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What 1s a cross section o

- A quantity related to probability of an interaction
between particles

- Units of area (e.g., cm?)
» 1 barn=10-24 cm?

- Weak interactions at LHC: ~nb, strong: ~10s of mb

. Interaction length ¢ = %

o-p
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vN o¢’s important for experiments
- Needed at all energies to model experiments
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vN o¢’s important for probing new physics
- Center of mass Vs of vN interactions » LHC energies
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- Center of mass Vs of vN

iInteractions » LHC energies

E, =10%eV — /s = 45 TeV!
E, =10" eV — /s = 450 TeV

- Example: could probe models

of n extra dimensions
4
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Complementing LHC

A; Mg A=+1
(GRW) (Hewett)

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults

Mg n=2 Mgn=3 Mgn=4 Mgn=5 Mgn=6 Mgn=7

(HLZ) Model Parameters
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T h e O ry Particle Data Group
108
 Predictions of SM vN cross
section (o) at high energies )
rely on measurements of 108 »
quark, anti-quark number > 00 W
densities at low x (parton = 108
momentum fraction) 02l A A
7 HERA
-Ev> 1077 eV —- x =10 oy /N
. 1 ixed Targg¢t
- Extrapolation to low-x o
necessary e
10 10 10 10 10 10 1
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VN Cross Section calculations

log,, (0 / cm?)
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R. Gandhi, C. Quigg,
M.H. Reno, I. Sarcevic (1998)

A. Connolly, R. Thorne
and D. Waters (2011)

Cooper-Sarkar, Mertsch
and Sarkar (2011)

M. Block, L. Durand, P. Ha,
D. McKay (2013)

Weaker low-x
dependence
gives lower
Cross sections
at high eneraies
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Uncertainties
 Gandhi et al: factor of 2+1 uncertainties
» Connolly et al: 2

—CC

2 150¢ _
- < few % below 1075 GeV g T
- ~factor of 2 at 1011 GeV ° 52_
» Cooper-Sarkar et al o
- < few % below 1075 GeV 150 | -_
- <10% at 10" GeV 2 e e

log (E, /GeV)

(due to weaker g(x) dependence at low Xx)
* M. Block et al:

- 2% all the way up to 1017 GeV! (re
(relying on Foissart bound)



1450 m

2450 m
2820 m

= 2 optical sensors per tank

@ Al-Ad @ A5, includes phased

o measurements In-ice

South Pole

(o

1
South Pole
Station

IceCube

IceTop
__— 80 Stations, each with
= 2 IceTop Cherenkov detector tanks

320 optical sensors

2010: 79 strings in operation
2011: Project completion, 86 strings

IceCube Ar:'f!
/36 strings including 6 DeepCore strings 5
60 optical sensors on each string
5160 optical sensors
AMANDA

DeepCore
6 strings-spacing optimized for lower energies
360 optical sensors

[
lm Wind .
(% generator { Communication
antenna

ICE

SHELF
3 solar panels —]

Satellite links

Electronics

S 10

Most neutrinos —©
pass through ice
without hitting atoms.
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o measurements in-ice
* |Incident neutrinos subject to earth absorption
- Zenith angle dependence sensitive to cross section
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e.g. lceCube, ARA Band due to ¢ uncertainties
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Enhanced Cross Sections

 Models with extra
space-time dimensions
lead to enhanced vN
Cross sections

 Leptoquarks can too
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lceCube neutrino spectrum

« Observed E, > 1 PeV

EV — 1 PeV — \/g: 1.4 TeV 10°

« Atmospheric and
astrophysical can be
used for cross section
measurements —
assume incident fluxes
Isotropic

Events per Bin
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o measurements happening now!

° i IceCube Collaboration m
PreV.IOUSIy’ vN cross Nature 551 (2017) 5t96-600 %IBE_'UBE
section measurements os S |
up to EV~4OO Gev 0-82 ' -4 Antineutrino

_ 07 ﬂ e —Weighted combination

- First measurement of  Foe & 8 e (e
neutrino absorption in  Fos i
earth 20.4 il ——

_ 703 m Rl =

* USIng a Sample Of B>0'2 JAcceIerator
~11,000 upward-going o1 Do
neutrino-induced 00 - o o ——

. 1.5 2.5 35 45 55 6.5
muons from outside 10g;o(E, [GeV])
13075055 (stat) Tgs (syst) x SMo "mEesys 14
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o measurements happening now!

M. Bustamante & A. Connolly
Phys.Rev.Lett. 122 (2019) no.4, 041101

° P u bl |C I CeC u be H |g h - In-Earth distance to IceCube D [km]
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o measurements happening now!

M. Bustamante & A. Connolly
Phys.Rev.Lett. 122 (2019) no.4, 041101

Center-of-mass energy /s [GeV]

* First energy-dependent ; R % 1010 10 2
measurement in this regime &= | T
wher ox[E0-36 U+z 1072 1 \\ fN ,‘/«w .

* First to show that the : o] ix |
energy dependence agrees b ATt et
with the predicted softer- 3+ ./ e Gandhi 98

. g 10734 L/ / Connolly 11 -
than-linear dependence s sss% Cooper-Sarkar 11 ]
. g - oL e Block 14 v ]
* No new physics S ol b T e
é 104 105 106 107 108 10° 1010 10

Neutrino energy E, [GeV]
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Future

* IceCube-Gen2 (optical) will
Improve energy resolution,
Improve statistics

* Future analyses will need to

take anisotropies into account _,

* Radio arrays will extend to
ultra-high energy regime
opening up windows to new
physics
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Conclusions

* The dream is here!

« Can’t wait for precision measurements with new
experiments and new data

* Let’s find new physics before colliders!

18
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High energy vN o calculations

* R. Gandhi, C. Quigg, M.H. Reno, |. Sarcevic (1998)
- CTEQ4-DIS PDFs (early ZEUS data)
- qu[CTEQ4](X) o X~0.227

* A. Connolly, R. Thorne and D. Waters (2011)

- Using MSTW 2008 PDFs (Thorne is the “T") based
on global fits

- quarks « a + b In(1/x)
- X g(x) o« A1 x0T + Ay xd2

19
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High energy vN o calculations

» Cooper-Sarkar, Mertsch and Sarkar (2011)

- PDFs that use HERA data that is more recent than
MSTW 2008

- 9(x) o x?
* M. Block, L. Durand, P. Ha, D. McKay (2013)

- Fovp(x,Q2)~ In2(1/x) at low x which saturates the
Froissart bound

- Froissart bound: total cross section does not
Increase faster than In E2

20
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Advertisement. ¢ parametrizations for
your convenience

* Connolly et al. provide energy-dependent
parametrizations for 4 < log1o(E/GeV) < 12

- CC, NC cross sections
- Cross section uncertainty bands
- Inelasticity distributions

» Code for inelasticities provided at:

- http://www.physics.ohio-state.edu/~connolly/
crosssections/y.html.
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