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TeV—PeV neutrinos
Deep inelastic scattering (DIS) dominates (~2% precision)

v, /VH/VT (Charged current) e/ /T \,e/\,u/\,T (Neutral current) Ve/vu/vr
\\Y4 Z
(Nucleus)
A X A X
Increasing data demands studying subdominant interactions
Detector Size Status
lceCube 1 km3 Running
KM3NET 1 km?3 Being constructed
lceCube-Gen2 10 km3 Proposed
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Photon coupling to nucleus
Deep inelastic scattering (DIS) dominates (~2% precision)

v, /VH/VT (Charged current) e/ /T \,e/\,u/\,T (Neutral current) Ve/vu/vr
W y4
(Nucleus)
A X A X
Subdominant interactions: photon coupling to the nucleus
Ve/V/Vy ?

Any other possibilities?
Yes, photon propagator!

| A
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Two other processes may matter

(on-shell) W-boson production Trident production
v
Y
w* Y
A > > A’ A
(Nucleus) (Nucleus)

Bei Zhou (OSU) 3



Goals of our work

1. Cross section
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Inelastic
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Tridents, coherent only W — boson production
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2. Effects on detections, etc.
(No study before)

* Detections
* Unique signatures. E.g., dimuon



Part 1: Cross sections
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Cross section with free photon, instead of nucleus
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Cross section with free photon: different flavors
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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

Equivalent photon approx. oy4(s) = [ 0y,(sy,) Hy(Syy, 4?)

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
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Coherent and diffractive: complete approach

All lines below are for ve

Seckel, coh. only
Alikhanov (EPA)
d?o S
VA Our full calculation
dq2ds |

1 1 ) )
327237 loT, (g%, 8) hk(q?,3) + ok, (4%, 3) hi (g% 9)]

&
0..“ {P
R “. +0

Transverse Longitudinal 2,

h)T/L inludes the form factors.

Czyz, Sheppey, Walecka, Nuovo Cim. 1964;
Ballett et al. , 1807.10973
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IEIER (e

Inelastic only

Use Photon PDF (CT14, 1509.02905)

Use MadGraph for calculation.
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Choose §,, as the factorization scale.
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Total neutrino-nucleus cross section

-+
Uy = Uk~ Y

W-boson production:
Much more complete calculation

Tridents:
First calculation at TeV—PeV
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Ratios to CCDIS

Maximal ratios:

—y,+A—e” WA’
— AT WA

— AW Water/ice targets (solid lines):
Seckel v, (iron) 7 5% (ve), 5% (Vll)a 3.5% (VT)
Iron targets (dotted):
Our v, (iron) 14% (ve), 10% (vu), 7% (vt)
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Implications

1. Neutrino absorption in Earth
(In crease as large as ~15%)
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2. Detections in IceCube, etc.

Bei Zhou (OSU)
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Part 2: Detections
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WBP produces more W's than Glashow resonance
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(Ev)\‘f o E;a

Glashow resonance (7,)

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

a = 2.5 Afactor of 3.5

W-boson production \\\
oson productio \ a = 2.0 Afactor of 0.5

(sum of 6 flavors)

So, WBP is the dominant source of on-shell W bosons
unless the spectrum is extremely hard.
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q,w

u track

mainly vu CCDIS (e or hadron)
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Brief review of IceCube detection

/ Double baﬁng/pulse (1)

(vt CCDIS >~1e5 GeV)

1%
o; !; |

Shower

EM shower (e)

VS
Hadronic shower

e: mainly from ve CCDIS
hadrons: All CC/NC DIS
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Shower spectrum: WBP mainly showers

Ve FA- e+ W+ A

W decay
o
A W A ﬁegggg
T (11%)
h (67%)

v, +ASTHW A

Bei Zhou (OSU)
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Shower spectrum: WBP contributes and detectable
For 10 years observation by IceCube (10 year for KM3NET and 1 year IceCube-Gen2)

Conservative case Optimistic case

Glashow I Z Glashow

_ resonance E _ resonance
W-boson production C W-boson production

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

Bei Zhou (OSU) ~ 6 WBP shower events (> 60 TeV)



Unique signatures (background free)

1. Double track (no shower) 0.34 events per 10 years IceCube and > 60 TeV
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 -y, 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 with W —-e

Bei Zhou (OSU)
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Conclusions

Cross sections W-boson prod. affects detections

+ First comprehensive calculation of WBP  + v in-earth attenuation increased 15%
(Xsec is ~ half of before)

+ Produces 20 times more W'’s than

Glashow resonance
+ First calculation of tridents at TeV—PeV

+ Contributes =6 shower events

+ The two processes are related + Gives background free signatures
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Thanks for your attention!
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6Coherent and diffractive: Invalidity of equivalent photon approximation

(or Weizsécker-Williams approximation)

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

pl = (Ela Oa 09 El)
p, = (E,, 0, E,sin0, E,cos0); cosO=1 Ballett et al., 1807.10973 showed the invalidity of

q° = (p,-py)? = E{E,(1-cos0 ) = 0, on shell photon. EPA for tridents.

We show invalidity for W boson production, for the
~ 2 first ti
Oea(s) = jo'ey(sey) Hy(Sey»q ) rstime
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15 Differential cross sections
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Features:
And W takes most of the energy
Energy transferred to nucleus is negligible
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Increase neutrino attenuation in Earth

Neutrino flux ¢, after attenuation is ¢pxA

Attenuation factor:
A = e~ C(cos 8;) o(Ey)
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/ V€ case
C(cos 6,) : column density, well known //Dashed: without WP
| Solid: with WBP
10
o(E,) : total xsec. WBP was not included. 2, 02
5
Z 0.1
Inseparable part of measuring xsec by Q<Ic
lceCube. -0 08 06 04 02 00
1.340.45 of SM, but WBP not included Neutrino zenith angle, cost:
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11 inseparable part of measured v xsec
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Channel

W decay

Final

state

T decay

Signature

Fraction

Counts

Ve — eW
(7.5% rel.
to CCDIS)

eve, 11%

vy, 11%

e e

e u

Pure EM shower
Track without/with shower

11%
11%

0.34
0.34

vy, 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%

€lVe

vy, 11%

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

]. ].(%‘,
1 ].(%‘,

0.56
0.56

Tvr, 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

(i 7(%‘,

3.41

ve = 17W
(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%
e, 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

qq, 67%

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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15 Unique signatures (background free)

vi+A-> 1+ 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-pu
2. Track without shower 0.96 events ......

Mainly from: v, + A-> u+ W + A" with W -y, 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 with W—-e
vy tA-pu/t+ W+ A" with W- e and u/t energy is low
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