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About myself

* Studied Physics and got a PhD on Astroparticle Physics at the University of Granada
(Spain) in 2014, working on ultra-high-energy cosmic rays

* Joined the University of Sussex group of Experimental Particle Physics the same year to
work on neutrino oscillations
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About being a particle physicist

* Being a particle physicist is cooll You meet people from all over the world, travel, learn
and work on Interesting projects

* Lots of transferable (and employable!) skills

o P

Data analysis (statistics)
Software development

Communication skills

Collaboration and leadership Some of the places 've visited as part
of my research (on expenses!)

y @Bruno_Zamorano
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YEAH, IF YOU,COULD JUST GET TO
—  THEPOINT

-
/

THAT WOULD BE GREAT

memegenerator.net

Now let’s talk about neutrinos!



What Is a neutrino??

* Do you remember your neutrons, protons and electrons?

Nucleus

Electron

to
scale!
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What Is a neutrino??

* Do you remember your neutrons, protons and electrons?

Gold
Nucleus »{t - outermost
L1017 electron
3.3 miles {¢ -
Sun and gold
nucleus are
scaled o a

rdusol oot e Remember: | ft = 30.48 cm

Electron

* If we put one of these “super-sized” gold atoms, Its
outermost electron would be in Portslade

to
scale!

lE B. Zamorano - The amazing neutrinos



What Is a neutrino??

* Do you remember your neutrons, protons and electrons?

—

* Well, it turns out neutrons aren't stable and they decay (~ |5 minutes). This Is the famous
beta radiation

Beta “radiation”

| know you

and you

but who are you??
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What Is a neutrino??

* The energy of proton + electron didn't add up to the neutron

* Solution: conservation of energy Is violated
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What Is a neutrino??

> | DON'T THINK SO

* [he energy of proton + electron didn't add up to the neutron

e Solution: conservation of energy Is violated

Once you eliminate the impossible, whatever
remains, no matter how improbable, must be the
truth.

(Arthur Conan Doyle)
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What Is a neutrino??

* Alternative: imagine an “invisible” particle carrying the missing energy

* Neutrino (Italian for “small neutron”)

| have done a terrible thing, | have postulated a
particle that cannot be detected.

(Wolfgang Pauli)
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What Is a neutrino??

* Alternative: iImagine an “invisible” particle carrying the missing energy

* Neutrino (Italian for “small neutron™)

| have done a terrible thing, | have postulated a
particle that cannot be detected.
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Where can you find neutrinos?

Beta-minus Decay Photons take a long and tortuous path

Carbon-14 Nitrogen- 14 : p. 200,000 years

Antineutrino Electron : "\”'ﬁ Photon
"':-,, V

R

+ © 4+ ¢
6 protons 7 protons

8 neutrons 7 neutrons Al SO K4O N

bananas

Radioactivity

Neutrinos zip though quickly

Stars
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Where can you find neutrinos?

Beta-minus Decay Photons take a long and tortuous path

Carbon-14 Nitrogen- 14 - p. 200,000 years
Antineutrino Electron 4 | h Photon

4+ @ <4+ ¢

6 protons 7 protons

& neutrons 7 neutrons Al SO K4O iﬂ
bananas

Rad|oact|V|ty

Neutrinos zip though quickly

Stars

Mad N colliders

* Also: atmospheric neutrinos, cosmological neutrinos, ...
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In fact, neutrinos are ubiqurtous!

* Human body ~ 20 mg of K4o. Humans
emit 340 M neutrinos per day!

* Yet your body will stop ~ | neutrino in

your lifetime!

FACT: about 65 million neutrinos pass
through your thumbnail every second.

— -
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Neutrinos osclllate!

* |t turns out there i1sn't just one “type’ of neutrinos, but three. They have funny names:
electron neutrino, muon neutrino and tau neutrino

Now what should | wear tonight..!
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Neutrinos osclllate!

* You always produce a given type (say muon) of neutrinos, but that changes as they travel!

e | ke a tennis ball that turned into a cricket ball
after being served

_— —
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So how does one detect a neutrino!

* You can't “see’ a neutrino, but you
can measure [ts effect on matter
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So how does one detect a neutrino!

can measure [ts effect on matter

18
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So how does one detect a neutrino!

* Make a huge detector

* Send a lot of neutrinos to it

* Wait for a long time
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How does a neutrino experiment look like?

* The days when a single antisocial weirdo could perform an experiment in their home-
made lab are gone

1 .| LU LERET L ] L] 1

That's clever me
standing behind
a much taller guy
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How does a neutrino experiment look like?

* The days when a single antisocial weirdo could perform an experiment in their home-
made lab are gone

But there are
some really great
news

Truly international

endeavours (e.g,

NOVA involves /
countries and plenty
more nationalities)

No longer a male-only
field!
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The NOVA experiment

* NuMI Off-Axis Ve Appearance
* Send neutrinos across Earth for 810 km

e Detect them twice: In a near detector at |
km and a far detector much further

* Infer what happened to your neutrinos by
comparing both measurements

lE B. Zamorano - The amazing neutrinos

NOvVA
Ash River

110 km

jaiV

810 km

N:(

ik



NOVA Far Detector

‘NOvA Site
University of Minnesota
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NOVA Far Detector

* |4 000 000 kg detector (din't | just say huge?)

A
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NOVA Far Detector

* Yes, huge indeed
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[dentifying neutrinos In the NOVA detector

OBJECT ID: AIRPLANE
01/15/2014 135107
ACCURACY: 99.4%

b atpui | 2 L

R4 '-4‘0.'-“’- . e
e ¥ BENERRS -

-

* First usage of Image-recognition In particle physics!
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Real events (FD)
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Far detector event display
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events (FD)
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Real events (FD)
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slejow ¢

Top view
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Beam direction

Side view
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Are neutrinos useful?

o | dontcare

* Actually, they are! They can be used to detect nuclear activity (non-proliferation of nuclear
weapons, nuclear reactor security monrtoring,...)

* They're also used in various fields to explore the inside of the unreachable: e.g. Stars
(Astrophysics) and Earth (Geophysics & Geology)

Physics is like sex: sure, it may give
some practical results, but that's not
why we do it.

— Richard P ?ex/nma.n, —

¥
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Why Is neutrino oscillation important?

* Quantum effect observed at macroscopic scale! (typically some hundred km)
* Nobel prize 2015 and Breakthrough prize 2016

* Many open questions: in particular, do neutrinos and antineutrinos oscillate in the same
way!?

Takaakl Kajlta and
Arthur B. McDonald

Nobelprize.org

VWhen have you seen these
many physicists In a tux..!
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Antineutrinos!!

Particle
Flectron &
Proton +

Spin
Neutrino —‘»

lB B. Zamorano - The amazing neutrinos

Hold your horses!

Did you just say antineutrino?

Antiparticle

. Positron
(antielectron)

@ Antiproton

—&>  Antineutrino

| e

revisionworld &

£



Why Is there such a matter-antimatter asymmetry?

* There were a lot of neutrinos and antineutrinos in the early universe, so perhaps the
answer lays on them...

119 B. Zamorano - The amazing neutrinos 33



Why Is there such a matter-antimatter asymmetry?

But to make things more
complicated, neutrinos may end up
being their own antiparticle. ..

* There were a lot of neutrinos and antineutrinos in the early universe, so perhaps the
answer lays on them...
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Summary

& Neutrinos are neutral, very lig
natural processes, including rac

Nt particles, which are produced in various
joactivity

& [hey are very hard to catch! T
travel unaffected

ney Iinteract very softly with matter and mostly

& [here are three types of neutrinos, and each of these types can oscillate into

the others when they travel a |

ong distance

& Neutrinos can be used to explore the inside of stars and the Earth

& And It's possible they can hind

er one of the most fundamental questions of all

times: why are we made of matter?
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BACKUP SLIDES

These aren't the slides you're looking for



Disappearance analysis in a nutshell. ..

Measure oscillation

|dentify contained .
from comparison

. Measure both
Vv, CC events In

between near and
both detectors

- far energy spectra

L
Py, —v,) ~1— sin”(263) sin (1.267Am§QE

energy spectra

"% Far Det v, spectrum :g 1'45 Monte Carlo
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Comparison

ﬂ{-\ 3.6_I L | L | L L | L | L | L | L I | I_
0 - .
= ST 68%CL . -
S 345 -
% - 90%CL Normal Hierarchy :
A 32— *x T2K best-fit —
= 3E //\ - Region of common
— - ’ 90% C.L. Intersect
L 2.8 =
S - .
< 26 —
- - I Daya Bay:
241 v |AmZ,| = (2.45 £ 0.08)x10 V>
b of E 90% CL (NH)
2 NOVA (2016) Super-K =
1 8 T2K Runl-7¢ preliminary MINOS+ =
_I 1 | 1 1 1 | 1 1 1 | I I | | 1 1 1 | I I | | 1 1 1 | I I | I | I_

03 035 04 045 05 055 06 065 07
.2
sin” 0, K. lwamoto (ICHEP 2016)

* Small tension across experiments

* More data should shed light on whether it's just a statistical fluctuation
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Appearance analysis In a nutshell. ..

Use ND Interpret any FD
[dentity Ve CC measurements to exXCess over
events In both predict predicted

detectors backgrounds In the | backgrounds as Ve
FD appearance

NOvVA Simulation

S NovAED  wn?d 04061
o " NOvA FD sin“0,,=0.4-0.6 -
*8 402_6.05x102° POT equiv. E
o i @ Number of observed events
O B constraints Ocp and mass
= L S ;
o 20\/\_ hierarchy
ks ]
® =
8 10p — NH E
ST
h L o= H ]

0 1 T 31 2

Ocp &
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NOVA

NOVA Preliminary

0.70

* Include 023 and Am?3; from .

disappearance analysis 0 T
* Not a joint analysis yet! Systematics and NGC: 0-5F

rest of the oscillation parameters not @ g4f

correlated . 3:

“LC)1o 20 B

* Best fit to NH, 0cp = |.49TT and @@3 o NH

sin2(023) = 0.40
* But best fit IH-NH has AX2 = 0.47

* |H, lower octant around ®cp = TT1/2
disfavoured at 30

* Antineutrino data planned for Spring
2017 will help resolve degeneracies

IE B. Zamorano - Neutrino Physics from accelerators



Next generation experiments

| st generation 2nd generation 3™ generation

* Higher intensity beams can provide more neutrinos and allow for a longer
baseline

* Similarly, larger mass can allow to collect more neutrinos

* Finally, higher detector resolution allows for better background rejection

In the US, DUNE is being planned with
a baseline of 300 km, a new 2.3 MW

In Japan, HyperK Is also being planned

with an upgrade to |.3 MW beam and

beam and high resolution liquid argon N T e e

detectors

llg B. Zamorano - Neutrino Physics from accelerators s



vent 1o

==-._._Michel e

v+ X->v+ X

n° (_)VY) --'.-'l Rag,

-]

Neutral Current

“Like going from a set of
EiSitltes o 5D HD video'

IB B. Zamorano - Neutrino Physics from accelerators

hologies (I1)

DUNE

dE/dx (arbitrary units)

Wire Number
0 500 1000 1500

e -
= Decay electron \—:
2500 o, =
9 = " =
22000~ e —
K. - U =
1500 Muon, e —
v = Minimum lonizin T =
1000~ MRS - —
S00E=womr""" 3
O; A " " A " " " A ry A :

Wire Number

200 300 400 . 500 600 700 800

-——————————— T - -
2700 Proton vl P e, el =
2 / . . . ? X . . . N :
2600 High dE/dx, =
5 ' ' v =
22500 . - —
¥} N‘ o 2 e ‘. =
) . S : oo -
02400 Electron’ ' . A . T SR e e ' ‘ &*‘*\-‘_—‘
' " ¢ ategy, o e . -
N . L IR > ¢ 3
2300 $ e D bt . -
’ \' ' ‘ ~ ) =
A A A A A A ' A A A A A A' A A A.‘A A J. A A A A 'S A A " A A " o =

Wire Number

1850 1900 1950 2000 2050 2100 2150

1600p= e — T — e —
1400~ . 3
3 » _ -
;IZOO:_— . - . —
EIOOO:— —~ D o . » -
= E - RPN . - T, e, - =
S 800F—  Gammaconversions, & X '8 . T -'- J—“':’“ff:: - S ’ —
Y — . Fa e ® .- i o e o -
600E= separated hom}/eﬂ.ex o S AN ..-a-"t“" o —
woE- T T A= =
200: A | ST W S S S v‘ PR T 1 PR | — | P 1 =

dE/dx (arbitrary units)

dE/dx (arbitrary units)

46



COSMIC RAYS

Discovered more than 100 years ago

* Victor Hess: lonisation increased with i
altitude (1912) 10°
* Bothe and Kolhorster: non-
electromagnetic (1929) 107
* Pierre Auger: Extensive Air Showers
(1938) 0
. O 10
Shaped the development of Particle Physjcs
NE, 1072
 Skobeltsyn: Discovery of positron (1929) 1073
* Anderson and Neddermeyer: Discovery
of muon (1936) 10°'8
* Powell: Discovery of pion (1947) b
|0-24

Most of their properties remain mysterious
10722

* Origin?
* Source of acceleration!?
* Composition?

| m
Im'2yr‘I
10° 10" 102 10" 107 |10ttt

They are scarce and with energies
beyond human reach!

E (eV) EEC
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The Pierre Auger Observatory

.Located near Malargiie (Argentina)

More than 3000 km?

7 [-Hybrid detector

4 |4 Fluorescence sites with 6
copes each (FD)

_ |-More than 1600 water Cherenkov
*....|detectors (SD)

. FD — Longitudinal development of Two independent and
.the E.M. Shower (14% duty cycle) complementary detectors!

. SD — Transversal sampling of

.the shower front (~100% duty cycle) Data-driven calibration

llS B. Zamorano - The amazing neutrinos
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