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Outline

1. Neutrino-nucleus W-boson and trident production (1910.08090, 1910.10720)

2. Dimuons from neutrino-nucleus interactions in neutrino telescopes
(2110.02974)
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Part 1: W-boson and trident production for
high-energy neutrinos
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Detecting neutrinos through neutrino interactions

Deep inelastic scattering (DIS) dominates (=1% precision)

V/V/V:  (Charged current) e/u/t VeVi/Ve  (Neutral current)  Ve/Vy/Vs

W boson Z boson

(Nucleus) (Final states)
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Much more data needs study subdominant interactions

Deep inelastic scattering (DIS) dominates (=2% precision)

V/V/V:  (Charged current) e/u/t Ve/Vi/Vi  (Neutral current)  Ve/Vy/Vr

W boson Z boson

(Nucleus)
A

(Final states)
X A X

Increasing data demands studying subdominant interactions

Detector Size Status Detector Status
lceCube 1 km?3 Running for ~14 yrs FASERv Neutrino beam Running
KM3NET 1 km?3 Running FASERv2 Neutrino beam Proposed
Baikal-GVD 1 km3 Running, constructing
P-ONE multi-km3 Proposed
lceCube-Gen2 10 km3 Proposed
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Photon coupling to nucleus

Deep inelastic scattering (DIS) dominates (=2% precision)

V/V/V:  (Charged current) e/u/t Ve/Vi/Vi  (Neutral current)  Ve/Vy/Vr

W boson Z boson

(Nucleus)
A

(Final states)
X A X

Subdominant interactions”? Photon coupling to the nucleus!

Ve/vu/vr 4

A X
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Two other processes may matter

(on-shell) W-boson production Trident production
Vi
v
A A
(Nucleus) (Nucleus)
Vo+A-oe + W+ A
v+ Ao+ W+ A 5 channels per flavor

v,+ A>T +WT+ A
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Goals of our work

1. Cross sections

Coherent
Diffractive
Inelastic

AN

I {Alikhanov 2016

Seckel 1998
(coherent only)

vuAr—veetu~ Ar v, 0—-e " W*X

Tridents, coherent only W — boson production

102 10% 10* 10° 10° 107 108
E, [ GeV ]

(BZ, Beacom, 1910.08090, PRD)

2. Effects on detections, etc.
(Never studied before)
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Part 1.1: Cross section calculations
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Cross section with free photon, instead of nucleus
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Tridents and W boson production are related
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Cross section with free photon: different flavors

(BZ, Beacom, 1910.08090, PRD)
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From cross section with photon to with nucleus

Photon from the nucleus — three kinetic regimes

Coherent (elastic) Diffractive (elastic) Inelastic

Figure from: Alikhanov, PLB, 2016 and modified
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Coherent and diffractive: Invalidity of equivalent photon approximation

(or Weizsacker-Williams approximation)

Equivalent photon approx. But not valid for us
W-boson production Tridents
e (p1) . > e (p2) , w
Y (q) v -
A A Y —

pl = (Ela Oa O’ El)
p, = (E,, 0, E,sin0, E,cos0); cosO=1 Ballett et al., 1807.10973 showed the invalidity of

g’ = (py-p1)* = E|E,(1-cos0 ) = 0, on shell photon. EPA for tridents.

We show invalidity for W boson production, for the
~ first ti
Oea(s) = fo'ey(sey) Hy(sey»qz) rstime
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Coherent and diffractive: complete approach

. —ig d?c 1 MV [ 1V
—JU HY pv. vX _ . . :
LM =L q2 > dq?ds  som2(s—M2)? a4t (WBP as an example, similar for tridents)
d?oy, . All lines below are for v,
dq2d§ B Seckel, coh. only
1 1 ) ) Alikhanov (EPA)
T 2 a T 2 a L 2 a L 2 a == QOur full calculation
2 A 2 [O-V]/(q ,S) hX(q IS) + O-V]/(q ,S) hX(q ,S)] E \
32m“ Sq ; N\
Transverse Longitudinal
T o 2y — _ L1( pv_ 4Q° u y .
O-vy(S:q ) = _2_§E(gu 3z P1P1 Ly,
Lo a2y — _ 14Q% pu vy,
O-vy(S:q ) = T3 2 P1 plLuVa
T/L .
hy'~ inludes the form factors.

Diffractive regime: included Pauli-blocking effects

for the first time assuming ideal Fermi gas of
nucleons with equal density EPA is not good. Pauli blocking should be included.
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Use Photon PDF (CT14, 1509.02905)

Use MadGraph for calculation.

Choose s,, as the factorization scale.

Bei Zhou (JHU)

IREIER T

(BZ, Beacom, 1910.08090, PRD)

Inelastic only

Alikhanov, v,
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(WBP as an example, similar for tridents)
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Total neutrino-nucleus (Oxygen) cross section

(BZ, Beacom, 1910.08090, PRD)

W-boson production:
First comprehensive calculation

Tridents:
First calculation at TeV—PeV
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Part 1.2: Detections Iin IceCube/lceCube-Gen?2
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Ratios to CCDIS cross section

—y,+A—>e" WTA'
— AT WA
—y +A—ST  WTA'

¢ Seckel v, (iron) ", Implications:

S
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1. Neutrino absorption in Earth
(Increase as large as ~15%)

2. Detections in IceCube, etc.
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(BZ, Beacom, 1910.08090, PRD)
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Brief review of IceCube detection

u track
mainly vu CCDIS

Bei Zhou (JHU)

(BZ, Beacom, 1910.10720, PRD)

Double ba.ng/pulse (1)
(vt CCDIS >~1e5 GeV)

Shower
(e or hadron)
e: mainly from ve CCDIS
hadrons: All CC/NC DIS

EM shower (e)

VS
Hadronic shower

FLArE physics meeting (Dec 06, 2022) 18



WBP/tridents mainly showers

Ve tA> e

v, +A-> u+ W+ A

w

AI

v, +AS T+ W+ A

Bei Zhou (JHU)

(BZ, Beacom, 1910.10720, PRD)

W decay
— e (11%)
- U (11%)
- T (11%)

— hadrons (67%)

FLArE physics meeting (Dec 06, 2022) 19



Shower spectrum: WBP/tridents detectable

For 10 years observation by IceCube (=1 year lceCube-Gen2)

Conservative case X Optimistic case

Glashow : ) Glashow

. > resonance _ resonance
W-boson production e W-boson production L

(sum of 6 flavors) \ (sum of 6 flavors)

~ 6 WBP shower events (> 60 TeV) (B4 Beacom, 191070720, PRD)
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Novel signatures from WBP/tridents

(BZ, Beacom, 1910.10720, PRD)

1. Double track/Dimuon (showerless) 0.34 events > 60 TeV, 10yrs IceCube or 1yr Gen2
Mainly from: v, + A->u+W + A" with W-pu
2. Track without shower 0.96 events ......

Mainly from: v, + A-> u+ W + A" with W - u, and two tracks are inseparable
Ve +A—- e+ W+ A" with W—-pu, and e energy is low

3. Pure EM shower 0.82 events ......

Mainly from: v, + A—-e+ W+ A" withW-e

Bei Zhou (JHU) FLArE physics meeting (Dec 06, 2022) 21



Encouraging hints from current lceCube data

(BZ, Beacom, 1910.10720, PRD)
Measuring neutrino cross section

_ S— Diffuse Astrophysical vu Spectrum
Event topology | e

& Antineutrino
— Weighted combi 1.050 =

— This result

O 1.025 -

1.000 -

>
[0)
0]
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0.975 -

0.950 = | | | |
-1.0 -08 -06 —-04 02 0.0
cos(Zenith)

3.5 4.5
loglE, (GeV)]

Track without shower??

1.3+0.45 of SM prediction An unknown 2% deficit of
Event 5 of but only DIS is included straight up-going events
| 1311.52
CECUbSeC'ieice >23%, IceCube, 1711.08119, IceCube, 1908.09551
Science ICRC 2019
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Summary of part 1

Cross sections

+ First comprehensive calculation of WBP
(Xsec is ~ half of before)

+ First calculation of tridents at TeV—PeV

+ The two processes are related

(BZ, Beacom, 1910.08090, PRD)

Bei Zhou (JHU)

Detectability of WBP/tridents
(first study)

+ v in-earth attenuation increased 15%

+ Icqube: detectable shower events and
novel signatures

+ FASER:

Tridents detectable;

WBP, depends on the highest energy
that the neutrino flux could reach.

(BZ, Beacom, 1910.10720, PRD)

FLArE physics meeting (Dec 06, 2022) 23



Part 2: Dimuons from neutrino-nucleus
Interactions in neutrino telescopes

Bei Zhou (JHU) FLArE physics meeting (Dec 06, 2022)
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Very important to study new event classes

 We are having more and more TeV—PeV
neutrino detectors

u track Shower (e or hadron) « lceCube, KM3NeT, BaiKal-GVD,
P-ONE, IceCube-Gen2, ...

 New event classes are needed to get more
physics from the data

Double shower/bang (vt)
Bei Zhou (JHU) FLArE physics meeting (Dec 06, 2022) 25



Very important to study new event classes: Dimuon

We are having more and more TeV—PeV
neutrino detectors

lceCube, KM3NeT, BaiKal-GVD,
P-ONE, IceCube-Gen2, ...

New event classes are needed to get more

Double muons physics from the data

(Dimuon)

Double shower/bang (vt)
Bei Zhou (JHU) FLArE physics meeting (Dec 06, 2022) 26



Part 2.1: theoretical work

Bei Zhou (JHU)

FLArE physics meeting (Dec 06, 2022)
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Bei Zhou (JHU)

What is dimuon (double muon)

Coincident i New
: physics

: A
single p :

Detector « Coincident single muons
background for dimuon,

 negligible for most cases
/‘ glig

« Standard model dimuon
* Interesting, focus of our work

e BSM dimuon
« E.g., double staus from SUSY models
e More to be studied in this direction

(BZ, Beacom, 2110.02974)
FLArE physics meeting (Dec 06, 2022) 28



How could one neutrino produce two muons

Deep inelastic scattering (On-shell) Tridents/WBP
(DIS)

(BZ, Beacom, 1910.08090, 1910.10720)

DIS is the dominate channel for WBP is the 2nd most important channel for
detecting high-energy neutrinos. detecting high-energy neutrinos,
Detected at tens—hundreds GeV, but never identified yet.

never above a TeV.

First hypothesized/calculated in 1960...
Important for QCD studies.

Bei Zhou (JHU) FLArE physics meeting (Dec 06, 2022) 29



We propose a way to detect dimuons in lceCube-like detectors

Angular threshold:
Inside a HE neutrino detector R,u2 H,M,u > 2l)v
string  string  string  string  string “1'“2_ Spacing between
separation adjacent DOMs
Energy Threshold:

on a string

100 GeV for IceCube
(BZ, Beacom, 2110.02974) 300 GeV for IceCube-Gen2
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First calculational framework for dimu in v telescopes

Starting dimuons: (BZ, Beacom, 2110.02974)

dNSt 00 dFV do.cuts
__ HHr — NtT/ dEI/ (E,/) HE ( ;11,1/27EV|E/,1,2 > Eth)7

dE,1/2 Eun dE, dE,, /o
Interactions Detect |
. . _ Flux etector angular
Throughgoing dimuons: , / — threshold

dN  AgetTNA /°° a5, % g\ /E g daﬁifsg E,). and
T — [ — v y Loy )y a1
dE»  a+BEu Jp, dE, B, [PdE,

dNthr 00 )3 E, E;l d2ocuts
e _ Adet—TNA/ dE,,d v dE;l/ dE’ e —(E,,E,E,),

dE,  a+pBEn Jg, dE, Jg,, - w2 dE;, dE!, uls
’\ Detector energy threshold
Energy losses B +e\ ¥
/ — K E _
u2,th (EM]_ + ) ( th + 6) €
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Dimuon cross sections and parent v distribution

e e e e e g,
e

Ko
" Gen2 cuts

(BZ, Beacom, 2110.02974)
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Dimuon rates in lceCube and IceCube-Gen?2

IceCube 10 yrs, starting dimuons
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Physics potential: measuring the strange-quark PDF

(Note this measurement can be done with current lceCube data)

Deep inelastic scattering
(DIS)

(BZ, Beacom, 2110.02974)
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Physics potential: first detection of WBP

with showerless starting dimuons

Signal: W-boson production (WBP)

All starting dimuons

—— DIS, starting, 1
---- DIS, starting, u2
—— WRBBP, starting, ul
---- WRBP, starting, 12

WBP: 6

A’: No shower DIS: 370

Background: deep inelastic scattering (DIS)
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X: Mostly shower (BZ, Beacom, 2110.02974)
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Physics potential: first detection of WBP

with showerless starting dimuons

Shower energy < 0.3 x AE, (300 m)

e

Shower energy < 1.0 xAE,,,(300 m)

—— DIS, starting, ul —— DIS, starting, ul
-- DIS, starting, u2
—— WRBBP, starting, ul

--  WRBP, starting, u2

-- DIS, starting, u2
—— WARBBP, starting, ul
WRBP, starting, u2

Shower energy threshold

WBP: 6
DIS: 0.1

WBP: 6
DIS: 4.4

shower < f X AEMM (L)

L = 300 m >~ spatial resolution
f ~ energy resolution
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Other implications

Better energy measurements for throughgoing dimuons than single muons
« Less energy losses before entering detector than single muon events

« Hadronic part is partially measurable because py2 takes some energy

Background for new physics searches

 E.g., neutrino induced di-staus from some SUSY models

Bei Zhou (JHU) FLArE physics meeting (Dec 06, 2022)
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Part 2.2: observational work: first search for
dimuons In a neutrino telescope

Bei Zhou (JHU) FLArE physics meeting (Dec 06, 2022)
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Dataset and analysis

List of the 19 dimuon candidates we found

e Ten years of pUb”C IceCube data MJD1 [day] |[MJD2 (= MJD1)|E,; [T Dec2 AngErrl AngErr2|AngDis|DisErr

1,134,450 muon events; 2008--2018 -

* Data obtained after multiple strong cuts 56582.63675378| 56582.68675378 | 229 |1.35| 120,687 |121.892(26.680(24.994] 1.47 | 078 | 196 | 166
optimized for point-source search, not 56653.19502448 - 141

: 56784.87114671 - 35 126 690 126 357|69. | 197 | 283 [ 135 | 345
dimuon search. 56813, 78701082 - - - .12
56895.78341718 - 2.52

57214.99298310| 57214.99298310 - 3.60

5737646221142 2.40

« We analyze the data by looking for muon 57499.81363094 2.86
irs arriving close in time and directi 57560.74070687| 5756074070687 | 174 |0.79] 219566 |219.023]12.582[13.008| 162 | 074 | 068 | 1.78
pairs arriving close in time ana direction 57650.26270928| 57650.26270928 | 256.189 [255.088(19.588(20.293] 2.03 | 0.77 | 1.25 | 217
57661.79317519| 57661.79317519 2.81

58003.09416087| 58003.09416087 | 2.29 [1.23| 349.095 [345.586|21.328[19.554| 2.17 | 130 | 3.74 | 2.53

58266.46093610| 58266.46093610 | 2.63 [1.48] 206.881 [294.994|19.596(20.806] 1.57 | 145 | 2.20 | 2.14

(BZ, Beacom, 2110.02974)
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Agree with our prediction: energy & angular distribution

- & E,, Icecube data

B o @® Dimuon candidates
—— E,;, our prediction

ek
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- === Single u
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Agree with our prediction: sky distribution

® Dimuon candidates ® Dimuon candidates
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Outcome of these candidates

« After our paper out, lceCube collaboration did a visual
inspection to these candidates, and found that they are not

real dimuons. Insie IceCe detector

Depth (m) |

 They are, instead, due to an internal reconstruction
error that identifies some single muons crossing the dust }
layer as two separate muons. s Veto cap

10 DOMs
10 m vertical spacing

Dust layer

* IceCube has started an analysis searching for dimuons
eve ntS . - DeepCore

50 HQE DOMs
7 m vertical spacing

« The theoretical part of our work still holds.

Bei Zhou (JHU) FLArE physics meeting (Dec 06, 2022) 42



Summary of part 2

« We studied dimuons as a new event class for high-energy neutrino telescopes

* |lceCube has =130 events and lceCube-Gen2 will detect ~620 in 10 years

« Significant physic potentials, including
 Measuring strange quark PDF
« Enabling the first detection of W-boson production
« Better energy measurements
« Background of new physics searches

« We did the first search of dimuons with lceCube publica data
 Found 19 candidates, later turn out to be an important misconstruction error
« We motivated IceCube to start their search for dimuons

 Dimuons may be a new direction for high-energy neutrinos

Bei Zhou (JHU) FLArE physics meeting (Dec 06, 2022)
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Bei Zhou (JHU)

Thanks for your attention!

FLArE physics meeting (Dec 06, 2022)
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Bei Zhou (JHU)

FLArE physics meeting (Dec 06, 2022)
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Neutrino telescopes are very important

MeV—GeV v telescopes High-energy (TeV--PeV) v telescopes
« Solar v, Nobel prize 2002, 2015, and more « Astrophysics:
to study
*  Origin of high-energy cosmic rays
« Supernova v, Nobel prize 2002, and more (> 100-year problem)
to study
« Gamma ray sources, hadronic vs leptonic
* Atmospheric v, Nobel prize 2015, and more (~long-term problem)
to study

« Particle physics:
« All above have been used to test new
physics « Standard model (Glashow resonance, W-
boson production)

« Beyond SM (DM, nu properties, etc.)
high-energy, known direction, cosmic distance,
extremely high column density (through Earth)

Bei Zhou (JHU) FLArE physics meeting (Dec 06, 2022) 46



High-energy neutrino telescopes are very important

MeV—GeV v telescopes High-energy (TeV--PeV) v telescopes
« Solar v, Nobel prize 2002, 2015, and more « Astrophysics:
to study
«  Origin of high-energy cosmic rays
« Supernova v, Nobel prize 2002, and more (> 100-year problem)
to study
« Gamma ray sources, hadronic vs leptonic
* Atmospheric v, Nobel prize 2015, and more (~long-term problem)
to study

« Particle physics:
« All above have been used to test new
physics « Standard model (Glashow resonance, W-
boson production)

« Beyond SM (DM, nu properties, etc.)
high-energy, known direction, cosmic distance,
extremely high column density (through Earth)
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Outline

0. xxx

1. Search for high-energy neutrino emission from radio-bright AGN (2103.12813)
1) Introduction
2) Our work

2. W-boson and trident production for high-energy neutrinos (1910.08090, 1910.10720)
1) Introduction
2) Our work 1: cross section calculation
3) Our work 2: important effects on detection in lceCube (IceCube-Gen2)

Bei Zhou (JHU) FLArE physics meeting (Dec 06, 2022)
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Why do we detect/study high-energy neutrinos

1. Astrophysics: origin of high-energy cosmic rays (~long-term problem)

Source P Detector

e ——

« Particle acceleration mechanisms of those source

2. Gamma ray sources, hadronic vs leptonic (~long-term problem)

3. Particle physics: Neutrino properties, testing new physics (dark matter, etc.)
* high-energy, known direction, cosmic distance, extremely high column

density (through Earth)
Bei Zhou (JHU) FLArE physics meeting (Dec 06, 2022) 49



Neutrino-nucleus interactions

VY, (Charged current) g-/y-/r- VIV, (Neutral current) v /v, /v,
W boson Z. boson
(Nucleus)
A X A X
Coherent (elastic) scattering ~ Quasielastic scattering NEIERIe

Dominates < ~100 MeV
Bei Zhou (JHU)

Dominates > ~10 GeV
FLArE physics meeting (Dec 06, 2022)
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Coherent and diffractive: Invalidity of equivalent photon approximation

Equivalent photon approx. oy4(s) = [ 0y,(sy,) Hy (Syy, %)

But not valid for us
Ballett et al., 1807.10973 showed the invalidity of this for tridents.

We show invalidity for W boson production, for the first time

Bei Zhou (JHU) FLArE physics meeting (Dec 06, 2022) 51



Complete approach (for coherent and diffractive)

. _ ig v
iM=L+—FE g

q To calculate o1 and o; :
doyx 1 HKV LKWV

. LWV = fL“*LV d PS For Real W production, the matrix element
and 2 body phase space (PS) integration
are relatively simple.

dq?ds  32m2(s-m2)*  q*

d*oyx
dqzds - For trident, need to deal with both the
1 complicated matrix element and full 3 body
32772 & 2 [Gvy(q ,$) hX(q ,8) + va(q ,$) hX(q S)] phase space.
2 .

o0 (8, q%) = _2_15%(91“/ e prl/) L, ~ transverse Then convolve the hadronic part,

) ht(q? %), h%(q?,3) ; ~ hadronic current
oL.(8,q%) = ;45(22 plp} YL,,,; ~ longitudinal involving nucleus/nucleon form factors.

Czyz, Sheppey, Walecka, Nuovo Cim. 1964; J. Lovseth and M. Radomiski,, PRD 1971
K. Fujikawa, Annals Phys. 1971; Ballett et al. , 1807.10973

Bei Zhou (JHU) FLArE physics meeting (Dec 06, 2022) 52



Other theoretical inputs

Coherent:
nt (2 8) ~ Z2e%|F (g%)|?

coheren

|F(g?)| ~ Nucleus form factor: Use the Wood-Saxon F. F.

Diffractive:

T,L N
hnucleon (CIZ, §) ~ eanucleon (qz)

Neutron’s form factor has only magnetic part.
Proton’s has both electric part and magnetic part.

DIS:

Use CT14 for PDFs.
Use MadGraph for calculation.
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E,=10° GeV i E,=10° GeV
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Features:
And W takes most of the energy
Energy transferred to nucleus is negligible
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WBP produces more W's than Glashow resonance

(Zhou, Beacom, 1910.10720, PRD)
dp
o (Ey) =0 E,“
dEv \\ -
‘\ Glashow resonance (7,)

a = 2.9 Afactor of 20 (right figure =)
(2.9 is from fitting IceCube data)

e o = 2.5 Afactor of 3.5
-boson production \
(sum of 6 flavors) o = 2.0 A factor of 0.5

O'T‘
|
>
D)
@
N
=
Q
_
3
=
S
_
R
X
S
<
S

So, WBP is the dominant source of on-shell W bosons
unless the spectrum is extremely hard.
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Increase neutrino attenuation in Earth

Neutrino flux ¢, after attenuation is p XA

Attenuation factor:
A = e—C(cos 6,) o(E,)

C(cos 8,) : column density, well known

o(E,): total xsec. WBP was not included.

Inseparable part of measuring xsec by
IceCube.
1.3+0.45 of SM, but WBP not included

Bei Zhou (JHU)
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Channel

W decay

Final

state

T decay

Signature

Fraction

Counts

Ve — eW
(7.5% rel.
to CCDIS)

€le, 11(%

pvy, 11%

e e

e u

Pure EM shower
Track without/with shower

11%
11%

0.34
0.34

T, 11%

Pure EM shower
Track without/with (displaced) shower

Shower

2.0%
1.9%
7.2%

0.06
0.06
0.22

qq, 67%

Shower

67%

2.08

vy — pW
(5.0% rel.
to CCDIS)

,11%
uvy, 11%

€lVe

Pure EM shower/Track with shower
Single/Double tracks without shower

11%
]. ]. (% )

0.56
0.56

T, 11%

>, 18%
L 17%
, 65%

Pure EM shower/Track with (displaced) shower
Single/Double tracks without shower
Shower/Shower with (displaced) track

2.0%
1.9%
7.2%

0.10
0.10
0.36

qq, 67%

Shower /Shower with track

(i7(%

3.41

ve > TW
(3.5% rel.
to CCDIS)

L, 11%

e, 18%
w, 17%
h, 65%

Pure EM shower
Pure EM shower/Track with (displaced) shower
Pure EM shower/Shower

2.0%
1.9%
7.2%

0.02
0.02
0.09

, 11%

w, 17%

e or h, 83%

Single/Double tracks without shower
Track without shower/with (displaced) shower

1.9%
9.1%

0.02
0.11

, 11%

e e, 3%
o, 3%
we/h, 29%
h h/e, 65%

Pure EM shower
Single/Double tracks without shower
Track without shower/with (displaced) shower
Shower /Double bang

0.4%
0.3%
3.1%
7.2%

0.004
0.004
0.04
0.09

e or h, 83%

w, 17%

Shower

Shower /Shower with track

56%
11%

0.69
0.14

Total counts

9.44
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Unique signatures (background free)

vi+A-> L+ W+ A" (W takes most energy, | ~50% detectable, A’ negligible energy)
1. Double track (no shower) 0.34 events per 10 years IceCube and > 60 TeV
Mainly from: v, + A->u+ W + A" with W-p
2. Track without shower 0.96 events ......

Mainly from: v, + A-> u+ W + A" with W - u, and two tracks are inseparable
Ve +A—- e+ W+ A" with W—-pu, and e energy is low

3. Pure EM shower 0.82 events ......
Mainly from: v, + A—-e+ W +A" withW-e
Ve tA- pu/t+ W+ A" with W—e, and u/T energy is low
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Glashow resonance vs. W-boson production

Glashow resonance W-boson production

_ _ _ Ve +A-ox +WH+ A

Process Vo+e =W e+ Aot + W+ A
Neutrino energy Ev =~ 6.3 PeV Ev>~10 TeV

First predicted by Sheldon L. Glashow T.D. Lee & C. N. Yang
First predicted in 1960 (Phys. Rev.) 1960 (PRL)

First “Detected” in | March 2021, IlceCube (2.30; Nature)

WBP could produce ~10 times more W bosons in neutrino telescopes
(BZ, Beacom, 1910.10720, PRD)
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