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Shower at the Glashow
Resonance with IceCube
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Discovery of antimatter
(Carl Anderson, 1932)

e Cosmic rays in cloud chamber

* Long before the start of particle
accelerators
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THE APPARENT EXISTENCE OF EASILY DEFLECTABLE
POSITIVES

By Carl D. Anderson
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10%° eV charged particles do exist

Grigorov +—+—
Akeno
MSU —&—
KASCADE =

KASCADE-Grande e We know their energy spectrum over 11

all-particle loeTop78 s — orders of magnitude
iRes1&2 —-—
TA2013 v
Auger2013 ———
Model H4a
¢ CREAM all particle

Their sources (especially at the highest
energies) are still mostly unknown
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Charged particles diffuse and deflect
during propagations

E2dN/dE

RHIC TEVATRON

l LHC

R |

102 10* 10° 108
Eiot (GeV / particle)

Fixed target : i
l HERA Expected neutrinos




Discovery of neutrinos

Telegram by Reines and Cowan 1956
oo, RADIOGRAMM-RADIO GRAMME i v

VIA RADIOSUISSE"

NEWYORK I

detection of an

electron anti-neutrino e —+ p—n =3 e’

via inverse B-decay

You need a slab of lead of
1,000,000,000,000 meters to
scatter a 1 GeV neutrino

Link to paper



https://science.sciencemag.org/content/124/3212/103

W boson mass? - a shifted resonance energy

PHYSICAL REVIEW VOLUME 118, NUMBER 1 APRIL

Resonant Scattering of Antineutrinos

SuELDON L. GrasHow* ' 1 9 60

Institute for Theoretical Physics, Copenhagen, Denmark
(Received October 26, 1959)

The hypothesis of an unstable charged boson to mediate muon decay radically affects the cross section
for the process #+e — p+u~ near the energy at which the intermediary may be produced. If the boson is
assumed to have K-meson mass, the resonance occurs at an incident antineutrino energy of ~2X102 ev. The
flux of energetic antineutrinos produced in association with cosmic-ray muons will then produce two muon
counts per day per square meter of detector, independently of the depth and the orientation at which
the experiment is performed.

~2 TeV

Cosmic neutrino and the possibility of searching
for W bosons with masses 30-100 GeV in
underwater experiments

V. S. Berezinskii and A. Z. Gazizov 1977

Institute of Nuclear Reseach, USSR Academy of Sciences
(Submitted February 3, 1977)
Pis’ma Zh. Eksp. Teor. Fiz. 25, No. 5, 276-278 (5 March 1977)

The possibility is discussed for searching for W bosons in underwater
experiments with the aid of the resonant reaction v, + e ~——W ~—hadrons. The
resonance production of W bosons manifests itself as a narrow peak in the energy
spectrum of the underwater nuclear-electromagnetic cascades. For W-boson
masses 30-100 GeV (resonant antineutrino energies 9 10'—1x 10 eV) the
resonant effect should exceed by more than one order of magnitude the
background due to the nonresonant neutrino events.

PACS numbers: 13.15.+g, 14.80.Fs N5 PeV

The search for the W boson in underwater neutrino experiments is most effec-
tive with the aid of the Glashow resonant reaction!! Vg+e”— W-—hadrons. The
W-boson masses (my) from 30 to 100 GeV correspond to antineutrino energies
Eg=m}/2m, from 9x10% to 1x10'¢ eV, The W-boson mass in the Weinberg
model (my =70 Gev) corresponds to an antineutrino energy 5x10'® eV, Neutrino
fluxes of such energies, sufficient for the search for the W bosons, can be
expected from extragalactic sources. 2] The background due to atmospheric
muons is negligibly small at such energies, and the resonant production of W

Copyright © 1977 American Institute of Physics 254



Neutrino flux

~ 100 trillion neutrinos pass
through your body every second

1=
peV

Cosmological v

Solar v
Supernova burst (1987A)

__~Reactor anti-v

Background from old supernovae

Terrestrial anti-v

Atmospheric v

v from AGN

Cosmogenic
Vv

%

107 10° 10° 104 192 10'8
meV MeV GeV TeV PeV EeV

Neutrino energ




Neutrino interaction Deep inelastic neutrino-nucleon scattering
W|th m atte r * Charged current and neutral current interactions




Neutrino-electron scattering

at a neutrino energy of 6.3 PeV, the centre-of-mass energy

W= (80.5 GeV) is large enough to produce a real W boson
e 30 ‘
— v Total
10| --- vCC
...... v NC
10-32

| — 7 Total
M2 v Tota
s/ w - »CC

(S—M%V)2+F%I/M%V I

O'(S) = 247[F%VBw—_,‘7€+e—

NE 103
- _ _ e
Ve+e —W™ = v +1 :
10°°
Vete —W™ = X | Y The Glashow resonance
10% | A factor of 300 boost

ER —_ MI%V/(Zme) — 632P€V 10_39101 1?10 10°  10° 10° 10 10° 10° 10° 10%  10%

E [GeV]



Neutrino cross

section

~MeV neutrinos need ~1 light

year of lead to interact
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Big Bang

SuperNova

Reactor

Terrestrial ;=
L:orpe-xin“
KamLAND

LvD

ceCUbeTYINGL

yper-K

LBNE

SNO+
LAGUNA

WATCHMAN

Accelerator

Cosmic

MINOS +
T2K H
w28 Atmospheric
Hyper-K
LBNO
RADAR
CHIPS
LBNE
MINERVA
MicroBooNE
MiniBooNE+
ICARUS/NESSIE
LAr1, ScINOVA
DAESALUS

1012 1014 1016

Neutrino Energy (eV)
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High energy events are likely to come from southern sky

a Vertical

Core—-mantle
boundary

Transmission probability

Horizontal 102 103 104 10° 106 107 108
Neutrino energy (GeV)

In-earth flux attenuation
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THE ICECUBE NEUTRINO OBSERVATORY

IceCube Lab
e e IceTop
I | g Sl 81 Stations
50 m RO i S e 324 optical sensors
|
‘ IceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

Amanda Il Array

1450 m (precursor to IceCube)

DeepCore

8 strings-sr)acing optimized for lower energies

480 optical sensors

Eiffel Tower
324 m

2450 m -
2820 m

Cherenkov detector in ice, 4pi acceptance 12



1998

Super-Kamiokande collaboration announces
evidence of nonzero neutrino mass

NT200 heutrino detector in Lake Baikal completed

2000

AMANDA (Antarctic Muon And Neutrino
Detector Array) at the South Pole completed

2008

ANTARES (Astronomywith a Neutrino Telescope and
Abyss environmental RESearch) neutrino detectorin
the Mediterranean Sea completed

2013

IceCube discovers astrophysical neutrinos
with energies greaterthan 10™ eV

2014

IceCube discovers highest energy neutrino to
date, nicknamed Big Bird (2x 10" eV)

2015

lceCube confirms cosmic neutrino flux with
muon neutrinos traversing Earth, including a
7x10% eV neutrino

2018

Science papers describe first detected source
of neutrinos—active galaxy TXS 0506+056,
identified in 2017 by first successful
multimessenger campaign

—© 11999

lceCube submits proposal for cubic-kilometer
South Pole neutrino detector

—© 1 2001

AMANDA publishes first neutrino sky map
with 600 events in Nature

2010

lceCube construction completed

13
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Active veto
\l-l /Veto Vp'l'
‘ 4

v

Veto detects penetrating muons
Effective volume smaller than detector
Sensitive to all flavors
Sensitive to the entire sky

Up-going tracks
Air shower >6(QuUbe }-dominated
"""" vonly
North
l Atmosphere
(exaggerated
)
Air shower

Astrophysical source

Earth stops penetrating muons
Effective volume larger than detector
Sensitive to v, only
Sensitive to “half” the sky

15




Events per 2635 days

The diffuse neutrino flux
W|th H ES E (high-energy starting events)
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Does the spectrum stop?
Why no Glashow resonance?
-> Need to explore event selection dedicated at PeV range

I [} L]
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Highest energy event ~2 PeV
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y [m]

PeV Energy Partially-contained Events (PEPE)

IHESE 'EHE, >1 PeV, v, BDT>=0.5
1000 T | |

500

Events / year / bin

—500 -

]

| | 1
—-1000 -500 0 500 1000

—1000

X [m]



Selection

Partial contained PeV events “PEPE” — BDT based event selection

* Large background from atmospheric muons
Train BDT on 11 features

hs_z_travel hs_z_travel

rho_travels

rho_travels

1og10(ImpLF_rchi2) logl0(ImpLF_rchi2)
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normalised, arbitrary unit

bkg testyyys 2014/t€Sta12

A boosted decision tree based method

Supressing background to 1 in 10 million

¢ test bkg (50% BS 2013+2014)
| test bkg (100% BS 2012)
# testing signal (50% nu_e)
training signal (50% nu_e) 0 T
| training bkg (50% BS 2013+2014) 10 = CR mixed
see®
seceoe . i 1 === nue >1PeV
. 10 ¢ 1
& all nue
s -2 - = proton
. 10 3 H
== Jron
a 3 numu
4 c 10
| O - nutau
-]
-4 data 2015
510
i
-5
10 7}
-6
J | 10
______ o L_ }__;_t,.g,_..._oﬁ_._.,.tl _ra 2 i 51 Lo ’_4_’ 3 LLL s Pl R -7 I"-..,.‘."""‘
}'i" I"f o e mh Rt ; |‘| 107 |
I NPE>1000 !HéSE !EHE-Ialert minl‘)OM Ballloon oontaihment > 0|.05 > 6.15 > 6.25 > 0.35 > 045
-15 -1.0 -05 0.0 05 10 15

BDT Score
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X2 previous search
sensitivity at the
Glashow resonance
energy

Effective Area [m?]

=
o
W
!

‘—|__-r—__—a--|—-—._.|-

ririri
LILnd

100

[y S

contained CC
contained NC
contained GR
partially-contained CC
partially-contained NC
partially-contained GR

_|-1__—F'I-._—l I'—-'I.J-_

=

6.65

6.70

6.75

6.80 6.85

6.90 6.95 7.00

W

PEPE/HESE

2}o.o»cciongoioni.oo“oieo o -

—

6.65

6.70

6.75

6.80 6.85
logio(Ev[GeV]

6.90 6.95 7.00
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BDT scores above 4 PeV

BDT threshold 0.5

One event above 4 PeV with score 0.65

102

10t

107

10—

Event per 4.6 yr per bin

10—¢

I—--—-—--

]

Il o

1
|

) Gl

Data

Cosmic ray
Glashow resonance
Charged current

. Neutral current
BDT threshold

0.6

BDT score

1.0




Unblinded result — one event with multi PeV

\ A\
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* Energy reconstruction

* Direction reconstruction
* Background rate

* Glashow probability

* Systematics

22



Energy reconstruction — resimulations and
approximate Bayesian calculation (ABC) method

Physics model (emission,
absorption, scattering)

0 =(x1y206,09,E,1) X = qpom (t)

Maximize L(O|Xpata)

0.0141 50m Observation angle |]

0.012 — 40deg | e
- - 130 deg

10

0.010F

0.008}

Time delay probability [1/ns]

o o o
(@) o o
o o o
N ESN (0)}

—~—— _—
- i
_—

-
—_— — = =

200 400 600 800 1000 1200 1400
Photon detection time [ns] - - = - - - .

0.000
0




Energy reconstruction systematics

NIMA 711 (2013) 73-89

Considerations for this event’s energy reconstruction
1. Parametrization of bulk ice scattering and absorption
2. lce anisotropy

3. Energy scale calibration

-;'-: 21_7m(x10)
Six horizontal and six tilted LEDs on each DOM =

10
St I .
“Flasher” data used for calibration T . ., .
0 1000 2000 3000 4000 5000
time from the flasher event [ ns ]

photoelectrons in 50 ns bins

24



lce model calibration and uncertainties

Fit for bulk scattering and absorption parameters vs depth
Constraints can be placed on sca/abs scaling factors (+/- 5%)

global fit: with time

orptivity [m']
e

o
(=]
v

02

o
S
o
b

0.05
0.04

0.03

eff. scattering coefficient (m™]

0.02

absorption scaling factor

0.8 0.85 09 095 1 1.05 11 115 1.2
scattering scaling factor
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Reconstructed energy for different bulk ice models

Five distinct bulk-ice models

e Direct resimulation (as opposed te-6

. IceCube Pr(ﬂiminar)'/\ ——- sca +5%, abs +5%
to using look up tables) noon iy s
2.5 - fey : ‘| i ~—- sca +0%, abs +0%
E i ! \ r 4 r —--- sca +5%, abs -5%
. ] . ¥ : \ ! & 'll |\ —-- sca-5%, abs -5%
Linearly interpolate to obtain 7 AT iy e
E(sca, abs) and propagate to obtain s RN W
bulk-ice error = R AT
ot A
T
Vertex and direction reco’d as well 051 ’ \
s PN L. R
4.5 510 5i5 6.l0 6:5 7I.O 7i5 8.I0 8:5

E [PeV]



l[ce anisotropy systematic

Glacial ice exhibits anisotropic light attenuation

Exact causes unknown, but modeling ice as birefringent has been recently

put forth as a possible explanation for some of the features

See: arxiv:1908.07608

1.8

I
© 1.6} ‘£ .
8 1 4 8 e 8 g H ©
A :Jtﬁ e Be E
= 1.2t § q'« 4 o »
o | : ST
"é 1.0t °F° 1 : SR o
o e RN YT
“EJ,O.8— ,‘ t>/_<7 &1 o B3
S 0.6} © : E |
®) - '
0.4} *—I
-3 -2 -1 0 1 2

Slmulatlon assumlng lsotroplc photon propagatlon [

IceCube prel|m|nary

Relative azimuth angle between receiver and emitter
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Reconstructed energy for different anisotropies

Produced three discrete reconstructions for 3 different ice anisotropy
models, each with bulk-ice systematic included

le-7

IceCube Preliminary - L

Obtain energy uncertainty due to a 2N 32,2

—-== 3.2-emrm-depth
— Total

bulk-ice+anisotropy

e
\§

— e —




Energy-scale systematic

Rely on MIPs to calibration overall
energy scale

* Cor]stgant energy loss, know light 40 Average Charge vs. Track »
emission ' s 8 MC 6271 IC
* High stats 351 3 b ¥ datalIC
3.0 e o MC6271 DC
. data DC
Compare charge in datato MCasa 3, | ===
function of distance to DOM - Ny Look at data/
. . ) T - . - -
- Current estimate is +/- 10% g simulation ratio in
uniform uncertainty £ , IS
» 1.0 ’
. . . H
Final reconstructed visible energy: - '
-
6.05 + 0.72 PeV 0.0 20 a0 60 80 100 130 140

Track to DOM Distance (m)



The most likeliy neutrino energy

1.00 —————rrr———rrr = 1.4 le—8
. . . . ¥ E
3 . .
0.95 > 12 IceCube Preliminary
P
]
5 0.90 .g 10
*g —
“ 0.85 B
% % 0.8
:
v 0.80 ©
o | | | | o
(] ' .: .
T 0.75 , ; ; ; Neutron ) +0.30
: : : : P o I
0.70 BV .. S—— SRS SE— S T o I
) ) ; ; . S 02 |
. . K0,ong _% I
05— e = |
2 3 4 5 6 7 8 [
10 10 10 10 10 10 10 2 00 1
energy [GeV] 3 4 5 6 7 8 9

Neutrino primary energy [PeV]
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Early muons in
hadronic cascade!

Glashow Resonance

e Meson

Muons
7
$ —

v Hadronic Cascade
e

z[m]

=150+

-200{ °

~250+
~300
~350+
~400 -
~450 -
-500

134 13.6 13.8 14.0 142 144 146 148 150

PE per S ns

—1501

-2004 °

=250
-
= ~300
~N
~350+
~400
-450 1

~500 -

134 136 13.8 140 142 144 146 148 150

thom (us] thom (us]
DOM 54, string 67 d DOM 55, string 67
t<t, M t<t, |-||Ju ||
., il
I I 1 1 J I 1 1 I I
250 300 350 400 450 250 300 350 400 450
Time (ns) Time (ns) 31



angular resolution of
hadronic cascade

g | T Bosesceesappuunan e ool
14h 12h 10h
§ f Equatorial ‘

= Cascade+track 90% (model A)
= Cascade 90% (model A)
== = Cascade+track 90% (model B)
== = Cascade 90% (model B)
Cascade+track 90% (model C)
Cascade 90% (model C)

Improved by a factor of 5 compared to the
traditional cascade reconstruction
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Leading muon energy

Simulate muons with varying
energies along reconstructed
direction

Count how many strings observe
early pulses

Data observed N.,=1,

Eu,lead = 264‘t%£23461_ GeV

y [m]

15
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Atmospheric muon background rejection

With leading muon energy, can constrain atmospheric muon background
1. Take surface muon flux (calculated with MCEq)

2. Propagate to depth to get flux of muons intersecting with cylinder
around IceCube

3. Ask how many 6 PeV muons lose ~all its energy over 20m distance

P(E} < 100 GeV|E, lice)

Conservative estimate

~1.1e-7 events expected

lice [km]

- reject atm. muon hypothesis

E} [GeV]



Atmospheric v background rejection

Can also constrain atmospheric v background

A ~6 PeV neutrino produced in the atmosphere is produced alongside high-

energy muons . E, = 100 TeV
Astrophysical v, = Passing
Conventional v, ~ =ssss Total
. L— .
s 1 0_2 J Conventional v,
° = ] ——— Prompt v,

] —— Prompt v,

Expect 2E-7
atmospheric neutrinos
in 4.6 years of live-
time with similar
signature as data




Summary thus far

Shower energy: 6.05 + 0.72 PeV

Early pulses observed on three DOMs on nearest string

Leading muon energy: 26.4155% GeV

Combining two pieces = particle shower induced by astrophysical v/v




Interaction channels and visible energy

I NuE CC
median=0.144

mean=0.248

- 10!
e K P 4 —u |

W- Res TLKp £
hadronic CCDIS '§_10°
90% quantile=0.686
W-boson to hadrons 67% EM and hadronic shower
95% of total energy detectable EM typically dominates
. . 0.0 0.2 0.4 0.6 0.8 1.0
(inelasticity) inelasticity

Hadronic portion can produce secondary muons =2 early pulses!
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1.2
==+= data likelihood

[—1 Glashow resonance
[ CC nu (6.3 PeV) + proton

IceCube Preliminary

underflow: 1.61%

underflow: 45.8%
overflow: 0.26%

overflow: 0.09%

Probability per bin
o
(@p]

0.2 1
The leading muon
energy is consistent with 0.0 I
mu from W hadronicly ' 1 0 1 9 3
Leading muon energy log(E GeV)

decayed shower
38



Secondary muons

A function of the hadronic energy component

- 6.3 PeV hadronic shower is more consistent with data than CC
(assuming QGSJET-01C)

Muon energetics are well understood, but hadronic models more difficult
—> DPMIETIII, EPOS-LHC, SIBYLL, QGSJET-01C

Uncertainties are large and not well-constrained by data at PeV energies

Decide to evaluate based on reconstructed visible energy (~6.05 PeV) alone



Expectation rates

Dominant DIS background is CC nue
NC suppressed as flux drops off
Resonance clearly visible

Assuming single-power-law
astrophysical flux ~ E~44°

e Latest global-fit best-fit

Density

Events in 4.6yr per bin

0.5

0.4

0.3

0.2

0:d

0.0
4

[
o
&

=
o
N

[
o
&

— Cata

5 6 7 8
Visible energy [PeV] (posterior)

= GR h. - CC
- GR e. = NC

Visible energy [PeV] (MC)
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Likelihood ratio test

Assuming energy is sampled from inhomogenous Poisson point process

Single free parameter S with null § =0

Construct likelihood ratio T L(S) = B | [{BFB(E:) + SP5(Ei)}

10° E
: p = 0.01

10_1 - \

1072 -

L£(S = Sima)
£(S=0)

I' = log

Cumulative counts (normalized)

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Test statistic



What does nuebar mean for astronomy?
By measuring nu/nubar -> probe source environment directly

A+ {W++n 1/3 of all cases
™ +p  2/3 of all cases (7t + anything 1 /3 of all cases
{ 7~ + anything 1/3 of all cases
™ = pt oy, k7r0 + anything  1/3 of all cases

pt o et +v+ 1y,

Muon damped: strong B field and synchrotron
losses before muon decay

Source flavor composition | Earthly flavor composition | Earthly 7. fraction 5,;6

o (e : Gu : Or) (¢7 qb{: . ¢f) in cosmic neutrino flux
@)» 7% pairs (1:2:0) (1:1:1) 9/54 = 17%

w/ damped p* (0:1:0) (4:7:7) 6/54 = 11%
p— 1% 1% 1% v

+

@» 7+ only | (1:1:0) (0:1:0) (14:11:11) (4:7:7) 4/54 = 7.4%
w/ damped pt | (0:1:0) (0:0:0) (4:7:7) (0:0:0) 0




With one event it is still difficult

(but Gen2 would help)

Vastro 2.28 2.49 2.89
cDastro 432 70 645
PEPE pp 2.27 1.55 0.28
HESE pp 1.15 0.79 0.14
PEPE py 1.01 0.69 0.12
HESE py 0.51 0.35 0.06

Result strongly depends on
spectrum shape

2ALLH

2.5

2.0

1.0

0.0

Assume diffuse numu fits

" PP
* neutron decay

best fit no cut-off

single power law 1 sigma
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Towards to the

. ] 10 PeV key for linking with ultra high cosmic rays
highest energies
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Towards IceCube-Gen?2

IceCube
86 strings

125 m inter-string distance
60 OMs per string

1 km3 volume

Gen2
120 new strings
240 m inter-string distance
80 OMs per string

8 km3 volume

e events
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Conclusion

* First hint of Glashow resonance after 60 years of theory prediction
(only possible with accelerators from nature)

e Consistent with standard model (W boson mass)

* Open a new window to study particle physics from extreme sources
with nu/nubar ratio

* Future Gen?2 is going to be important to make statistical significant
conclusions on pp/pgamma
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From outer space, to the South Pole, to
your phone: A new AR app for IceCube
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