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Outline

* |n this lecture | will talk about the history of
experimental neutrino physics and where we
are now.

 Tomorrow | will talk about measurements that
are ongoing or proposed that will expand out
understanding of the model.

* | tried to avoid explaining experimental
techniques as much as possible — which is not

that much.
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Neutrinos in the Standard Model

IR ISR Y * [nteract only weakly

II J"_R i__l_{__l sl - \aximal breaking of C and
T e P symmetries (no R-handed
neutrinos and L-handed

antineutrinos. ) Charged Current (CC)
Interaction — how we
define a neutrino flavor:

Nucleon
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How neutrinos interact

NC:
CC: Neutral V' Vl
Current

| am deliberately not Nucleon(

Nucleon | specifying single TP
o nucleons. m

G, Zeller
31 4 ,

neutrino

TOTAL ES: \/

Rl gz -t Elastic
i e | Scattering

A

10" 1 10 10? No “new” lepton in final state —

E, (GeV) cannot distinguish v flavor.

6/26/15 A. M. Szelc, LV Krakow School of Theoretical Physics



Sources of Neutrinos

G. Zeller, J. Formaggio
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A Bit of History

2-body decay: B-decay spectrum

Centre of Mass frame

"% Observed:
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Hrieh Dlorigstraame

Lisbe Redicaktive Damen und Herren,
Wis dar Ushavbringer disssr Zallan, den ich Imalovollat

« W. Pauli proposes the neutrino
(then called neutron) to solve this e i, Tran dso aDrwren iseipindersetan vird, Sin 1o

bl . des Jeontimierlichen bete-Speictrums puf oloen varpweifelten ineweg
prO em. varfalley ue den Meohseleste™ (1) dar Statiztik upd den Enargienats
s retten.  WEMlich die MOglichkelit, e knnten alaktrisch neutrale

« “I have done a terrible thing, | eﬁﬂ;ﬁ?ﬁi”gxﬁm“:ﬁ“}&xﬁuﬁgﬁ'w
have postulated a particle that ot =i Lskbgeedintigins luntw, B tomwe der betrn

a nioht groasar ala 0,00 Protooamamss.~ Dan kemtimuieriiche

J
cannot be detected. Pt R sl L W v, s R
b~ Zarfall mit dem Slektron jewells aoch ein Heotron seittisrt
el derard, dass dle Sumne der Ensrglen voa Neutron und Elekbron
onatant lst.
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Experimental detection

 Fortunately, he was proven right (per ‘Prompt annihilation Unique
theory prediction) and wrong (per 2x 511keV y signature of
experimental prediction) by Reines neutrino
and Cowan in 1956. / 4

» Aclever signature: Inverse Beta L n
Decay (IBD): V,tp=2e +tn
& Delayed (5x10°s)
y capture on Cd

June 14, 1956
{I Dear Professor Pauli,

We are happy to inform you
that we have definitely

detected neutrinos. . .

Fred Reines
Clyde Cowan
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Detection of the p and 1t neutrinos

» Discovery of the muon neutrino « Discovery of the tau neutrino (v )

Tau neutrino cbserved by DONUT
at FNAL in 2000

DO UT Botosctor

In both cases: shoot a

15 GeV 800GeV proton beam at a
beryllium target tungsten beam dump , Create
Pions D_mesons, that decay into
V v_ neutrinos and detect them using

V]
A spark chamber emulsion detector.
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“‘known” Questions in v-physics
(answered or being answered)
* Experimental neutrino physics in the last decades
was driven by the following questions:

= why do we see less neutrinos

from the sun?

- where are the atmospheric vs?

Neutrino
- could this be due to oscillations? physics is an
- What are the parameters of a(_iventuro_us
experimental journey
oscillation ? that may
be far from over.

- 1 ] - ?
Especially, is 6., non-zero:

- Is the 6,, mixing maximal?

- what is going on with neutrino

interactions?!
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Solar Neutrinos

/ =

p* +p* = 2H + e*|+ Ve }—\99’77% HO’ZB 2 pt+ e+ pt—2H{E v, \
/

N

N—
1075 % VYo

M{ H + p* » 3He + Yy }—FHe+p+—>4He+e*\+\)\

15,08 %

‘ 3He+“He—>7Be+yJ&

99,9 %
v / — v

7Be+e‘—>7Li@-\)eJ ‘ ‘Be + p*t—=°®B +Yy J

~ 7

{SHe + 3He — 4He + 2p* Li + p* = “He + “He ‘ 8B — 8Be* + e* t Ve )
7
N~

‘ 8Be* — “He + “He

"Proton proton cycle" by Dorottya Szam
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Sola

/ -~

p* + p* = 2H + e*|+ v, }—\99’77 A
/

N~

84,92% [ o1y +—

3 T
0 o
+ +

Solar neutrino flux

SHe + *He — “He + 2p* i+ p

"Proton proton cycle" by Dorottya Szam

r Neutrinos

S pt+e +p"—>2H+ v, \
———

Things to note:
All neutrinos are Vv,

Majority of v's have
lowest energy

pep (£1.2%)

PE : A%)
107 2 | | o5 (£14%)

2 e
P+D-H+8 49,

"Be (+7%)

1 1 llEllll

10 1 10
Neutrino energy (MeV)
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Observing Solar Neutrinos

Theory ™ "Be W& PP

e Used neutrino capture 3

on *’Cl, which results
in 3’Ar which is
radioactive.

(0.814 MeV thresh.)

37Ar production rate (Atoms/d

* Via ingenious
chemical methods the
3Ar was extracted
and measured (~0.5
atoms produced/day!)

 The number of
neutrinos observed
was way off from
expectation.
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A deficit of Solar Neutrinos?

Other experiments
radiochemical using Gallium
(0.2 MeV threshold) also
saw a deficit.

As did Water Cherenkov.

But at a different rate?

Other measurements of the
Sun agree with the Solar

Theoretical Model.

%
7

N\

I

Theory ™ "Be

+0.20
l'D—EI.]B

0.525+£0.08
71tk 7118
0.48+0.02 -
2.56+0.23
SAGE GALLEX
+
SuperkK Kamioka GNO
Cl H,O Ca
mm P—P. Pep Experiments pg
5B B CNO Uncertainties
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Cherenkov Detectors

- Originally developed to look for
proton-decay, but appropriated for
neutrino physics.

- Cherenkov light is emitted when
a particle travels faster than the
speed of light (in the medium).

- Hard to see heavier particles
like protons etfc...

- But has directionality!

Cherenkov
Effect

neutrino > 7

1
i A8 Ay L1
AC B nf n
Sharp edge

chool of Theoretical Physics

Fuzzy ring



Discovery of atmospheric neutrinos
and their asymmetry

Primary cosmic ray ( P, He .. ) Super Kamiokande detector misses
muon neutrinos from the bottom

(but not from the top).

atmosphere

multi—-GeV mu-like [FC+F’C]_

e Ty

Generation height
10~30km 4

Vi
vh/ve ~2 ': _ Cat _
(<~1GeV) "f—‘*":# Co N
1 Predicted
1IFH{“!;: L:“l ZGEU } i RUMU—NUtau osc, |

1 Vg —1  —0B6 —0.2 02 06 1
. cos(zenith angle)

Super-Kamiokande Collaboration
Phys. Rev. Lett. 81, 1562-1567 (1998)

Neutrinos are disappearing.
What is happening to them?
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SNO - resolving the Solar problem

Extremely clever idea: try to observe
electron and other neutrinos separately
using properties of Heavy Water.

Different reactions have different signatures:
CC - isotropic Cherenkov Rings

NC — delayed neutron capture (~6.25 MeV)

ES — Cherenkov Rings pointing back to the sun

Charged Current E,=1.4 MeV
v,+d > p+pt+e CCRCIIéOC(I)(Ve)

Neutral Current v, +d->v +p+n E,=2.2MeV NC Ratec®(v,)

Elastic Scattering E.~0

v.+e dv +e

ES Rateoc®(v, J+0.154®(v, +v,)

brcurio A. M. dzelc, LV Krakow >School ot 1 heoretical Physics 16



0,. (10 cm™s™)

- L 4= LN (=) -1 [oa]
T T[T T[T [TTTT1[7 - T

|

SNO (2)
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Total flux from the sun agrees with the model.
But, we know that the sun only produces v._.
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“‘known” Questions in v-physics

(answered or being answered)
* Experimental neutrino physics in the last decades

was driven by the following questions:

= why do we see less neutrinos

from the sun?

- where are the atmospheric vs?

- could this be due to oscillations? Knowing that neutrinos

- What are the parameters of oscillate has opened
a whole new field of
oscillation ? experimental physics.

- 1 ] - ?
Especially, is 6., non-zero:

- Is the 6,, mixing maximal?

- what is going on with neutrino

interactions?!
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Neutrino Oscillations

AY

V\L}L \l/x Vuvu VeVq
% M’V w 'VM'VM’Ve 'Veve Ve ‘
o H Ve Ve Ve Ve
distance L

B. Pontecorvo

» We know three neutrino flavors: v ,v andv_.

« SNO and Super-K tell us that neutrinos are not
disappearing. They're changing into one another.
Oscillating.

- Thenv,, v, - mass eigenstates = eigenstates of
free Hamiltonian.

- V,, v, eigenstates of interaction Hamiltonian

Ve\ [ cost
v,)  \-sinf
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Measuring Neutrino Oscillations

VuVy Vv,V VuV
v,YuVe # vV ¢ VL JEYRY
y Ve v VuVe viuVu oy |
u oV V., Ve vV, Vu
dlstcnce L >

 |n oscillation physics we usually start with one
type of neutrino and measure how it changes
iInto another type.

« We can do this by detecting the new neutrinos
(appearance) or registering the loss of original
(disappearance).

Nucleon

* We can tell neutrinos apart by the effect of
their “Charged Current” interactions.

2
In a two neutrino model, the P (u 5 H) =, G798 gl ‘&ﬂ?wz L
probability of this oscillation ! © “ “ 1 E,

looks like this:

6/26/15 A. M. Szelc, LV Krakow School of Theoretical Physics
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Mass

IS, only the squared a2
: Am™ L
difference (a parameter). AR <1
* Mixing angles are another Oscillations did not have
parameter_ a chance to happen
o Adjusting L/E allows usto [ Am’L -
measure different mixings. AE

6/26/15

Oscillations are only P(v, — v,) = sin?26 sin? (
possible if neutrinos have

But we don't know what it

Things to note

Am? L
B,

/

2 2 2
Amlz—ml_mz

Oscillations averaged out —
~ only sensitive to mixing angle

A. M. Szelc, LV Krakow School of Theoretical Physics
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Expanding to three flavours

23 13 12
I 0 0 ag 0 sige” g S
U = 0 93 593 D ‘ 1 (:] =82 L3
U' —893 (93 —.‘il\-;t'."irj 0 13 0 ()
Atmospheric Reactor/Interference Solar
u=1 uee e=u
€12¢13 $12€13 .
U= |-s12¢23 - c12 5‘2*35‘1‘#’ C1223 — -‘:‘12-‘923-‘9136;
512823 — €12¢23513€"  —C12893 — §12023513¢'
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Filling out the PMNS mixing matrix

* For precise measurements we need:

- Large detectors (statistics)

- Control of flux (how many neutrinos do
we have?)

- Energy resolution - both at source and in

detector Experiment  L/E [km/MeV] Am? sensitivity
- Patience Reactor LBL ~1 ~10° eV?
Change L/E in order to Reactor VLBL ~100 ~10% eV?
probe different Am’ and  accelerator ~10-3 ~10% e\/2
mixing angles. SBL
Accelerator ~1 ~1073 eV?
Create neutrinos to our LBL
specifications. Atmoshperic ~10 ~10* eV?

6/26/15

A. M. Szelc, LV Krakow School of Theoretical Physics
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Man-Made Neutrinos: Reactor

» Used to discover first
neutrinos.

» Cheap (apparently
people use them for
other things.)

Reactor Antineutrino Spectrum Prediction
10

0.1
—\J-135

neutrinos/fission

0o | s * Energy range is fixed.

oo | * The neutrino spectrum is a

ot .. ., resultof a complicated
Antineutrino Energy (MeV) system.
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Man-Made Neutrinos: Reactor

Nuclear reactor fuel and subsequent fission
fragments are neutron rich and decay by turning
neutrons to protons and emitting antineutrinos.

99% of neutrinos comes from 4 isotopes 2°U, *°Pu,
238J and ?*'Pu.

* Ab Initio approach:

Calculate spectrum branch-by-branch using beta
branch databases: endpoints, decay schemes

— needs some guessing with rare beta decays.

« Conversion approach

Measure beta spectra directly, convert to v_ using

‘virtual beta branches’. — This is not that well

defined. Carter, et al, Phys. Rev. 113 (1959)
King and Perkins, Phys. Rev. 113 (1958)

In general, anti-neutrino
flux follows the heat
Emission of the reactor

6/26/15 A. M. Szelc, LV Krakow School of Theoretical Physics
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Man-Made neutrinos: Accelerator

. Costs more, but have more
° Need' control over energy.
- Beam of protons Calculating spectra is also
difficult.
- Target
- Focusing horn (magnetic field)
Decay pipe LY

e S e

Protons from Booster

K Tia Miceli
/20710 A. M. Szelc, LV Krakow School of Theoretical Physics 26



Man-Made neutrinos: Accelerator (2)

Off-axis give better energy resolution,
But less events.

w

—
cr

g - Medium Energy Tune
; BNB neutrino mode
S all 80 * on-axis - NuMI neutrino mode-
% i 7 mrad off-axis oo |
D100 . — 14 mrad off-axis . .
% 3 [ —— 21 mrad off-axis . *e
Ew"‘—— S
LL E =
- I
i =
— 40
o
10" : 8 20
L >3_
14 1 1 | 1 | | 1 1 1 | 1 1 1 1 al L /| 1 1 | T
107 1 2 ) 4 5 0 2 4 (GeV)6 8 10
Ev (GeV) v

6/26/15 A. M. Szelc, LV Krakow School of Theoretical Physics



Minos/Minos+
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Tokal to Kamloka (T2K)

b s a?ARC Main Ring

Super-Kamiokandeeaes
(ICRR, Univ. TokVo)@ A

=

(4KEK -JAEA, Tokal)

> 16: I L L e e e ':
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g 8 f_ Ve_l_ve CC _f ©2007 Google™
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4 il : I S
2_ 1 — | . . P
- NS X . % oarr
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0,, measurements
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OPERA and t appearance

v_extremely hard to detect —

need high energy to create t
and great resolution to see it.

Emulsion detectors.

6/26/15

of seience

Current Issue | Archive | Audio & Video | Far Au

< = 2
Neutrinos found to switch to elusive tau’ flavour

Experiment that once claimed faster-than-light observation achieves its original goal.

Davide Castelvecchi

Now a 5 sigma
measurement.

16 June 2015

@, Rights & Permissions




Solar neutrinos

 The best measurement of the Solar Mixing
angle comes from a reactor experiment

(KamLand).

WasE l
4

e Data-BG- GeoV,

—— Expectation based on osci. parameters
+ determined by KamLAND

0.8

——

+ e

0.6

|

04

Survival Probability

4+

0.2

I'I""'*'+7"'I"I'l

A I I PP P I T B B
0 20 30 40 50 60 70 80 90 100

Ly/E, (km/MeV)

L is the effective baseline taken as a
Lo flux-weighted average (L=180km);
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We are still looking at the Sun

1012 p+p—2H+et +v,

Solar neutrino flux

Borexino Detector

tainless Steel Sphere
Nylon Outer Vessel
Ropes— ylon Inner Vessel
Fiducial volume

External water tank —,

nternal

)r extra
hielding

Neutrino energy (MeV)

* Was able to reduce natural radioactivity
enough to lower their threshold to ~100 keV
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Events (c.p.d. per 100 t per keV)

Observation of the pp-cycle in

Borexino

x2/d.o.f. =172.3/147

—— 210pg: 583 =+ 2 (free)
— 14C: 39.8 + 0.9 (constrained)
+ Pile-up: 321 + 7 (constrained)
— 210Bj: 27 + 8 (free)
— B85Kr: 1 + 9 (free)

— ppv: 144 = 13 (free)

— "Bev: 46.2 + 2.1 (constrained)
— pep v: 2.8 (fixed)

—— CNO »: 5.36 (fixed)

— 214pp: 0.06 (fixed)

10*
103 g ok
102
10 Synthetic

i BsKr
pile-up :

-

-
9

214Pb

PRI S T TS S M T T N R A
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o LI [ I
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= 4E
o e l 1 | l
o2 I Bl T P I Siam
s TE M1 &l 1y I LIy By LLyt Il Lol
R LEL M G R BB Ll
P R D L R e A
= [ o L 5 5 T s Iy
2 2f" {“ﬂ PRAT T o IR 1{1
350 200 250 800 350 400 450 500 550
Energy (keV)
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P (ve = ve)

o.gf—
O.BE— pp pep
07f
= 7
osf- Be
0.52— + °B
0.43— :
0.32— |
02f-
0.15—
0_ L L 1 { B ] | L 1 1 { T 3 1|
107 10° 10*
Energy (keV)
Global fit:
sin? 012 0.30470013
&'”’*-%1 - 0.19

JHEP 1411:052, 2014
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The state of affairs as of 2011

 We knew that 3 neutrinos exist.

. " ) )
Two mass splittings Am~_, Am~_
and mixing angles measured.

 We do not know the mass
hierarchy (normal or inverted?).

* We do know the neutrino masses
are very small.

 Biting our nails, hoping the mixing
angle: 6, is big enough so that a

measurement of the CP violation
phase is possible (tomorrow's
lecture).

6/26/15

A vo [T 7 |2 V3 J |
I&mm t
V1 | | [ 7
A,
2
m 2
‘&matm W
! v2 I
¥ 1 ﬂ‘msr:nl
v3 il | | V1 [ []
Inverted hierarchy  Normal hierarchy
ved VYpld Vvrd
sin®0,, ~0.45 LBL Acc
Am2,  ~2.4x10%V2  LBLAcc
sin0,, ~0.3 VLBL react.
Am2_ ~7.5x10%V? VLBL Reac,
SNO
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Daya-Bay - an example of an LBL
reactor neutrino experiment.

» Detection via scintillation light (liquid
scintillator)

« Use Inverse Beta Decay signature.

e Doped with Gd to increase neutron

8 MeV capture.

inner water shield
outer water shield

AD support stand e
A. M. SZGIC, LV Krakow ouuvur vt 1 ucutcucar LCLYDIUD oV

6/26/15



Dava Bav/Reno/DoubIe Chooz

=
=

expected
-

=
[

pd

/

[

detected !

0.98
0.96
0.94
0.92

09
0.88

N
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L
0.2

Events/day (bkg. subtracted)

Wieighted near site data (no oscilation)
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= 0.088 +/- 0.011

=0.09 +/- 0.03
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The 5 MeV bump
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Ab-initio calculations

« Making different
assumptions can reproduce
bump.

0, % S(E ) [MeV " fission]

(E)

S(E) /S,

« But has problems with the
beta spectra.

5 7 8
Antineutrino Energy [MeV]

i sgE==Ss=sssEmssssEssmsnesEessesnndenmssnnsEs =]
. -§ 107" H‘Ehan,_a__xh e
 There are other things that % .© .
are fishy with the fluxes 7 B .o om ===
(more on that tomorrow). - ‘

M

3 4 5 I B
Eleciron Kinetic Energy [MeV]

Dwyer & Langford, PRL, 114 012502 (2015)
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0, by v_appearance

In parallel, long baseline
neutrino experiments have

measured v, appearance

7.3 sigma evidence for electron
neutrino appearance in T2K.

- First ever conclusive
evidence of neutrino flavour
appearance

MINOS - a,,>08 :

30C y Mode —Data
o i — Background -
g 200 [Jv. CC Signal-
T

+ [+, cc signal_f

1”5’-‘.-'%“ 5
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“‘known” Questions in v-physics

(answered or being answered)
* Experimental neutrino physics in the last decades
was driven by the following questions:

= why do we see less neutrinos

from the sun?

- where are the atmospheric vs?

- could this be due to oscillations?

- What are the parameters of Y Let's take a step back

Oscillation ?

- Especially, is 6,, non-zero?
- Is the 6,, mixing maximal?

- what is going on with neutrino

interactions?!
6/26/15 A. M. Szele, LV Krakow School of Theoretical Physics

and see what we know.
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The Current State of Knowledge

e Qur picture of
Neutrinos in the
standard model is
almost complete.

« Large “mixing” angle
0., opens the way to

measurements of CP
violation in the
neutrino sector (not
guaranteed).

 The mixings are very
different than in the
quark sector.

 We do not know the
absolute neutrino
mass.

6/26/15

The neutrino model
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“‘known” Questions in v-physics

(answered or being answered)
* Experimental neutrino physics in the last decades
was driven by the following questions:

= why do we see less neutrinos

from the sun?

- where are the atmospheric vs?

- could this be due to oscillations?
Interesting things
happening in neutrino
nucleus interactions

- What are the parameters of

Oscillation ?

- Especially, is 6,, non-zero?
- Is the 6,, mixing maximal?

- what is going on with neutrino

interactions?!
6/26/15 A. M. Szele, LV Krakow School of Theoretical Physics
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How to measure v mteractlons N a
LArT

* The LArTPC and its bubble /
chamber like-data gives us it
strong background rejection
tools.

-é-/The Neutrmo Event B

* As well as extremely . Nw Charged =
powerful tools to see e.g. S s DESSEE

R o3

nuclear effects.

I /
i mteractlo
0
7. ,_T___k X /

Nucleon @ v&ili
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4

LArTPC Operation

Anode wire planes:

u v y
Liquid Argon TPC

P
1

Cathode T C

Plane -1 PMT

]
1
A
e >
11
/ A1
/ L
/7 1l
/7—
Z Egrift ~ 500V/cm
y 2
L 4
/
/7
/7

6/26/15 A. M. Szelc, LV Krakow School of Theoretical Physics

45



Final State Interactions

« LArTPCs, and their resolution and
calorimetric capabilities of allow us to
reconstruct exclusive topologies.

 We can see if nuclear effects play a key
role in neutrino-nucleus interactions in
nuclear targets. Initial State e

* Due to intra-nuclear re-scattering (FSI)
Final State interactions additional
nucleons, many de-excitation y’s and and
soft pions appear in the Final State.

 ArgoNeuT was one of the first detectors to
be able to observe these effects.

6/26/15 A. M. Szelc, LV Krakow School of Theoretical Physics 46



ArgoNeuT

3 Observing proton multiplicities

« The granularity of the LArTPC allows seeing actual final state
topologies.

 Measuring cross sections as a function of proton multiplicity.

U+ 2p | _ rgoNeuT v-mode FHux, 0xCC, Prelminary
150 § 045 ¢ —— ArgoNeuT Data
. v interaction vertex S 04 radiction:
~ é 0.35 | Qe
500 I mu 0.3 : - Delta
5025 [__1 highRES -
) I :;E 0.2 I 1-pi bgr ,&*
%80.15 L IDis O
01 [ 2p2h-NN &\((\
I 0.05 Q(Q/ :
0 . .
T L L 0 1 2 3 4 5 6
e — — Number of outgoing protons
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£ Back-to-Back Protons

4 back-to-back 2-proton
I events observed in Lab
frame.

1000

Cos(y)<-0.95

O

Possible mechanism
is CC RES pionless
reactions involving
pre-existing SRC np
pairs.

—=e¢

[
N
1|

4 back-to-back
~ protons in CM frame
[ as well

bl

n. of events
Y

N R - S

We can see nuclear effects!

O MM ot Wt &

P =]
/-

AQA//AA

ArXiv:1405.4261

4 F :
PRD90, 012008 (2014) cos(v')
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Summary of Part 1

« The 3 neutrino model seems almost sorted out.

 We have understood many of the first questions in
experimental neutrino physics thanks to the
phenomenon of oscillations.

« There are interesting things happening in the
neutrino-nucleus interactions.

- Tomorrow: what are the experimental questions that
are driving the field today and in the future.

6/26/15 A. M. Szele, LV Krakow School of Theoretical Physics
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The v-Interaction conundrums

— 08
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ArgoNeuT

VytAgs = 1+ Ags
by +Ags = "+ +Ags

Both ArgoNeuT and
MINERVA measured
coherent pion
production.

Gec.con » (107°% cm? per Argon Nuclei)

. Coherent Pion Production

data
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I AllUuiICo 1 dovullly
Throunh NMatter

Non-charged particles (e.g.
neutrinos and photons) are

i(c:)z?zrgigeprangigilﬁrsn invisible to our detectors until
they interact.
along their path — c \
charge and «  Photons in Matter:
scintillation light which
we can detect! photoelectric effect
Charged Particles in Matter: 3 Vo ./" e
o
(very simplified 5 |
./" e m .
g o > Compton scattering
S G R
< ;4
| S w
T @ ntilation W i p@l’:
o A “ \“\X ’ e
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4 Combined MINOS and MINOS+ beam data are well-described

New MINOS+ Data

by standard neutrino oscillations:
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=

=
IIIIIIIIII
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o
L]
—

—— MIMNOS, MINOS+ Far Detector Data
Prediction, Mo Oscillations
—— MINGS, MINOS+ Combined Fit
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0.5f

Reconstructed v, Energy (GeV)

-| 1 1 ] | | |||||||I
% 5 10 1550 30 50

¢ MINOS+ data provide significant statistical improvement at
multi-GeV energies.

* Full MINOS+ data set (>10x102% POT) will further improve
precision of Am?2,;, measurement.
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Reactor SBL oscillation
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The IceCube Neutrino Observatory

lceCube:

+ 78 strings, 125 m/17 m spacing

- Energy range: ~ 100 GeV to = 10 PeV
- 1 km? volume of south pole ice as v

target, and medium for Cherenkov light
production.

DeepCore:

+ 8 additional strings, ~40-70m /7 m
spacing

+ Spans ~ 10 - 100 GeV

+ Targets atmospheric v oscillations and
dark matter searches
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e ——
e e
mr— e S e e o
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1450 m L t
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. Phys Rev D. 81, 0720047 (2015) =
Y] | o ;
= 3.0t
a3 2.8
&5 2.6}
241
2.2
2.0

Timothy C. Arlen
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Atmospheric Neutrino Oscillations

* Neutrinos available over a wide range of energies and baselines

+ Oscillations produce a distinctive pattern in energy-angle space

+ vy 1st survival minimum ~ 25 GeV, and hierarchy-dependent matter effects
below ~ 12 GeV.

+ Large detector required to provide
sufficient statistics to make this

approach feasible

+ DeepCore event rates

analysis
level

type triggered
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Atmospheric Oscillations with lceCube-DeepCore

+ Projection onto reconstructed L/E, for illustration purposes
Observed: 5174 events in 953 days lifetim

- Shaded range shows 800 ——————— a
allowed SyStemaTiCS —— Expectation: best fit : Lo
_ ‘ oo} - - - Expectation:noosc.| . =ea.
with constraints from . ;
current data g 400
(=
. 200
Good agreement in
control region
o - Phys Rev-D-91, 072004 (2015)
] i FE T i i i N
Good description of -
oscillation region "
r

lL'J.'El.’.“'[:l"f HJ.‘EC-D (kH]fGﬂV}
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UHE neutrinos in IceCube

A. M. Szelc, LV Krakow School of Theoretical Physics
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Coherence of Conventional Neutrino
Beams

Neutrinos are finite wave packets.
Different masses should travel with
different velocities — how long are they
coherent?

For Pion DIF it depends on the size of
the pion wave packet — clculate that
and you know how long the coherence
sticks.

Re(y) Source Osc Max

Kicks in sooner with big
AmZ2 or small packet
width
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