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paeiEEs  Exciting Times for Neutrino
Oscillations!

“For the greatest benefut to mankind”™
- F

é’._;./
cided to award the

2015 NOBEL PRIZE IN PHYSICS

Existence of oscillations in
neutrino physics:

™. _ Short baseline anomalies.
“s 1 L0ng baseline looking for

violation & Mass

Hierarchy
Apologies, for slide « How do we get there?
outdated by a couple « How can we maximize our
- ofdays. - chances of getting the
- physics?

09/10/16 A.M. Szelc, CPAD 2016, Pasadena 2
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= Neutrino Oscillations

" P ~ ~~ ’¢ o - ~ ~ ~ .
04 ¢ = i N ; .
ol U e U foae s U} We understand the
= 0 o3 S93 U ‘ 1 0 h —s12 ¢ 0 parameters of neutrino
'\ 0 —so3 e N\ 3¢ 0 e e\ 0 0 1 oscillations pretty well.
‘
o Atmospheric ¢¢' s~~|:€-:'.;*1[::t-:}f,'|r'|tr:rfc'.r£:r|{:r: ," Solar
See.-" Seaenna=”T We have measured the
= & — L L
U=1 ue¢e e=un mass splitting and mixing
LBL Acc + Solar + KamLAND + SBL Reactors + Atmos ang|es (more or |ess)_
T _ T K
| === |H The mixing pattern is a bit
] strange compared to
| 0Oneeds quarks (large mixings).
= some work
A.Marrone@
Neutrino16
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EasEsiel Our Current State of Knowledge
The neutrino model

Our picture of
Neutrinos in the e

standard model is / \\ - {E:;}Unknown"
almost complete. (mf —4— =V, \ physics

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

3 \\
measuring CP
violation

(m.)

“Known”

 Short baseline

/1 measurements hint at

oscillations
incompatible with 3
neutrino model.

« Tantalizing anomalies
that could be
interpreted as a new
neutrino state — the

sterile neutrino.

09/10/16 A.M. Szelc, CPAD 2016, Pasadena

At tension with results
from MINOS+,
DayaBay and IceCube.
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Big Questions In v-physics
(a subset)

* Focusing on those we can answer with accelerator

neutrinos: ’?
— Are there more neutrino states?

- Is 6, maximal?

- What is the neutrino mass-ordering?

- Is there CP-violation in the neutrino sector’
e Optional:

- Is there Unitarity in the neutrino system?

- Non-standard interactions?

09/10/16 A.M. Szelc, CPAD 2016, Pasadena 5
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iz Existence of Sterile Neutrinos

Phys. Rev. Lett. 110, 161801 (2013)
- | | | alﬂmtlnelutrlnol | ]
Experiment Type Channel Significance :i + = Dt (staterr) E
e N — v, from K':' B
LSND DAR I}H — U, CC 3.80 % 0.8 + =Bt
s £ CO A —= Ny .
MiniBooNE SBL accelerator v, = v, CC 340 & os e - it s
— Constr. Syst. Error 1
MiniBooNE | SBL accelerator | i, =7, CC 2.80 4 — ’ :
0.2 T -
GALLEX/SAGE | Source - e capture | v. disappearance 2.80
- - 25k -
Reactors Beta-decay | 7, disappearance | 3.00 - 1 Neutrino
K. N. Abazajian et al. "Light Sterile Neutrinos: A Whitepaper", arXiv:1204.5379 [hep-ph], (2012) E
. . = ]
» Very different experimental E :
techniques are hinting at short = E
baseline oscillations. E
 If confirmed, we would be seeing : , T2 1415 350
neW partIC|eS! PhySiCS beyond Update of [Gariazzo, CG, Laveder, Li, Zavanin, E? (Gew
the standard model. Jre 43 (201e) 33001
107 g T . 10 ¢ et
. : . 3 3+1GLO = . Aol
» Tension with other experiments, : — 90%0CL : T
. o Y — T, —— DIS 99.00% CL
e.g. long-baseline R il = Snie
i R 1< ' >) '
disappearance. 2 o W = _:
« Either way we need to S | 5
understand: yes or no. i
107 b ' . | i |
107 10° 102 107" 110 . s 2 ;
5"”2213“ 10 10 10 10

09/10/16 A.M. Szelc, CPAD 2016, Pasadena 6
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IS 6., maximal?

* IS mixing In the atmospheric
sector maximal or a bit less? iy 1 c—————

e If SO, Is v more v, or v.? (Iin
which octant?)

. . . [
* |f not maximal, this will affect AT,
our measurements of o, and

mass ordering.

« Measure e.g. through v,
disappearance.

09/10/16 A.M. Szelc, CPAD 2016, Pasadena
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(Alnz):sol

e ()’

normal hierarchy

09/10/16

Neutrino Mass Ordering

(mz)g— ; 2—
a (Am )sol

()" ————

2
(Am )alm

(m,)’s Y —

inverted hierarchy

A.M. Szelc, CPAD 2016, Pasa

-

1 m

1-2 resonance

« We know the sign of Am2,,
from matter effects in the Sun.

e Not in the case of Am2,;yet.
Can be “normal” or “inverted”.

« Measurement through v, -
v, using matter effects.

A. Smirnov
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* Measurement through P
difference between v, = v, b\

and v, = v,
* B, must be non-zero to have

chance of measurement
(fortunately it is).

ymmetry — A Fermilab/SLAC Publication

 If d ends up at a value with

small asymmetry will be very
difficult to measure.

09/10/16 A.M. Szelc, CPAD 2016, Pasadena 9
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CP-violation vs MH vs 6_,

* There is interplay between R
these three measurements. %

 There are different
strategies to avoid it.

e Can set up experiment to
not be sensitive to one or
more effects, or control all
of them.

* Multiple measurements will
be helpful.

1 and 2 ¢ Contours for Starred Point
0.09

0.08 —
0.07 —(9 Py
0.06 — e
0.05 [
0.04 [
0.03 [
0.02 [

0.01 [

- e O
L oo
nmnnu

0

P(v,)
M. Messier

09/10/16 A.M. Szelc, CPAD 2016, Pasadena 10
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s Electron Neutrino Appearance

50 100 150 200

2000

 Electron neutrino appearance
amplitude happens to depend on
0.5,0,5 Ocpand matter effects. i

Meaning, we will be seeing alot  «
of it throughout this talk.

* This also means, that
experiments will run into similar
types of backgrounds. Most
likely photons, e.g. coming from
m0 decays.

1500

* Hence | may mention battling
backgrounds for this particular
channel.

09/10/16 A.M. Szelc, CPAD 2016, Pasadena 11



What makes up an accelerator
oscillation experiment?

Accelerator

— peam \

The University
of Manchester

baseline \\\\

detector

» To perform precision measurements we would ideally like
to control L/E, energy, backgrounds, flux, and have lots of
events both appearance/disappearance, and a wide
energy range to see a couple of maxima (and a pony).

09/10/16 A.M. Szelc, CPAD 2016, Pasadena 12
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g Neutrino Beams opimsedusig

genetic algorithms

><1U'9 vFquxP\fl?g?_ S
I e e B i B B i M B
Optimized, 250x4 m DP

Optimized, 204x4 m DP

Enhanced Reference, 250x4 m DP
Enhanced Reference, 204x6 m DP
Reference, 204x4 m DP

CDR
Optimized
Beam

o]
O

 Broadband vs
narrowband?

-~
(=]

D
o

o
o

* Flux not easy to

Unoscillated v“s! GeV/m?/ Year
o
o

model. . &€ 30
20
Vy 10_
......................... > iy : ; ; ; ;
................. : Cb 1 5 3 4 5 6 7
.................................... v, Energy (GeV)
Medium Energy Tune
Protons from Booste N '[ d
Som 80 I I ';’mmd (n‘pﬁgsu rlno mo e |
— 14 mrad off- XIS . s
S 60
10- — On axis =
| —— 7 mrad 8
8__ — 14 mrad 5 I
— i 21 mrad Z 40
> s 2|
Q g
w 40 S
Also other ideas, o e’
Cyclotrons, DAR -
T T R T E—T

E, (GeV)

09/10/16 ALIVL. dzelc, LPAD Zulb, rasadena
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* The baseline, or rather the L/E,
selects the physics you can to
do:

- Short baselines - larger Am?
(mostly sterile neutrino searches)

- Long Baselines — matter effects
come into play at some point, CP
violation can be visible.

e Good idea to try to maximize
oscillation probability.

« Optimize baseline, energy and
detector for best physics
sensitivity. Make sure you have
enough events.

09/10/16

Baseline

v, — V. appearance rates

3000

=~ 30
g u Integrated rate at 1 *' oscillation max
= - =mizmmumsm Integrated rate at 2 " oscillation max (x10)
E. 25 —
2 =
p =
£ 20—
g -
@ [
= 15—
T n
= [
10—
5
IJPL,J"::;:-. P Ll T B R
500 1000 1500 2000 2500
Baseline (km)
v, — V. appearance rates
=~ 10
- &l
_-__',.:_ Integrated rate at 1 ™ oscillation max
= 9 = Integrated rate at 2 " oscillation max (x10)
o
Ei 8
m ?
-
c
g 6
@
= 5
T.
= 4
3
2 3
1I- “*hﬁ“
Ll
D E_,q_.,—_ﬂ i 1 ] 1 | 1 1 1 1 I 1 ] 1 1 I 1 1 1 1 I 1 1 1 1
500 1000 1500 2000 2500 3000

Arxiv:1311.0212

A.M. Szelc, CPAD 2016, Pasadena

Baseline (km)
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 Different
approaches/philosophies.

« Water Cherenkov/Liquid
Argon/Scintillator main
technologies on the market.

« Each has strengths, e.g. optimal
energy — you can tailor your
neutrinos to them.

* Need to have near detectors —
better control of Flux and
Systematics, a near detector helps
(more on that in next talk by H.
Tanaka)

09/10/16 A.M. Szelc, CPAD 2016, Pasadena
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| will go with baseline length and then time. Along
that | will try to mention technology/R&D
developments where applicable.

- Short Baselines,
- Current results from Long Baseline measurements
- Future prospects of Long Baseline measurements.

* A good source of information: the ICFA roadmap
document
http://icfa.fnal.gov/wp-content/uploads/2016-05-07

-nuPanel-roadmap-Final.pdf
(you can provide feedback until Oct 15t)

09/10/16 A.M. Szelc, CPAD 2016, Pasadena 16
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MANCHESTER

SBN Program at Fermilab

A Proposal for a Three Detector Distance from Active LAr
Short-Baseline Neutrino Oscillation Program BNB Ta Mass
in the Fermilab Booster Neutrino Beam Detector rees =

Submitted FNAL PAC January 2015 arXiv:1503.01520 [ ——— SBND 110 m 112 ton
(LY, 600m Y0 "~ MicroBooNE 470 m 87 ton
~ ~ O(1 km/GeV) .

(E,) 700 MeV ICARUS 600 m 476 ton

Yy

——— \[/ \/\ & 7/ -

- f:—) g ot Booster Neutrino Beam @ ron SRR =SS
!
s

—-—'r""'-_'




MANCHESIER MicroBooNE

é‘ﬁj e Already Running in the
=0 Booster Neutrino Beam
> line.
=i :
- © e Justin front of pBOONE
Y2 MiniBooNE. -
Y- e
-0 S Color scale indicates
* 87 tons of Active liquid amount of deposited charge
argon.
I=)
« Acquired its first year's 9
worth of data. 3
« Several upgrades installed E
over the summer. =
v beam = weided [
- . Removable [
. ‘*‘ Mo - ?::m:mm End-Cap g
|_

Wire [beam direction]

09/10/16 A.M. Szelc, CPAD 2016, Pasadena

Scale bar applies to both vertical and horizontal directions

Run 3493 Event 41075, October 23, 2015
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Anode wire planes:
Uu v y
Liquid Argon TPC
Cathode
Plane PMT
-

09/10/16 A.M. Szelc, CPAD 2016, Pasadena



Y
er

The Universit
of Manchest

MANCHESTER Scintillation Light

 Liquid argon is a prolific scintillator.

* The light is always there,
complementary to the charge.

 Light is emitted at VUV
wavelengths, need to downshift.

* Also need to maximize coverage
without blowing up number of
electronics channels.

* This is where rapid R&D In
LArTPCs is happening.

09/10/16 A.M. Szelc, CPAD 2016, Pasadena 20
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3
45 ‘ ? Me;suredCosr;lic Rate (ﬁeam-()ﬂ) |
. . . w LT , BNB Trigger Data (Beam-On) [4.51E18 POT] |
<+ Big step In understanding the —
5 operation of LArTPCs on the Bl T
 Experience with cold electronics, i
HV, UV laser and many other %,
aspects of operation. oot ]
Time with res;ect to the BNB Trigger Time [ps]
MicroBooNE Preliminary
After noise removal | Run 1532, Event 1
gmnn .r |
@ 2400 :
£ |
- 1800
% 500 1000 1500 2000 2;'ch " 3000 : Talks’ by Xin Q|an and
La00e o, Sarah Lockwitz tomorrow
09/10/16 A.M. Szelc, CPAD 2016, Pasadena
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* Providing first physics
results.
e Beam

muon-neutrinos and el
Michel electrons. TR T coact s . o s e s

£
§
g
3
&
5

1000 Stat. only error shown 0.06 Hunte Carlo Deposited Energy
2 :I LIL L I roori I roori I roori I Trri I Trri I Trri I L L L I L L L I LI Ij _ Mﬂntn ra!lﬂ Dppﬂ‘_lred Fncrqv[nn Bmm phcrnnr]
2 - . C "POS : s
g’ 900 i —+— Data: Beam On- Beam Off (2700 + 62 events)  Reconstructed Energy Spectrum [Data)
Ll - Simulation: 3 0.05 )
o 800 B sclected v, CC+bkgd —] MicroBooNE PRELIMINARY
S 700 [ 3, bkgd 3 Wa
zZ = B . + V. bkgd = n 0.04 o _|l|.
600 I NC bkgd - & N LR
E_+__ + Cosmic bkgd 3 :'_3 1 N
500__ I v, CC true vertex Out of FV bkgd = 2 0.03 " + + 1 +
= = -]
400F- = g i | +
200F- — MicroBooNE = & ' "
= 4 preliminary E 0025 g--§ .
200 E= —_ = I i
= 4.95 x 10'° POT E L o
100 — 0.01
3 ™} A
- g Dl
100 200 300 400 500 600 700 800 900 1000 . Pa v g Eas
Track Length (cm) G 10 20 30 40 50 60 70 80
Simulation scaled to same number of events as data Energy [MeV (preliminary calibration) ]

09/10/16 A.M. Szelc, CPAD 2016, Pasadena 22



SBN Bundlngs Construction
R . (@ Fermilab

WAV
.\ ”'J'U.’J.r/
RN ulli“lllll”l::::: F"’ fJ/

/ ALLiL ..:M'
/._.__ A Sl

Vilkvint b ihgiggirannaae

sonth UL L Rnggagras. ¢

IO T SR

existing cables carrying
accelerator signals to
downstream detectors

Inside of the ICARUS TPC

23
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« SBND will see on the order of
million neutrino events/year. St T al
e R&D a_ctivity to develop the ligt § '“"II T WH (W H Wi
collection system. || ,.| l'”'fiiiiiin H“h ft M’ i
. The LDS in SBND will have a | b "'!:: pe i""’” "” v ”rﬂﬂfh -
very high light yield that could ',.:j'i:h' i e |||||m\!\]\|{||‘l W ol
_?_rFl)rclzance the performance of th e “‘* /1 I/IWJWHJ”

2 [ direct VUV to PMTs
%180_— ﬂ cted Visible photons to PMTs -
gmo;_ ota T % + ii SF“»
2 1o %
S0 g e 5
E 100 % % % * A} drift regions ;e‘fﬁ
¢ *H 1

60— i;f

40F .14 E 4 t - "

.4t i
20— it LI i .
ol e b by by v Ly Low oy Lo i Ly [T AT

Uo 20 40 60 80 100 120 140 160 180 200 220
distance to photocathode plane [cm]

UY/1U/1b A.ML. >zelc, CPAD 2016, Pasadena 24
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28 SBN Program at Fermilab

- T600, 6.6e+20 POT (600m) -*:*(" Ve - MicroBooNE, 1.32e+21 POT (470m) By — v, LAr1-ND, 6.6e+20 POT (100m) W -,
3000~ Signal: ( Am’ = 0.43 eV % sin® 26,, = 0.013) 0 : : 140 signal; ( Am? = 043 eV % sin® 26,, = 0.013) ol K - \ 00001 L t ﬂ:“,'_ 0436V 2 st 26, =0013) B ,( 5 \
- Statistical Uncertainty Only = T Statistical Uncertainty Only =Ko, 18000 gnas PN e =Ko,
- =NC Smgle ¥ 1200 — = Ne Smg.‘e ¥ ’r Statistical Uncertainty Only B NC S le
> =0 e > = =voc o e v
1o} C E=Dirt 8 1000 = == Dirt @ 14000 -I:I;.'n
g = B C?sm;cs g = B Cosmics (0] Cosmi
) F — Signal & — Signal i ! Sfi:;cs
c 1500 1= 2 10000 g
Sk g + [}
L w LI}J 8000

1 1.5 2 25 0.5 1 1.5 2 2.5 3

0.5 1 15 2 2.5
Reconstructed Energy (GeV) Reconstructed Energy (GeV)

Reconstructed Energy (GeV)

o @ : m " Booster Neutrino Beam @ 2
[ L — i 1 i

) MicroBooNE '
Fa[ Detector MiniBooNE - Near Detector

ICARUS SBND
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SBN Program at Fermilab

- T&00, 6.6e+20 POT (600m) 1D T e - MicroBooNE, 1.32e+21 POT (470m) HEp — v, = v
so00F- Signal: ( Am? =0.43 eV 2, sin? 26, =0.013) BRK v, 1400 gianal: ( AmP = 0.43 6V % si? 26 =0.013) HEK -V, soonl Ar1-ND, 66420 POT (100m) -,
n ne K gnal: ( ' ve ) ] (A 2 gin? BK v
" Statistical Uncertainty Only Koy " Statistical Uncertainty Only K v, | - Signal: (Am' =043V 5, sim 26, =0.013) - 22, 7 e
C = NC Single v 1200 — £= NC Single v m 18000 —  Statistical Uncertainty Only ' Ve
> 200 Ly cc - C =, cc B 15000 - E= NG Single
o F == Din D 1000 = Dirt - ==y, CC
O 2000 B Cosmics o L i B 14000 |- E= Dint
~ - . ~— I Cosmios o E B Cosmics
B [ — Signal o — Signal ~ 12000 — N
(1:> 15041:— E D onoa E — Signal
10%E
- T600, 6.6e+20 POT (600m)
0.5 1 15 2 25 0.5 1 15 - MicroBooNE, 1.32e+21 POT (470m) | |
Reconstructed Energy (GeV) Reconstructed i SBND, 6.6e+20 POT (100m)
10
- v mode, CC Events
- Reconstructed Energy
- 80% v, Efficiency
i Stat., X-Sec., Flux, Cosmics, Dirt
v, Only Fit
[ ]
1 = —90% CL
L —3s CL
L ---5a CL
- 50
10" EmLSND90% CL
C  [JLSND99% CL
C LSND Best Fit
E Global Best Fit (arXiv:1303.3011)
| %% Global Fit 90% CL (arXiv:1303.3011)
Global Best Fit (arXiv:1308.5288)
- Global Fit 90% CL (arXiv:1308.5288)
10-—-2 | IIIIIII| | IIIIIIII 1 | IIIIII| | [ L IIil
Far Detector 1074 107 1072 10-1 1

ICARUS

Sin’2 6,
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iZm Other Short Baseline Experlments

10 |
+ _ N.;z 8 g ans:sO%CL
v ANNIE is studying s - = _j§:§z:
. . NE B i
o  the behaviour of : | | Lswpetcl
- . 10 7| ] LSND88%C.L
T neutrons In O ||| OPERA013) 0%CL
E . D e | IceCube+SBL allowed (30%)
— neut“no - ~ o 99% fromarXileU?.UOOlle |
O interactions. o = |
. . - s 3
In parallel testing y - I . -
performance of o - . - Syeasx \
LAPPDs in Gd- i -
doped walter. o KATAR alcvnd e v
: 104 10 102 107 1
LAPPD talk by J.Eisch tomorrow sin'2)
. Detedtor @ 3™ floor Al{'l” 2,
« JSNS2expects to take to - —~—g
take d ata I n 2 O 1 8 B 2 O 1 9 - scintillator detector
(Recently received funding &&= O bt
. \ 150PMTs
for first 2 modules.)
i DlreCt test Of LSND| Searchingforneutrinooscillation:-)v_e with baseline of 24m.
no new beamline, no new buildings are needed = quick start-up
09/10/16 A.M. Szelc, CPAD 2016, Pasadena Maruyama@ICHEP 27
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Future Options
. T é‘w +V_u Target
_ Neutrino Beam Muon Decay Ring 0
« NUSTORM provides a ver
well defined beam. U et Y, + VA L —
|t 226 m |

* A good way to search for
sterile neutrino while R SR A S
developing the technology . - "

: " 99% C.L. Evidence s
for a future Neutrino Factory. Ty 5-L1§%??§§§§§ e
. . o, 1% Sys
 Currently in talks with - oo il I
CERN. & 1y 2
= =
 Possible decision frame ) <
around 2020, after SBN
experiments conclude. 0

0.01 0.1
sin22ﬂ

0.001

eu

09/10/16 A.M. Szelc, CPAD 2016, Pasadena 28
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>\L_
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 — I ' n
Q
2 J
=9 e \We've
LBL Acc + Solar + KL + SBL Reactors ‘ ‘+ Atmos
0.06 T T T 1 0.06p T T T 1 0.06p T T -
0.05F 4 o.osF 4 oo0sF -
0.04F 4 o.04F q oo04F memm o
- E K ] E ] E 20
- L s 1 L 1 FE 30 ]
£ oo0sf 4 oo3fF 4 oosf -
@ F ] F ] Eoo 1
0.02 = 0.02- = 0.02 Kl -
0.01F 4 0.01F 4 001 e
E N N ] E L P TR ST ISR T S R ] E N 1 P |
0.00 0.00 0.00
0.3 0.7 3 04 05, 08 07 3 0.4 0.5 0.6 0
sin“0,, sin B
0.06 0.06 P o.oe_...‘l‘...,...“.”.
0.05F 4 o.0sF 4 o.osfF .
0.04F 4 o.04F H  0.04F B
@ F ] F ] F
n?'c’ 0.03F 4 o.03F 4 o.03F 3
Lz F 3 F 1 F ]
0.02 ] 0.02 ] 0.02 —
0.01F 4 o001 4 oo e
D.DD:' PRRFER TN RS N NS S S U W .: O.DG:' PRRTR I TR S T TN R ST T N T .: D.DD:' PRI TR S T N S T I N S .:
0.3 0.4 05 06 0.7 03 04 05 06 07 03 0.4 05 06 0.
P2 R P2
sin“0,, 5in“0,, 8in“0,,

Abmcs'ﬂheri_c data do wnot SPoit this tremd but inkroduce some differences in bhe relakive
likelihood of the kwo octanks in NG and 10, Octant degeneracy may show up i kerms of

“bumps” or "double bands” when marginalized away —7

09/10/16 A.M. Szelc, CPAD 2

- Switching Gears to LBL

S so last year.

« 2016 also not too shabby.

nad a very exciting
er in neutrino physics:

6 cp (SK+DeepCore)

LBL Acc + Solar + KL + SBL Reactor + Atmos
2.0prrrrEp e 2.0rrrry P
1.5F 4 1sF .

L L ==y 4

[ I 20

........ 30

£ 10 1 1of "

0.5f 1 osf ]

0.0 ] oL T T 0.0laely TR T

000 0.01 0.02 0.03 0.04 005 006 0.0 001 0.02 oga 004 005 006 000 001 0.02 0.09 0.04 0.05 0.0

sin‘t, sin‘g, sin“d,

2.0 e 2.0

155 4 1sf ]

£ 1oL 1 1of -

051 4 osf ]

0.0 0.0 el SN I P PO oY T TE B - M P S R

$00 0.01 0.02 003 0.04 005 006 600 001 0.02 0.03 004 005 0.06 000 D01 0.02 0.03 0.04 005 0.0
sin’e,, sin’0,, sin’, ,

Results in the (5,013) plane corroborated bj atmospheric data

A.Marrone@
016, Pasadena Neutrinol6 29
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* 810 km baseline.
* Functionally identical

near and far
detectors.

» Off-axis beam with
energy centered

around 2GeV.

NOvVA Simulation

: R
sMichigan: . \

FLUKATT

. 14 mrad
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iZm NOVA Principle of operation

Functionally-identical PVC-cell Near and Far

Detectors filled with 10.2M liters of scintillator
. K - = ~

Extruded PVC cells filled with
10.2M liters of scintillator

instrumented with [ n—
wavelength-shifting fibre and Photodiode
APDs '
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L
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.
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To APD

R Readout
= Layered planes of =
= orthogonal views 1
'?,-' ol

R

L ow-Z materials, 65% active

typical
: ; charged -~ 344,000 channels
DAQ runs with zero deadtime p;':;k in FD, on surface
Triggers on beam, SNEWS, exotics,
cosmic ray calibration samples Wavelength 20,000 channels in
Shifting Fiber ND, underground
€~> Taken from K. Matera @ICHEP B
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NOVA Preliminary NOvA Preliminary
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* Maximal mixing
excluded at 2.5 sigma

K. Matera @ICHEP o R v Sy T,
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NOVA Simulation

Bl e e Observe 33 events for 8.2 expected
D SIN"0,,=0.4-0. .
7 E6.05x1020 POT equiv. - backgrounds.
(] 40_ Ll
D_ = - - a .
x 30'\/\: For maximal mixing expect 36(19) - NH(IH)
o L :
= M’\ NOVA Preliminary
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< 10F — NH e
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n T 3 2n = —
2 dcp > “ 0.4 -l =
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B T :-.3.04_ J_|NH:
i — FDdata S<q L B 3n 2n
10 —— Best Fit Pred. 2 O o 2

Total Background ssi o
- ? NOVA Preliminary

30 exclusion

Events / 6.05 x 10°° POT-equiv
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I
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iy Of.écp~:rc/2
I In 1H,
Fleconstructed neutrlno energy (GeV) O % R 3n Iower octant

J Bian @ICHEP Ocp 2
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= Super-Kamiokande

I in

o U Mt.Noguchi-Goro Dake
245 2,924m

o o Mt.lkenoyama

M 1,360m

=

Ly

0O

aesetgy 600 MeV.
1 *’ » Studying v,
disappearance and v,

appearance (and for anti
neutrinos.)

SEE R T T

A.M. Szelc, CPAD 2016, Pasadena
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% o : Near
o Off-axis beam detectors  J-PARC
energy centered around  pescrmme:

5in*20,, = 1.0
Am2, =24 107 eV?

W OA 0.0°
22 OA2.0°
S 0A25°

E, (GeV)
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Signal (v,) Background

Signal (v,)

The Universit
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 Complex of on-
axis and off-axis
near detectors to
understand the
flux.

~10m
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* Recelved stage one s T -
approval to 20e21 POT
(~2026) — T2K-1l (3o
sensitivity to d¢p)

—2.5
MR Pawer Supply upgrade

u
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Integrated Delivered Protons [10%'POT]
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o |

n
431

]
L=]

* Ongoing development of
HPTPC near detector.

* NuPrism and TITUS
(Intermedlate near 07015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 227 oo
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Back to the Future

* To get to levels of a 5 sigma CP
violation measurement we will need
next generation experiments. They
will need:

- Higher intensity beams:
allow longer baselines + more
neutrinos

- More detector mass
- Better energy resolution

* Two big projects going on:
HyperKamiokande in Japan and
DUNE in the US.

09/10/16 A.M. Szelc, CPAD 2016, Pasadena 39
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= Hyper Kamiokande

20
i
T
=o  J-Parc Beam upgrade to 1.3
M
05 MW
=5
* Hyper-K Tank:
60 m tall x 74 m diameter
40,000 50cm ¢ PMTs -
40% photo-coverage
e 260 kton mass (total fiducial
volume is ~10x larger than Super- =3 *~
. ' ﬁ ;
Continuous beam upgrade @ J-PARC _ e I‘ﬂ]qu ¥ 22 TO
J- PARC Main ng F ast Extractlon Power Pro Jecuon D € Slg n Re po rt
g WE Rep Rate(Hz)l : : 3.6 '_2 ;
% g0 040 o7 :USU' 083 | 086 d34 =
% lztl(li— Main:Rina —-3'25
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2 5 : 7 : =28 =
800 Pali - Elvg
600 f I :;25 E L A
4!]()2— : . .II —218
2073016 2008 200 200 3004 2036 2008 253]06

Fiscal Year Submitted to the Hyper-K Advisory Committee.
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Hyper K Physics

>\.‘-
+— O
E"S Normal Hierachy
T 0.05 | Leading (813)
> . .
=2« CP violation up to >50 T Total
Dg ? . J Matter
¢ i : R
<« * Mass hierarchy from s L PV L=295km
. . sin%2013=0.1
atmospheric neutrinos | Sin26;5=1.0
8= 90°
(at 295 km CPV 1
] 0 1 2
effects dominate). E, (GeV)
. e Mass hierarchy known case
z W Dlﬁerence from 6CP-0 S50 WA RREE REEE T 10 Nomal mass hierarchy HK 2tank staging 10 years _
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* A number of near detector ideas proposed for

T2K-Il & HK:

The Universit
of Manchest

TITUS: 2.5°off-axis, @1.8 km.
Gd-loading for neutron detection.
Magnetized muon range detector.

1.27 kton FV

NuPRISM:

Spans angles from 1° to 4°
Different, well defined energies at
different angles (0.4 -1 GeV)
Linear combinations can reconstruct far
detector spectrum

4.0°7 Off-axis Flux

Searching for a common design
of the two proposals.

09/10/16 A.M. Szelc, CPAD 2016, Pasadena 42
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 HK Is developing larger PMTs:
NEW PHOTODETECTORS S Hyper-Kamiokande 2
"50 cm Box&Line PMT 50 cm Hybrid Photo-Detector (HPD)"
R12860-HQE (Box&Line dynode) R12850-HQE (Avalanche diode)
Developed Under development
—> Ehoto-detector ; —> Possible further
in Hyper-K improvement of

baseline design

Hyper-K 4

ﬁ

|

+8kV, 105fain\\\
| |

High Quantum Efficiency
Photo-cathode

A l O7gain

&

Charge amplificatio
with APD

Super-K PMT HQE Box&Line HOE HPD

09101 V- Hartz@NuFact16 AM. Szelc, CPAD 2016, Pasadena _l1alk by T.Feusels tomorrow




MANCHE Hyper-K PMT R&D

20 -

27 « R&D effort on developing larger PMTs:

35

CC 15

55 NEW PHOTODETECTORS S Ryper- Kamiokande
—|E‘45 "50 cm Box&Line PMT 50 cm Hybrid Photo-Detector (HPD)"

R12860-HQE (Box&Line dynode) R12850-HQE (Avalanche diode)

Developed Under development
— Photo-detector i —> Possible further
in Hyper-K / improvement of

baseline design Hyper-K 4

Single Photoelectron (PE) Charge
| § [0 / peak] :
é Supre-K 53%| § | e Studying the

r. Box&Line 35% I Up‘-’SSibi"t?/-or
0 Na\' sing multiple
A7y HPD 10% PMT Assemblies

Entries (a.u.)

preamp noise)

5ol o BT WL W O Ell (DOws) Atla the

mediterranean
Neutrino
experiments.

I 1 2 3
Loss in backscattering of e Photoelectron

09/10/16
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Hyper-K timeline

Possihle construction schedule

FY 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026
2015

Suveyjdetailed desig Tank construction Operation
S —
Accesstunne Sensor
installation

Photosensor

ater
filling

» Assuming HK proposal approved before the end of 2017

» Access tunnels/cavity excavation and PMT production

dominate the timeline Obayashi@NuFact16

09/10/16 A.M. Szelc, CPAD 2016, Pasadena 45



y
er

The Universit
of Manchest

MANCHESTER DUNE

Sanford

Underground
Research o
Facility __

Fermilab

-
Y -
- R

* Broadband beam from Fermilab to SURF. Two detector designs for
- Baseline 1300 km, beam on in 2026 ﬁrStSt_Vr‘]’(g)lgnggg'eS:
. . I
(final design 2..3 MW). SIS e
e Four 10 kTon liquid argon modules

09/10/16
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Appearance Probability

. -
% v, CC spectrum at 1300 km, Am,= 2.4e-03 eV 2
¢ » Broadband beam and ;=
U . E 450;- ........................ Sin229 -0.1'50 .m
- long baseline allow s |
E d . _9‘% 350;" """" 8in?20,4=0.1,8 m/2
= |Sentangl|ng mass lall [ n /AR T e
O . 55 250*; ......
hlerarchy and CPV S8 ap| || A oo
! 150j
_ MIN'eND 1 T T
e 50 resolution on Mass ] - ]
0
- 1 10
Hierarchy for all values
Of 6 CP 25: Iagrnfalsﬁ?:::xm CDR Reference Design § Eg:“:alsﬁ?:::r‘::l‘; CDR Reference Design
: 3002 kt-MW-years ... Optimized Design 7 3002 kt-MW-years ~ __..__. Optimized Design
sin“26,, = 0.085 sin“26,, = 0.085
20F gin%o,, = 0.45 GLSIM0z; = 045
5c
5 P
=
= 4
© 3c
2
1
sttt 7 080804030 0304 06708
E. Worcester@ICHEP16 Sep/T ce/ T
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STT & Ar-Target

NOMAD inspired detector

- Magnetized straw-tube
based

tracking system

- Pb-scintillator sampling
ECAL

- RPC-based muon tracker

- Multiple Targets (incl. Argon)

09/10/16

DUNE Near Detector Design

Reference design.

L Detector

Dipole-B
HPTPC Similar to
T2K/HK Idea.
Very good resolution,
allows resolving low
energy traks.

™
BARREL ECAL SOLLENOID
(10Xa) colL

MAGNET YOKE BOTTOMFLANGE

PRESSURE
VESSEL / TPC

Liquid argon detector,
similar to ArgonCube .
Modular construction.

UPSTREAM
ECAL (10Xg)

DOWNSTREAM
ECAL (20X)

6.5m

<)
A.M. Szelc, CPAD 2016, Pasadena 48
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s DUNE/LAr technology R&D

* Avery large effort currently ongoing to install
the two protoDUNE detectors in the CERN

~fF AMgnchester

Single-phase and dual-phase
cryostats in 2017

09/10/16 A.IVL. dzelc, LBAL) 2U10b, t'élsaaena 49
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EsT DP Charge readout and
SP R&D Preliminary

* The double phase design
uses LEMs (Large Electron
Multipliers) to read out the

amplified charge.

» Excellent signal to noise.

09/10/16

View (: Evert cisplay (run 14455, event B044]

channgl rumber

Courtesy of LHEP-Bern
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ek LIght Collection R&D in LAr

-
-*5% « Goal is to get as much light with
“g%é as few channels as possible and
28 taking up as little space as you
5

can. ARAPUCA

WLS coated light guide
bars (multiple designs
under consideration)

\ TPB coated
o LA st g /CastAcrythars
é “\/’ \/’ 430 1 shied ighl in ba) ﬂ

S,,L,nm
Dichroic
Filter

S, Lnm

it § g
TPB coated radiator . ....-=="** 120 v LA srtaion 5 B |
Cast WLS Bar . 2 P

- \ Fit into APA & B

i " .. f.,,f" e > ,."'., . ‘ I. / frames .; é

A=127nm

Talks, by J. Moon and B. Howard

tomorrow Talk by A.A. Machado tomorrow
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< by
o |0
= [0 .
8 o Future Laboratories J
@ & + Experiment Hall |
Bl . LZ QFJP Proposed third generation dark matter and/er -
= LUNZEPLIN 1T neutrinoless double-beta decay . /

Proposed sacond generstion dark matter

R&D opportunities *DUNE at LBNF

. Prop DeepUndurgmrﬂIhuh:lnoEnpsrhmﬁ
—four 10KT liquid argon detectors

Ross Campus

oo mabelLadill 2024: Physics Data
+CASPAR Begins (20 kt)

Compact Accelerator System

4850 Level (4300 mwe) .

Masonana DEmONSTRATOR
Electroforming laboratory

2026: Neutrino

Beam Available

E. Worcester@ICHEP16
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s Other i1deas (some far off in the
future)

DAEDALUS Cyclotron

Primary Cyclotron,
Super-conducting,
800 MeV/n

L,
M=

The artis in the
injector cyclotron.

Injector Cyclotron,
Compact,
60 MeV/n

Target/shielding

Neutrino Factory

Muon Accelerator Staging Study
+  An incremental staged approach
« NuMAX @ 5 GeV
« Optimized for FNAL:SURF

Neutrino Factory (NuMAX) y 1
Proton Driver FrontEnd |Cool- | Acceleration | j Storage Ring v Factory Goal:
ing . 10%" pt & - per year
OO S within the accelerator
gl == 5 GeV RPN
. 8T 5 5w |01 15 e
2 B o E3E 5 § £l av e H 2
£ 2 5 meg § g § T u-Collider Goals:
9 2 ERC A = 126 GV &
gsg £ % i |Accelerators: ~14,000 Higgsfyr
=: |Single-Pass Linacs " Multi-TeV =
< = I:OI'lg Hempr Lumi > 10%cmZs?

09/10/16 A.M. Szelc, CPAD 2016, Pasadena 53
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Summary

» Accelerator neutrino beams enable precision
measurements of neutrino oscillation
parameters.

* Avery eventful summer: great results from
MINOS+, T2K and NOvVA.

* Hope even more will come soon.

 SBN accelerator program in operation and
construction — first results in not too long.

09/10/16 A.M. Szelc, CPAD 2016, Pasadena 54
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Thank you for your attention
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Optimization of facilities for large 643

6-107%r
4-]0_25 /7 ™\ Atmospheric /-
21020/ | , |
A / Solar ]
P D o = \\.- J;
] \\\. f.f
~2-1077 i #,;=8.5° CP \Interference/
_ \\\ //
-4.] []—3 - — -
_(.10-2_----u---...........
} 0 500 1000 1500 2000

L/E (km/GeV)
Signal systematics and not stats become the bottleneck
for large 0,5, explore second peak? p. coloma and EFM 1110.4583
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Scintillation Light in Argon

- " Emission: T :

25 ransport.

¢ ® -

3% ‘ Liquid argon is mostly " Detection:

5 Excited dimer Y transparent o its Liquid argon is almost the
state scintillation.

only thing transparent to its

Photons are all ~128 nm — VUV At |0nger distances scintillation.
...... i Rayleigh scattering ~55cm
| f(A) and absorption, e.qg.
on nitrogen ~30 m

Detection is challenging —
most often need to use
Wavelength shifting

40004

3000 i .
e @2Zppm N, be_glns © plgy compounds, like TPB.
- PR, a role. Note high refractive =~ =
maao 1 C far \/I1I\/ ”
IMTTUCTA L.J1TUlI VUV, 80 "‘, J
10001 | Two-component wr

Arg i ",. (Emission)
H [}

@
-}

light, 7ns + 1.3'Us

Arbitrary units

120 140 160 180 200 220 240 °
Wavelength [nm]

B
-

w B
& B
s
- / d
g
g
o
4
-
S
2w
-
=

5
;
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Matter effects

P(v. — v,) = P(v, — v.) = sin® 20y, sin®*(Am;,L/4FE)

Passage through matter ) 0 5 ;
changes the effective Am?2 and Ay = Am \/Sm 20 + (cos 20 — ;)
mixing angles: sin2 20

. 2
S 201 sin® 20 + (cos 20 — z,,)2
Effects are Energy and density dependent. - 2v/2GrN.E
’ Am?
Example: 1000km baseline, R
through the mantle, - Sign inverted
Am312~2.4x10'3e\/2 -~ For anti-nu

|z, | ~ F/12 GeV

After B. Kayser
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izl T2K oscillation parameter
dependence

- sin?26043 and sin? 0,3
- Leading terms
- “Octant” dependence; whether 6,5 > 45°, 6,5 <45°, or 6,5 = 45°

- 80 £27% effect at T2K for 6,3 = 45°
= Qg™ g: enhances P(v‘u =5 ve), suppresses P(iﬂ - 173)
Oep~ + g: suppresses P(vu -V, ), enhances P(ﬁu - 175-)
- Mass hierarchy: £10% effect at T2K
- Normal: enhances P(vu - ve), suppresses P (1_’;1 3 ie)

- Inverted: suppresses P(vﬂ — v, ), enhances P(fﬂ ~7,)

2
m- |- Ve Vy mmVr
A

5 ;

m; e m. | |

be o 2 - o -5 +2
* : Am3, ~ 7.6 x 107 %eV*

= 2

m‘l'l |

b

Amzj:: ~ 2.4 x 107%V?

-.ru'_:: . = o
Am3, ~ 7.6 x 10 %eV?

5 5 ¥
m m; T

)

Am3, ~ —2.4 x 107 3eV?

Normal hierarchy Inverted hierarchy
lwamoto@ICHEP
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LArTPC detectors (2)

Anode wire planes:
u v y

The Univers
of Manchest

Liquid Argon TPC

Cathode
Plane

PMT
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SIPMs + coated bars

WLS coated bars coupled W‘J

12 SiPMs

to SiPMs (current DUNE | ||
baseline design).

SIPM timing not as good
as PMTs (Industry is
working on this). NG

Photon travel time in bar x Slice at 9.6 cm x Slice at 9.6 cm

— 10.25

adds to this.

Work ongoing to
minimize attenuation in
bars.

Tested In 35ton —

prototype and test-
stands.
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0.01
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A. Himmel, FNAL
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The Un

600 MeV Monoenergetic
Beam
using 60 slices
in off-axis angle
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NuPRISM Detector Concept
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The ARAPUCA light trap

* A way to enlarge the active
surface without increasing
number of channels.

 Use dichroic filters + 2 WLS

S,,L;nm

Dichroic
! Filter

S, L,nm

1975
A1
2.5,

¥
LWL

JEFIZSI

Planned installation
In SBND and
protoDUNE

Filter is transparent
Filter is reflective

A=127nm

..............................................

E. Segreto & A.
Bergamini-Machado
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