
Total CoM Energy Q° €[Q%,,,2mnE,]
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Neutrino-nucleon Deep Inelastic Scattering

S = (k—|—p)2 :m?V—FszEV QQ :_q2 :_(k_k/)Q
Total CoM Energy Q° € [Qiin,
4 5 q . B E/ )
D .
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Neutrino-nucleon Deep Inelastic Scattering

s=(k+p)? =m3+2myE,
Total CoM Energy

_apr_, ¥
Y = -5

Elasticity, v € |0, 1]
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Neutrino-nucleon Deep Inelastic Scattering

dQUgg N (2, Q°,E,) G2 M ’ ’ .
T @ R Y+F2ggéN(WzFécé%@%
Kinematic 2 :
ore-factor Fi(x,Q~) — DIS Structure functions (QCD)

Note: Yy =14 (1 —y)?
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Example, 500 PeV neutrino (5 x 10° GeV)

Fraction of inclusive cross-section within contours
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Example, 500 PeV neutrino (5 x 10° GeV)

Fraction of inclusive cross-section within contours
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D-hadrons at LHCb

pp—CC, \s =7 TeV
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D-hadrons at LHCDb
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Example, 500 PeV neutrino

Fraction of inclusive cross-section within contours
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Bringing it all together

e Perturbative accuracy

- NNLO+NLLx accurate predictions for Structure Functions
- APFEL Bertone, Carrazza, Rojo, arXiv:1310.1394
- HELL: Bonvini et al., arXiv:1607.02153, 1708.07510, 1805.06460, 1805.08785

« Parton distribution functions

- NNPDF3.1sx free protons, arXiv:1710.05935 A
- LHCb D-hadron data, arXiv:1302.2864, 1510.01707, 1610.02230

« Heavy quark mass effects

- FONLL matching scheme, Forte et al., arXiv:1001.2312
- Top quark mass effects included at NLO, e.g. v 4 g4 — /— +t

 Nuclear corrections (Target is H,O ) =l
- Obtained with EPPS16 nPDFs, Eskola et al., arXiv:1612.05741 | \K I
1 Z =8 "%-.J f@”
FH20 = —— _(2FP 4 ZFPA L NF™*)  ny_s
2+ A A=Z+N
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Results - BGR18
For details: Bertone, Gauld, Rojo, arXiv:1808.02034

(anti)neutrino-nucleon CC cross-section

o I T T T T T T T
= 5
~ 10
~—
P2
Ub|> A
+ 10 /a‘
Oz T
O > -
@) e
~ 10’ ‘,,/ NN3.1sx NLO
) -
)~ NN3.1sx+LHCb NLO+NLLx
102 (/'/jm -1 SIS NN3.1sx+LHCb NNLO+NLLx
Pl | —>¢— IceCube 6-year HESE showers
/
| 41 - - - - - - -
O 12L| o L o o o o o o =
—] ' =
Z —
o
—
o
=
<
a7

1 PeV E, 5 [GeV]

e Nuclear corrections relevant in PeV range

e Theoretical predictions stable (<10% unc.) into multi PeV range
Rhorry Gauld, Nikhef Jamboree 2018 19



Results - BGR18

For details: Bertone, Gauld, Rojo, arXiv:1808.02034
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e Significant differences (10%) w.r.t. to older benchmark calculations

e Origin understood, more accurate BGR18 predictions should be used
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Measurement of the multi-TeV neutrino cross section with IceCube using Earth
absorption
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e Origin understood, more accurate BGR18 predictions should be used
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Neutrino telescopes

Laboratory

Digital Optical Module
DOM

86 strings

5160 optical sensors

Copyright: LHCb/CERN

Collider experiments
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Nuclear corrections

1
Mass averaged Structure Function: [ 20 — 5T A (ZFP + ZFPA LN F’”f»f“)
UHE neutrino-Water cross-section: ovH,0(Ey) = 1—8(20Vp(E,,) + o,0(Ey)) .
o, B
O'VHQO(EV) ~ 2 1(8 V) (2 —+ RI/O (EV)) i
o 1.2
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Computed with EPPS16

Can also use D-hadron data in p-Pb:

Gauld - arXiv: 1508.07629
LHCDb - arXiv: 1707.02750
Kusina et al. - arXiv: 1712.07024
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Perturbative stability
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C, ref.
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charm-quark (pair) production - LHCb

Exclusively reconstruct D-hadrons wit
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Measurements performed double differentially in pflr) and YD

2 2
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Measurements performed at multiple hadronic CoM values
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xg(x,Q° = 4 GeV?)

xg(x,Q° = 4 GeV?)
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For details, R. Gauld, J. Rojo: arXiv 1610.09373
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4 GeV?)

2(x,Q%=4 GeV?)/ g (x,Q°
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Chi-squared values for NNPDF3.1sx fits - Bertone, Gauld, Rojo: arXiv 1808.02034

31



Example, 500 PeV neutrino

Fraction of inclusive cross-section within contours
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Impact of LHCb data on UHE cross-section

(anti)neutrino-nucleon CC cross-section
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Results - BGR18

For details: Bertone, Gauld, Rojo, arXiv:1808.02034
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e Nuclear corrections relevant in PeV range

e Theoretical predictions stable (<10% unc.) into multi PeV range
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D-hadrons at LHCb

pp—cC, s =7 TeV
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O [pb]

10

Next on the agenda...

In progress: RG, arXiv:1901.XX

:I:IIII| I 1 IIIIII| I IIIIII| I 1 IIIIII| I IIIIII| I T T I IIIIIE
e o<C DIS predictions = NNLO+NLLx —
= vH,O _ =
— cC *  PDF = NNPDF3.1sx+LHCb =
e 0 n —
vH,0 " .
NC »  Nuclear corrections = EPPS16
O-\/H O '
NC ' =
OVHZO =
ST 05, ; Ve
// - 'i' | c vV 7!
‘4."“ ) ... V, v
11 | IH'I'I‘II L1l | 1111 L1l | | II]I‘IIJ L L L
10* 10° 10° 10 10° 10 10"
E, [GeV]

36



