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Two seemingly unrelated questions —

c Where are the most energetic particles coming from?

@ What is the structure of matter at the smallest scales?
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Neutrinos interactions are weak ...

... but we are persistent

At center-of-mass energy of 1 GeV:

O, ~ 1028 cm?
O, ~ 10%° cm?

_ 1038 2
o,, ~ 107 cm
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Accelerator experiments
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Quasi-elastic

scattering: =
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Quasi-elastic
scattering:
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Deep inelastic
scattering:
v+ N->T+X
vi+N-=1"+X




How does DIS probe nucleon structure?

What you see Beneath the hood

vi(py) 0~ (pe) ve(py) £~ (pe)

W (q) u(pr)

X(px)
N(pn) N(pn)

(Plus the equivalent neutral-current process (Z-exchange))

Giunti & Kim, Fundamentals of Neutrino Physics & Astrophysics
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Peeking inside a proton

H1 and ZEUS
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The world of PDFs is complex
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Different QCD prescriptions
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Extrapolating the cross section to high energies
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Extrapolating the cross section to high energies

VE(PU) f_(pf)

u(pr)

SM
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Extrapolating the cross section to high energies
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Extrapolating the cross section to high energies

ve(py) €~ (pe)
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What can we measure now and later?

Center-of-mass energy /s [GeV]
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What can we measure now and later?

Center-of-mass energy /s [GeV]
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Neutrino, interrupted

A%

Marfatia, McKay, Weiler, PLB 2015
Connolly, Thorne, Waters, PRD 2011
Hussain, Marfatia, McKay, PRD 2008
Borriello et al., PRD 2008

Hussain, Marfatia, McKay, Seckel, PRL 2006 V
Hooper, PRD 2002
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Neutrino, interrupted
vV Isotropic flux of high-energy neutrinos
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Neutrino, interrupted

Many of these neutrinos are stopped by the Earth

Marfatia, McKay, Weiler, PLB 2015
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Measuring the high-energy cross section

Distance from Earth’s surface to IceCube

Optical depth to VN int’s =

Below ~ 10 TeV: Earth is transparent

Ty K 1

/TN
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Mean free path inside Earth

I

T(Eva ez) X OyN

Above ~ 10 TeV: Earth is opaque

/ Tup ~ 1




Measuring the high-energy cross section

Distance from Earth’s surface to IceCube
Mean free path inside Earth

I

Optical depth to vN int’s = T Ey, Bs) & O

Below ~ 10 TeV: Earth is transparent Above ~ 10 TeV: Earth is opaque
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Measuring the high-energy cross section

Distance from Earth’s surface to IceCube

Optical depth to vN int’s = Mean free path inside Earth

= T[Ey, Pz) & Oy

Below ~ 10 TeV: Earth is transparent Above ~ 10 TeV: Earth is opaque
e P-=N
A [N
N'V,'l.lp . e_TuP_ i~ e_UVN
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A feel for the in-Earth attenuation

Matter density [g cm™]
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Neutrino-nucleon CC cross section (055 +

Neutrino-nucleon cross section
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A feel for the in-Earth attenuation
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In-Earth distance to IceCube D [km]
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In-Earth distance to IceCube D [km]
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In-Earth distance to IceCube D [km]
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In-Earth distance to IceCube D [km]
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IceCube — What is it?

» Km?® in-ice Cherenkov detector in Antarctica
» >5000 PMTs at 1.5-2.5 km of depth

» Sensitive to neutrino energies > 10 GeV

e R R T T

Mauricio Bustamante (Niels Bohr Institute)



How does IceCube see neutrinos?

Two types of fundamental interactions ...

Charged-current (CC) Neutral-current (NC)

vi+N — | + hadrons /_\ v{+ N — v{ + hadrons
Kj—/ These shower and make light \—j
... create two event topologies ...

Showers — From CC v, or v, or NC v, Tracks — From CC v,, mainly

Bad angular resolution (10’s deg) Good angular resolution (< deg)

Mauricio Bustamante (Niels Bohr Institute)




Shower
(IceCube event #22)
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Track
(IceCube event #15)
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What has IceCube found so far (6 years)?

Mauricio Bustamante (Niels Bohr Institute)



What has IceCube found so far (6 years)?

80 contained events between 18 TeV — 2 PeV
(16 atm. neutrinos, 25 atm. muons)
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What has IceCube found so far (6 years)?

80 contained events between 18 TeV — 2 PeV
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Astrophysical v flux detected at > 70
(Normalization ok, but steep spectrum)
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What has IceCube found so far (6 years)?

Arrival directions compatible with isotropy

[
0.0 TS=2 In% L, Lo ! 12.6 C. Kopper, ICRC 2017
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What has IceCube found so far (6 years)?

Arrival directions compatible with isotropy

R ]

...................................

2

Post-trial p-value: 77%
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What has IceCube found so far (6 years)?

Flavor composition compatible with equal proportion of each flavor

—— HESE with ternary PID | & VelVy Ve at source
=== |ceCube APJ 2015 1.0 = 010 20
L ||
lceCube sl
2 0.8 16
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'—l
o

—2A log(Likelihood)

o N A~ O 0

Fraction of v,

M. Usner, ICRC 2017
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Contained vs. uncontained vN interactions

Contained events

Starting track Shower

Pro: Clean determination of E

Con: Few events (<100)

Ref.: MB & A. Connolly, 1711.11043

Mauricio Bustamante (Niels Bohr Institute)

Uncontained events

Through-going muon

Pro: Lots of events (~10k used)

Con: Uncertain estimates of E_

Ref.: IceCube, Nature 2017, 1711.08119




Cross section from contained events

» O, varies with neutrino energy = use events where E  is well-reconstructed

» These are IceCube High-Energy Starting Events (HESE):
» vN interaction occurs inside the detector
> /] Showers: completely contained in the detector (E;., = E,)

» X] Tracks: partially contained (E,_, < E,)

dep

» We use the 58 publicly available HESE showers (6-year sample)

» HESE tracks could be used
— but we would need non-public data to reconstruct E, without bias

Mauricio Bustamante (Niels Bohr Institute)



In-Earth distance to IceCube D [km]
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In-Earth distance to IceCube D [km]

Deposited energy Egep [GeV]
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In-Earth distance to IceCube D [km]
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In-Earth distance to IceCube D [km]
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In-Earth distance to IceCube D [km]
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In-Earth distance to IceCube D [km]
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Bin-by-bin analysis
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Sensitivity to o0 in each bin

Number of contained events in an energy bin:

Ny ~Qy-oyn-€ =Dy 0Oy e_LUVNnN

Downgoing (no matter) Upgoing (lots of matter)

Nv,dn o (D\, - OvN Nvjup ~ Nv,dn - €

Downgoing events fix the product @ - oy N Upgoing events measure oyN via T

Reality check:
Few events (per energy bin), so we are statistics-limited }

Mauricio Bustamante (Niels Bohr Institute)



The fine print

» High-energy v’s: astrophysical (isotropic) + atmospheric (anisotropic)
— We take into account the shape of the atmospheric contribution

» The shape of the astrophysical v energy spectrum is still uncertain
— We take a E™ spectrum in narrow energy bins

» NC showers are sub-dominant to CC showers, but they are indistinguishable
— Following Standard-Model predictions, we take o, = 0--/3

» IceCube does not distinguish v from v, and their cross-sections are different
— We assume equal fluxes, expected from production via pp collisions
— We assume the avg. ratio <0,/ 0 > in each bin known, from SM predictions

» The flavor composition of astrophysical neutrinos is still uncertain
— We assume equal flux of each flavor, compatible with theory and observations

Mauricio Bustamante (Niels Bohr Institute)



What goes into the (likelihood) mix?

» Inside each energy bin, we freely vary
» N
» N

» 7y (astrophysical spectral index)

(showers from astrophysical neutrinos)

ast

(showers from atmospheric neutrinos)

atm

> O (neutrino-nucleon charged-current cross section)

» For each combination, we generate the angular and energy shower spectrum...
» ... and compare it to the observed HESE spectrum via a likelihood

» Maximum likelihood yields o (marginalized over nuisance parameters)

» Bins are independent of each other — there are no (significant) cross-bin correlations

Mauricio Bustamante (Niels Bohr Institute)



What goes into the (likelihood) mix?

» Inside each energy bin, we freely vary

» N, (showers from astrophysical neutrinos)

» N ... (showers from atmospheric neutrinos)

» v (astrophysical spectral index) Including detector resolution

> O (neutrino-nucleon charged-current cross section) (10% in energy, 15° in direction)
y

» For each combination, we generate the angular and energy shower spectrum...
» ... and compare it to the observed HESE spectrum via a likelihood

» Maximum likelihood yields o (marginalized over nuisance parameters)

» Bins are independent of each other — there are no (significant) cross-bin correlations

Mauricio Bustamante (Niels Bohr Institute)




Our result
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Extending cross section measurements

102

Mauricio Bustamante (Niels Bohr Institute)

T T fllllll

T I[IIII!I T IIIIIII'I T IlIIIIII T III!IIII T II|!IIII T II'I!I‘II LI

1Y
L 4+ T2K(Fe)14 W GGM-SPSS81 ]
F <4 T2K(CH)14 ™ GGM-PS79 1
I Y T2K(C)13 ¥ IHEPITEP79 i
| A ArgoNeuT14 V IHEP-JINR 9% 1
| ® ArgoNeuT12 ® MINOS10
- % ANL79 A NOMAD 08 i
O BEBC79 ¢ NuTeVo06
- A BNLS82 X SciBooNE 11 .
¢ CCFRY7 ® SKAT79
O CDHS87
10 1 10" 102 10® 10* 10° 10°

Neutrino energy E, [GeV]

MB & A. Connolly, 1711.11043




Extending cross section measurements
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Extending cross section measurements
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How to do better / more?

» Currently, we are statistics-limited
— Solvable with more data from IceCube, IceCube-Gen2, KM3NeT

» Large errors in arrival direction (~10°) give errors in attenuation
— Solvable with ongoing IceCube improvements + KM3NeT

» Charged-current + neutral-current cross sections are indistinguishable
— Solvable (?) with muon and neutron echoes (Li, MB, Beacom 16)

» Cannot separate v from v
— Wait to detect Glashow resonance (~6.3 PeV), sensitive only to v,

» Use starting tracks / through-going muons
— Doable / done by IceCube (more next)

Mauricio Bustamante (Niels Bohr Institute)




Using through-going muons instead

0.9 |
» Use ~10* through-going muons ; ~=~Neutrino
0.8 =+ Antineutrino
> Measured: dEp/dx 07 —Weighted combination
> —
> Inferred: E, = dE /dx o6 Thisiresult
» From simulations (uncertain): £ 05
most likely E given E S04
. . 03
» Fit the ratio 0,/ 0g, W
0.21 +0.39 ©02 -
1.30 19 (stat.)g45 (syst.)
: : 0.1
» All events grouped in a single
0.0

energy bin 6-980 TeV 1.6 | 95 - 35 £y 45 i 55 - 6.5

log,o(E, [GeV])
IceCube, Nature 2017

Mauricio Bustamante (Niels Bohr Institute)



Bonus: Measuring the inelasticity (y)

» Inelasticity in CC v, interaction v, + N — p + X:

Ex=yE, and E =(1-y)E, = y=(1+E,/Ey’ y
» The value of y follows a distribution do/dy MuonEtraCk
tr

» In a HESE starting track:

Ey = E (energy of shower)

y - (1 + E’ar/Esh)_1
E, = E, (energy of track) }

Hadronic shower

» New IceCube analysis: Eq,

» 5 years of starting-track data (2650 tracks)
» Machine learning separates shower from track
» Different y distributions for v and v

Mauricio Bustamante (Niels Bohr Institute)



Bonus: Measuring the inelasticity (y)

» Inelasticity in CC v, interaction v, + N — p + X:

Ex=yE, and E,=(1-y)E, = y=(1+ EH/EX)-l 071 Preliminary
0.6 -
The val f y foll distribution do/d _
» The value of y follows a distribution do/dy 05
» In a HESE starting track: C>* 0.4
0.3 -
E,=E f sh _
EX ESh (energy Of ” 01‘:761‘) } y=(1+ E./Ew)" o2 T
. = E,, (energy of track) - s
—— Flux-averaged CSMS
» New IceCube analysis: T R T TR VI
» 5 years of starting-track data (2650 tracks) E, (GeV)

» Machine learning separates shower from track
» Different y distributions for v and v

Mauricio Bustamante (Niels Bohr Institute)
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Bonus: Measuring the inelasticity (y)

» Inelasticity in CC v, interaction v, + N — p + X: 100% v,

Ex=yE, and E,=(1-y)E, = y=(1+E,/Ey’ z 100

» The value of y follows a distribution do/dy

- 60

» In a HESE starting track:

Ey = E, (energy of shower) L 40

Confidence Level (%)

=(1+E,/E,)"
E T E, (energy of track) } 4 ( t h)

L L 2
» New IceCube analysis: % Lebdaa
» 5 years of starting-track data (2650 tracks) & & S .
» Machine learning separates shower from track 670 oy s e Né\o\] e
» Different y distributions for v and v 0o o s '\QQ

See presentation by Spencer Klein, ISVGHECRI 2018

Mauricio Bustamante (Niels Bohr Institute)



Quo vadis: IceCube vs. ANITA/ARA /ARIANNA

Center-of-mass energy /s [GeV]
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Quo vadis: IceCube vs. ANITA/ARA /ARIANNA

Center-of-mass energy /s [GeV]
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Quo vadis: IceCube vs. ANITA/ARA /ARIANNA

Center-of-mass energy /s [GeV]
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Summary

» We extracted the neutrino-nucleon cross section from 18 TeV to 2 PeV
— Previously known up to 350 GeV

» Found consistency with Standard-Model predictions
» Errors are still large due to statistics and astrophysical unknowns

» But both will be improved in the future

Already today, neutrino telescopes
are probing fundamental particle physics

Mauricio Bustamante (Niels Bohr Institute)
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Marginalized cross section in each bin

TABLE I. Neutrino-nucleon charged-current inclusive cross
sections, averaged between neutrinos (09;(\?) and anti-
neutrinos (osy), extracted from 6 years of IceCube HESE
showers. To obtam these results, we fixed oSN = (0S8 /oSN -
oSN — where (055 /oSN is the average rat1o of U to v cross
sections calculated usmg the Standard prediction from Ref.
60] — and oDy = 05§ /3, o058 = 055 /3. Uncertainties are

statistical plus systematic, added in quadrature.

E, [TeV] (E.) [TeV] (o5n/oun) logi[5(oun + opn)/cm’]

18-50 32 0.752 —34.35 + 0.53
50-100 75 0.825 —33.80 + 0.67
100-400 250 0.888 —33.84 4 0.67

4002004 1202 0.957 > —33.21 (10)

MB & A. Connolly, 1711.11043

Mauricio Bustamante (Niels Bohr Institute)



Neutrino zenith angle distribution

101 . Some neutrinos
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Neutrino baseline inside the Earth
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Average Earth matter density

Detector depth: 1.5 km |

N -
|

AN

Average matter density [g cm ]

N

— Interpolated
---  Exact

O 1 |
-1.0 -0.5 0.0 0.5 1.0
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vN interaction length inside the Earth
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Angle-averaged absorption inside the Earth
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Energy and angular shower spectra

Rate from all flavors, CC + NC:
d2 Ny, dQNEfﬁi d? Ns‘fﬁ d?Ngg

— B T—8
dEgdcost, dEgdcost., + _r0_8}3h dFEg,dcos b, +3; _ dE g dcosb.,

Contribution from one flavor CC;

d* N3
dFEg,dcos 6.

Eg,c080,) ~ —27mpi . NAVT { &)(E,)oS (E,)e ™ Ent) 4 & B ))o S8 (B, )e ™V Evd)
v N { N /
) ) E,=Ew/fi.cc

Conversion between shower energy and neutrino energy:

B 1 forl =e and t =CC
fit = E?h ~< [(y) +0.7(1—(y))] ~08 forl=7 and t=CC
v (y) ~0.25 forl =e,u,7 and t = NC

MB & A. Connolly, 1711.11043

Mauricio Bustamante (Niels Bohr Institute)



Detector resolution

Number of contained showers:

dgj\rgh _ /dE /dcose: dQA'TSh R (E Er o (E ))R (COSQI COSQ o )
dEdepd cos 0, e | “dEqgd cos 5"2 EATshy Pdepy BELSh /T z? zs Y cost;

Energy reS()lution: [Palomares-Ruiz, Vincent, Mena PRD 2015; Vincent, Palomares-Ruiz, Mena PRD 2016; MB, Beacom. Murase, PRD 2016]

1 E51 - F e 2
RE(ESII? Edep?JE(Esh)) — > CXp [_( 21 9 Ed p) ] with JE(Esh} = 0.1Ey,
\/QWJE (Esn) o5 (Ean) IceCube, JINST 2014

Angular resolution:

1 0 — cosf,)?
RE"(COS 9;? cos 923 Jcosﬁ';) = exp —(COS z 5 cos )

27‘1’0’(2_05 9 Qacos .

1 -
—[|cos(6. + 0g.) — cosb,| + |cos(f, — 0y.) — cosB.|] and 5. = 15°
2 MB & A. Connolly, 1711.11043

Wlth Ocosf. =

Mauricio Bustamante (Niels Bohr Institute)



Likelihood

In an energy bin containing N° observed showers, the likelihood is

1
|mmmmmmmmememeeea—————- : o—(Natm sty N
1 s O £ 1 g ’
i Fach energy bin is independent ;£ = —rop 114

sh - i—1

Partial likelihood, i.e., relative probability of the i-th shower being from an atmospheric
neutrino or an astrophysical neutrino:

atm at 111 ast myast
] Depends on o, ® L;= J?\;rsh J?\;rsh P:i
i S — ]
El]lr\.\ 1 2 _]- 2 : ------------------- :
atm dep d Arétlrm d N;}f‘“ ' PDEF for this shower to be |
P? — dEdep d COS 92 : ) 1
Ein 1 d Eqepd cos 6. d Eqepd cos 6. ). ' made by an atmospheric v ,
dep de i:C08 | e o e e e e e e '
Emﬂ'\ 1 2 arTast -1 2 nrast : ------------------- :
past dep dE d cos d"Nj; d"Ng, ' PDF for this shower to be |
T Lide / z
' Emin o dEqgepd cos 0, dEq4cpd costl, 0. ' made by an astrophysical v :
dep de COS .
MB & A. Connolly, 1711.11043 e s o i
See also: Palomares-Ruiz, Vincent, Mena PRD 2015; Vincent, Palomares-Ruiz, Mena PRD 2016 " Depends on vy and (N, :

Mauricio Bustamante (Niels Bohr Institute)



Best-fit values and uncertainties

TABLE II. Best-fit values and 1o uncertainties of the nuisance parameters in each energy bin: number of showers due to
atmospheric neutrinos N2i™, number of showers due to astrophysical neutrinos N3, and astrophysical spectral index ~.

L, [TeV] NG™ NG gl
18-50 4.2+49 114+ 3.5 2.38 £0.31
50-100 6.3 +5.3 11.74+4.5 243 +0.31
100-400 6.4 £6.0 129 £5.2 2.49+0.31

400-2004 1.2+ 1.0 1.73 = 0.89 2.37+0.32

MB & A. Connolly, 1711.11043

Mauricio Bustamante (Niels Bohr Institute)
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