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* Brief introduction EUROPEAN

SPALLATION

* Applications of neutrons SOURCE

* The ESS neutron facility
* Neutrino Oscillations

* Matter-antimatter asymmetry in the Universe

* How to observe CP violation in the leptonic sector
* The ESS neutrino Super Beam

* Conclusions
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e European Spallation Source =%

Target station

Neutron facility o e FA e EUROPEAN
provide the power are emitted and led SPALLATION
to accelerate the to neutron beam SOURCE

protons. guides.

vrR2()8O0F
wpQUOOH

Superconducting _
linear accelerator y r 3 Laboratory for
where protons 1 . . i ’ sample preparation.
are accelerated. e s
5
-

Instrument hall
with instruments
for different
measurements.

Instrument, where
the neutrons scatter

off the sample, hitting
detectors and generating
experimental data.

Data management
centre, where
experimental data is
gathered, analysed
and disseminated.

under construction phase
(~1.85 B€ facility)
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* Multi-disciplinary science applications

* Transmutation of radioactive (waste) material
e Accelerator-driven Systems

* Industrial applications:

* materials analysis and non-destructive testing
tools in many industries

* heavy mechanical production
e _art conservancy

e Medicine
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e ESSis a neutron spallation source for neutron
scattering measurements.

* Neutron scattering offers a complementary view of
matter

— in comparison to other probes such as x-rays from
synchrotron light sources.

— The scattering cross section of many elements can be
much larger for neutrons than for photons.

H Li C O S Mn Zr Cs

X-rays

heutrons
Athens, 04/02/2019 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 5
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Can reveal the molecular and magnetic structure and behavior of materials, such as:
— Structural biology and biotechnology,
— magnetism and superconductivity,
— chemical and engineering materials,
— nanotechnology,
— complex fluids,

Neutron scattering of

hydrogen in a metal Neutron radiograph of

organic framework a flower corsage Neufron raiograph

e e
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Optimus+_2013_10_3|

~essssssm— 352 21 MHz sl -~ 704.42 MHz —(y—-
<—24m-> «<46m> €«38m> €«39m-> «566m-=> «—77Tm—> &« 179m — «—241m —>

90 MeV 216 MeV 561 MeV 2000 MeV
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empty space for

e 352.2 1 MHz v - <l 704.42 MHz - energyupgrades
«2m—=> €«5m=> <« Im—= <«<|9m> «<—7Sm— <«—Il7Tm— <« 20m—> < 163 m >

ra

Source ) HEBT & Upgrade

75 keV 3 MeV 50 MeV 191 MeV 653 MeV 2000 MeV

* The ESS will be a copious source of
spallation neutrons.

e 5 MW average beam power.
e 125 MW peak power.

* 14 Hz repetition rate (2.86 ms pulse
duration, 10*° protons).

e Duty cycle 4%.

8- x10%4

* 2.0 GeV protons STw

2015 design

A=15A

o upto 3.5 GeV with linac upgrades
e >2.7x10% p.o.t/year.

ESS 5 MW
2012 design

SNS JPARC
UKTS2 |1-2 MW 10.3-1 MW

Linac ready by 2023 (fuII power) @ UKTSL 32kw

128 kW ‘ \ ILL 57 MW
\ A

Brightness (n/cm?/s/sr/A)

4 time (ms)

0
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* One beam pulse:

o has the same energy as a
16 b (7.2kg) shot traveling
at

e 1100 km/hour
e Mach 0.93

o Has the same energy as a
1000 kg car traveling at
96 km/hour

o You boil 1000 kg of ice in 83
seconds

* And this for 14
pulses/sec...

Athens, 04/02/2019 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 9
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European Spallation Source ™
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ESS schedule

2014

Construction work
starts on the site

2009
Decision: ESS will
be built in Lund

First neutrons on
instruments

ESS Design Update

phase complete

2003 /’
First European design { =

effort of ESS completed

Athens, 04/02/2019 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA
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European Spallation Source as
Neutrino Facility
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Quantum Mechanies ===
and lepton mixing

« The "known" neutrinos are combinations of neutrino mass
eigen states, e.g., for the electron neutrino:

‘ne> = Uel‘n1>+ue2‘n2>+ue3‘n3>
 Propagation in time: |
‘nj (t)> =@ |Ht/D‘nj(O)>

For all neutrinos, we can write: VooV
V1

/ 4 \ / Uel Ue2 Ue 3 \ ( Vl
v = Uu 1 Uu 2 U,u 3 V2
Utl U‘L’ 2 Ur 3 )

A4
unitary mixing matrix

)\

Pontecorvo-Maki-Nakagawa-Sakata Matrix Weak
Unitarity: UU*=I interaction

(U=(U*))
Athens, 04/02/2019 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 14
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Neutrino Oscillations
Pontecorvo-Maki-Nakagawa-Sakata rvlgatrix

ve\7 Vi

well established now 9135? Vi
Usual parametrization

- Uel Ue2 Ue3 -

[] []
Uai =0 Unl Un2 UnB ]
[] []
[] Ufl Utz Uf3 []
[]
1 0 0o U
_ O 0 - H O 0
_DO Cys stm@ 0 1 0 L - S C120D
"0 -s, o, F-s€ 0 o H 4o 0 1f
rotaLtion around X- axis with ang|ejq23 ) rotation around y- axis with angle Qs " rotation around z- axis with angle g,
atmospheric, reactors, solar,
accelerators accelerators reactors e 5.p for neutrinos

CP violation * -gcp for anti-neutrinos

Athens, 04/02/2019 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 15
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Institut Plur|d|5u:|p||na|re
Hubert CURIEN
STRASBOURG

3 L bmgt [
B, = d,+ U,U, e & -1
k=2 ] il
(the time has been replaced
with: anj B rni _ mJZ by the distance)

the transition probabilities do not depend on the particle masses
but on the squared mass differences

Finally, the transition probabilities depend on the mixing matrix elements, the 2
squared mass differences and on the parameter L/E.

m, =0 or
Dm=0 or
D, L/ED 1

Athens, 04/02/2019 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 16
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(Mikheyev-Smirnov-Wolfenstein effect)
i, n, D

Ao ooy
v,(0)) @ Pm = He Iy

_ _—iHt/h
v,0) = ¢
Dn 0 0n, O

UE,;..L,T U-E,j..l-,‘?’
only for ; in "ordinary" matter
electron Z
neutrinos
p!lﬂ'!'E p!ln!lE
NC
0 0 0O [
1D0 O2 OD 1DD0 0 0D %aoo
H, =UHUT=—uo00 Dm;, 0 Wfr»—woo0 Dm 0 W'+ 0 0 0
2B 5 0 2E0E T
0 0 Dmy - 0 0 Dm - [£00O0F

r OeE C
= (p~3 g/cm?3 for earth crust
gg /cm BgGeV =39 )

Athens, 04/02/2019 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 17
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In disappearance experiments we count how many initial
neutrinos vV survive after traveling over a distance L (case of 2

flavours): > 18 ey e r
o of1278mPL) £ -
Plv —v )J=1-581n"26 sin S o5 L S
ot i 0 c
v O @
- 0.0 '::::!". ':::::! — :::::! A RERL
10! 10? 103 104
L/E, km/GeV
In appearance experiments we look for neutrinos Vg inavVv,
neutrino beam:
>10 ]
, ‘ 1.2?MEL ‘S ] Am? = 3x103 eV?
P(-vﬂ — vﬁ) =sin’26 sin’ S0
E'Ir' S-0_0 Lol |_4_,—¢-r‘|’|'-r|,|/ L1 ALl
10! 102 103 104
L/EV km/GeV
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oscillations

Using SuperK and SNO experiments

Arthur B.
McDonald

NEUTRINO OSCILLATIONS

e discovery of these s that neutrinos ha

Athens, 04/02/2019 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 19



D, ccost
Present measurements

Dm;, =|2.52|+0.04 110" eV*
2 _ +0.19 -5 2 m2 m2
Dmy, =7.507,,; 710" eV —
sin® q,, =0.441%72" (0 41.6°) or 0.58772, — ne
sin® g, =0.30670%2 (1 33.6°) — n’"
. 2 o I
Sin“ g, <0.046 (<12.4°) ) ,
rr13__ o aaa— — —+M,
g, <12.4° 90% CL |075710°ev mlz
I |
up to 2011 1257107 eV?
~0p (almost) unknown 2 ) 0257 10°%eV?
n]z—_ i - 5 2
» | 0757 10° ev | )
We can then write:

M, - ————— I e— T
? ?
Dmy; ~ Dmy; [ DM jarger mass splitting

Dmy, LJam “small* mass splitting normal hierarchy inverted hierarchy
Dml am

Athens, 04/02/2019 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 20
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Hubert CURIEN
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»

At the very beginning of the Universe:

10,000,000,001 10,000,000,000

matter | antimatter

Athens, 04/02/2019 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA



ESS ”~S t
O NEUTRINO - CcCOos
e)b S SUPEP\ BEA’\/l EUROPEAN COOPERATION

IN SCIENCE AND TECHNOLOGY

+ radiation

. . - 10 . o _. o . \ . ? . :
T_.," : l ? " g N ' g -
.’.,. s ,'_'v.‘. -
, . | -

= iwhat we see a"r(')un&usfoday.; o

Baryon_AsymmetryjriIhe _ jverse (BAU)

- - -
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Institut Plur idisciplinaire
Hubert CURIEN
STRASBOURG

Aaﬁ’ = P(vq _’VB) — P (7, _”7[?)

= Jcp "> - sindcp

—

with: ]PMNS ~3X10_3 (Jarlskog invariant)

(for hadrons: JSKM ~3x107°, not enough
even if 5CP~70 )

(from the already observed CP violation in the hadronic sector)

Theoretical models predict that if |siné.,|=0.7 (45°<6,,<135° or 225°<6,<315°),
this could be enough to explain the observed asymmetry.

(Nucl.Phys.B774:1-52,2007, arXiv:hep-ph/0611338)

Athens, 04/02/2019 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 23
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Institut Pluridisciplinaire
Hubert CURIEN
STRASBOURG

In order to generate the needed baryon asymmetry the following
conditions must be satisfied:

* Baryon number violation

* If not, no baryon number can be generated (o0.k. in SM considering
Sphalerons @ ~140 GeV)

* Cand CP violation

* [(A->B+C)=l(A-bar—>B-bar+C-bar)

* CP violation already observed in the quark sector, but not enough
* Departure from thermal equilibrium

* production/destruction rates of baryons are equal if thermal equilibrium
[(A->B+C)=[(B+C—>A)

e expansion of the universe

Athens, 04/02/2019 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 24
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C 6S ™Mo logg
D P;a( WATTER

Pﬂo‘I’ON SCﬁ‘a‘
Bike Pavty

© WARNER BROTHERS
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Oscillation probability === .

(neutrino beams)

oy =4 S;%%Sinz (1-r)AL "atmospheric”
V=V (v, v, (1 _rA) 2
r ALY . r AL . (1-r,)AL _
+8J ——2——cos|d,,)- sin -4—sin R "interference"
rA(l_rA) 2 ) 2 2
2
+4C§361225122 (F_A) sin” AL "solar"
Iy 2

Am? a Am?
]r = (1551265353535 A= f?,l s Iy = W s Iy = Amil 2\/§GFN6EV
3 31 matter effect

v

« for antimatter: 6., —-0-pand a—-a
« fake matter/antimatter asymetry due to matter effect | * 9cp dependence,
o for NH: Am,,2—|Am,,?| * sizable matter effect for

« for IH: Amg;2—-|Am,,?| long baselines

If 0,5,~0 — oscillation probability not sensitive to d-p — impossible to observe CP violation

in the leptonic sector.
Athens, 04/02/2019 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 26
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CP Violating Observables

P

_ Y

= P

#0 = CP Violation
be careful, matter effects also
create asymmetry

-V, o })17#—>17€

-V, + Pfﬁafe

1]

Matter-antimatter asymmetry

Athens, 04/02/2019 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 27



Use all this ESS linac power to go

to the second oscillation maximum

but why?

Athens, 04/02/2019 | S * M. Dracos, IPHC-IN2P3/CNF
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Neutrinoe Oscillations with “'large" 0,,
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solar
, : atmospheric " "
e ﬂ " . for "large" 0,
for Sm.a“ 9.13 atmospheric solar 15 oscillation
1t oscillation /\ : :

) . — - = Mmaximum is
Lnatiqmum N L/E \]L/E dominated by
eter :

~0.005 Cp interf 008 CP interferenc zmsphenc
Xiv:1110.4 . Interrerence
(arXiv:1110.4583) 913_10 01328.80 H
0.030 0.20
nd et i
—~ 2" oscillation maximum
> 0.025
. . . 0.15}
T ool 1St 0OScillation maximum
S
-~
E_’oms 0.10} .
0,,=1° 5cp=-90 91:=8.8
oor0p 13 cp ("large' 0,3)
("'small** 0,5) Ocp=0 0.0}
0.005 8CP=+9O
100 300 500 1000 2000 L/E 100 200 500 1000 2000 L/E

 1stoscillation max.: A=0.3sindqp

« 2" oscillation max.: A=0.75sindp

Athens, 04/02/2019

M. Dracos, IPHC-IN2P3/CNRS/UNISTRA

more sensitivity at 2" oscillation max.
(see arXiv:1310.5992 and arXiv:0710.0554)
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powerful proton beam...

What can we do with:
* 5 MW power

beam

* 14 Hz repetition rate -».o-» @ @ |]

farget hadr‘omc collector P —> IMTH 1N

e 2 GeVenergy proton i
physics

* 10 protons/pulse (focusing) Petector
e >2 7x1023 conventional neutrino (super) beam
protons/year

Athens, 04/02/2019 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 30
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ESSvSB v energy distribution

(without optimisation)
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010 F L 107E
I neutrinos | £ | anti-neutrinos
§1ﬂ115— §1D"§—
810" Q10"
N N
‘E 109;— ‘E 10°5
m“;— mﬂ;_
mriulr-lﬁ---l-..l......” L 1“??m.l...l.mﬂ_ﬂm.ﬂﬂ|...|...
0 0.2 04 0.6 08 1 1.2 1.4 1.6 0 0.2 0.4 0.6 0.8 1 1.2 1.4 e :;E
GeV &
* almost pure v, beam
e small v positive negative at 100 km from the
contamination which N, (x10"%)/m? | % | N, (x10'%)/m? | % | targetand per year
v 396 97.9 11 16 (in {albse_)nce of
could be used to - oscillations)
measure v, Cross- L 6.6 1.6 206 94.5
sections in a near Ve 1.9 0.5 0.04 0.01
detector 7 0.02 0.005 1.1 0.5

Athens, 04/02/2019

(Nucl. Phys. B 885 (2014) 127)
M. Dracos, IPHC-IN2P3/CNRS/UNISTRA

31



@"}D& ESESUTRINO c EDEt

SUPER BEAM EUROPEAN COOPERATION

Oscillation to be studied

Athens, 04/02/2019 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 32



Can we go to the 2" oscillation maximum

using our proton beam?

Yes, if we place our far detector at around 500 km from the neutrino source.

MEMPHYS like Cherenkov detector (arXiv: hep-ex/0607026)
(MEgaton Mass PHY Sics studied by LAGUNA)
: _ i
» Neutrino Oscillations P N
* Proton decay @<

- Astroparticles g \Y

» Understand the gravitational collapsing: galactic SN;
« Supernovae "relics"

« Solar Neutrinos

« Atmospheric Neutrinos

i

::-’" 65 m

New 20" PMTs with higher QE and

* 500 kt fiducial volume (~20xSuperK) cheaper (see JUNO), the detection
* Readout: ~240k 8” PMTs efficiency will improve the detector
» 30% optical coverage — performance keeping the price

constant, not yet taken into account.
Athens, 04/02/2019 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 33
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37 37

10 | T | LI | LU I LI | LI | LI | LI | LI : LI LI |: 10 :I T | LI ! T I LI ! LI I LI ! T | IIIIIIIIIIII :

: p—>erc° sensm\rlty (90% CL) E p—vK' sensitivity (90% CL) E

1036 = _ 1038 5 _
[ 1 7| E
S ! | . ® ! ombined .
. ; combine i 1

“E 10 % - —eftge=gd% 7 I E— = 10%} - gensitivity [t -
e F BGSK:Z 2evi|".r'ltyr : ] CIE-'r F ; i
5 - - . . = L _current limit , —:
= i eff=3J4 x eff,, | B = [ 79.3ktyr. Y , ]
= 10%E : /\SfN=IM - (s%u - = 10¥|16x10° L ,\—
= i | eff1/2 X E = 5 | .\ spectrur)
& [  SIN=172x (s)ﬁ)SK ] by o }l pectrun
10 3 - : * = 10 3L promplﬂ,'+—:
current status ' . i

79ktyr 5.0x 10 yrs E E

32 |||| L L ||||||i L L ||||Iy L L |||||Ii L L1l |: 32 : : Y é :

10 10 L L ||||||| L L ||||||| L L1 L 111l L L ||||||| L Ll L 111

2 3 4 5
10 10 10 10 10 10> 10° 10 10° 10°
Exposure (kton year) Exposure (kton year)
(arXiv: hep-ex/0607026)
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IN SCIENCE AND TECHNOLOGY

EUROPEAN COOPERATION

-
D

NEUTRINO
SUPER BEAM

ESS

~
A )

CONLEN

pPnopy
21UD||26DY
30107

BWs) L o
MDY E o
|
o
-
b
i
o
saiDjuy | 9
"2 DIW L N\
RODINS >
0

‘asnablaleg

+ -
; |

___________________+_________________________I

o o o o o o o o o O
o — — N

~ © O < = _
iIpubis paonsigns—punolbyoog

SUPERK
U0 G°ZZ/S1U3A3 4O JaquinN

© ™~ ©0 ) - M N
O O O O O O O O
_. _ _

1o — -

80

Energy (MeV)

Diffuse Supernova Neutrinos

(10 years, 440 kt)

60

40

o
o

AL L L e LR m LA e

—0.2

___:.__ PO 11T TR IS T TR W 11T R A

+ ™ W
0 o @]

e o
UOW "0/ S1uUA8 JO Jaquiny
SAHdINAIN

Q

-

distance (kpc)

For 10 kpc

~10° events

35

M. Dracos, IPHC-IN2P3/CNRS/UNISTRA

Athens, 04/02/2019



ESS

Z E
D CCOS
3) SUPER BEAM EUROPEAN COOPERATION

IN SCIENCE AND TECHNOLOGY

PN PN /‘C‘O S

e n N N N hadrons
Elastic Quasi-Elastic (QE) Resonant (RES) Deep inelastic (DIS)
3 3 04
g1 neutrinos 203
E1.2 T ;]3
%. %.n.z
L“'n' Y 0.2
§0. 5
2 £0.1
gu E N
$0.2 $0.0
- MR T L= T - l= " i P A e
0 10" 1 10 10° 107 1 10 10°
E, (GeV) E, (GeV)

According to neutrinos to be detected their interaction

cross-section has to be taken into account.
Athens, 04/02/2019 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 36



10
E, (GeV)

/wé) ESESUTRWO c EDEt
" Neutrinos in the far detector ™
540 km (2 GeV), 10 years
> 80— > 80— —————
= | neutrinos vesignal 1 21 gnti-neutrinos v, signal ]
S | missID | = V. misslD |
Eﬁﬂf v_beam | "—ﬁﬁﬂf x'Ebealll |
g _ v_beam _ g _ ?E beam _
40+ NC back. 40+ NC back. -
V. —V ' [ vV —V '
Ocp=0 oo weooE
20} - -
Z 2 years 8 years
ol : 0
0.0 05 10 15 2.0 0.0
GeV
5'8“1_4 'g.'," 0.4
T12 $0-35
2 g 0.3
c . =0.25
E“"O' .E“fo.z
-%0'6 -%'0.15
04 @ 0.1
0.2 80.05 8
[3] o Il
z 0 1= 0
10

102 —
E, (GeV)

below v, production, almost only QE events, not suffering too much by nt® background
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2nd Oscillation max. coverage

0.20¢3
0.15 2nd oscillation max.
|~ well covered by the ESS
b neutrino spectrum
010§t |
| __— 1toscillation max.
0.05F
0-00 '

0.6 0.8 1.0
E (GeV)
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How to add a neutrino facility?

« The neutron program must not be affected and if
possible synergetic modifications.

« Linac modifications: double the rate (14 Hz —
28 Hz), from 4% duty cycle to 8%.

e Accumulator (C~400 m) needed to compress to
few s the 2.86 ms proton pulses, affordable by
the magnetic horn (350 kA, power consumption,
Joule effect)

« H-source (instead of protons),
 space charge problems to be solved.
« ~300 MeV neutrinos.
« Target station (studied in EUROv).
« Underground detector (studied in LAGUNA).

 Short pulses (~us) will also allow DAR
experiments (as those proposed for SNS) using

the neutron target. X
Athens, 04/02/2019 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA E 40
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DAR experiments
using the massive neutron target (ESS/S N S)

(stopping all mand p)

VE
— (from SN)
— Vy (v, 1V, +V 4V))
---------- SNSv, (from p decays at rest)
- SNS v, (from 1 decays at rest)

-------- - SNSV, (from p decays at rest)

gLl L

Arbitrary units

MeV

Typical expected supernova neutrino spectrum for different flavours
(solid lines) and SNS/ESS neutrino spectrum (dashed and dotted lines)
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Possible locations for far
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Sweden

Estonia

Belarus

Czech Repubic

Slovaks

Austria

Frarce Switzey ~aacht.

o e ¥ Hungary s
CERN
2.5 Crosta
Mo . A N 5013 and
=S aco I 2800~ Sarbe
Pylepess b ' ' Merino g i
4 Ancera 1aly s 7 Saican
« Portugal Aoerlhes
v SAuf ustican CilgLs

Tell Atas

1000km .

e 3

Maita

Location Baseline from Basel_ine from | Baseline from
CERN (km) Protvino (km) ESS (km)
Pyhasalmi, Fl 2300 1160 1140
- ( Zinkgruvan,SE ] 1530 1420 360
i | Garpenberg,SE ) 1730 1300 540
Kristineberg,SE 2230 1530 1080
Bjorkdal, SE 2270 1450 1100
Munka,SE 2310 1620 1160
Kallak,SE 2400 1700 1260
Malmsberg,SE 2480 1620 1320
Kiirunavaara,SE 2530 1700 1380
Kaunisvaara,SE 2552 1580 1390
|K0ngsbe rg NO | 1536 1740 500
Lgkken, NO 1900 1800 840
Uraine &
s
Azerbaljan
A
on
= LAGUNA sites
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The Garpenberg mine

« Distance from ESS Lund 540 km R SR L D e

* Depth 1232 m S o

* Truck access tunnel

* Hoist shaft free to use by
ESSnuSB

* Rock-engineering prospection
and studies in the Garpenberg-
mine granite-zones

2800Y 3200Y 3600 4000Y 4400Y 4800Y

3360 kton 18412 kton 1343kton 336 kton

8 843 kion 6 571 kton

16 819 kion 7003 kion
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=
2 [ —— 28yrsvi 2r
———= 5/5yrs v/V
.................................. 0 " N M 1 L M N 1 L M L Y N M 1 M i L
150 -100 -50 0 50 100 150 0.0 0.2 0.4 0.6 0.8 1.0
O (°) fraction of 6, (°)
. . 20
* little dependence on mass hierarchy, j 5/5 yrs
* &.p coverage at 5 o C.L. up to 60%, 15l

3 GeV 540 km

* &.p accuracy down to 6° at 0° and 180°

(absence of CPV for these two values), “3% _
* not yet optimized facility, 5i _______________
* 5/10% systematic errors on signal/background. 7 T
% —z= 0 K t

Athens, 04/02/2019 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA Scp 44
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Which baseline?

CPV (Nucl. Phys. B 885 (2014) 127)

10
2GeV 25GeV 3GeV 35GeV
08f= === ==
= 0.6p=m"
o I
=
.S
U L
S 04t 3
— o)
I = 2
= g
i S (]
0.2 < 2.
I N
0 0_ L 1 L .v 1 L L v. 1 L L L 1 L L L
' 200 400 600 800 1000
L [Km]

e ~60% dp coverage at 5o C.L.
* >75% dp coverage at 3o C.L.

» systematic errors: 5%/10% (signal/backg.)

Athens, 04/02/2019
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i STONIA

. p oE
skarshamn 39

Candidate active mines
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S, Beyond DUNE, JUNO, HyperkK: CERSE.
ESSvSB, P20 and Neutrino
factory

European Neutrino "Town" meeting and ESPP 2019
discussion, CERN, 24.10.2018

Roumen Tsenov
Department of Atomic Physics,
University of Sofia
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CPV performance comparison between ESSnuSB, DUNE and Hyper-K
assuming 3% systematic errors for ESSnuSB in line with the other two.
ESSvSB 500 kt tank at 540 km. 12
. 540 km + 360 km 540 km
ESSvVSB 500 kt tank at 360 km. 10+
25 gl T2HK RN
T2HK Scp = 11/2 TN /
— - / /360 k
§ | 7 oome sg
— | mEEmmpmmmEmEmma= 4= \ mEmmEmEme- e " -
oo (] \ \ I 4 v
1) . N A !y \
E I / \\ \ :1 .r’ k
15 -/ \3al/ \

o i A %) W /7 2 N
l‘é) 3 \\‘\ f’fi \\
q | \\ ,}f “

10 \
1 I]-r 1 }I_r L

_ -= 0 = 7T
5° 2 2

[ Ocp
T . q ESSvSB 250 kt tank at 540 km

2 2 and 250 kt tank at 360 km.
Ocp

Athens, 04/02/2019

M. Dracos, IPHC-IN2P3/CNRS/UNISTRA

47



ESS
%; )® NEUTRINO
SUPER BEAM

Garpenbesgg;
(540 km) }

Zin kgﬁfvan
)4 3’6‘0,.. km)

¢

2 active mines aligned...

My personal opinion:
these scenarios are too optimistic
for all facilities

Athens, 04/02/2019

12
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0 .
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(E. Martinez-Fernandez)

540 km + 360 km

v

0.2

04 06
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Muons at the level of the beam ™
2.7x2t/year | durr p

E ’ oss MuUoONSs at the | more than 4x10%° p/year from ESSS
> s level of the compared to 10* p used by all
oss peam dump experiments up to now (1018 p for
°s (per proton) COMET in the future).

0.35

Hoo om0 Lo S0 100 -4-2)(1020 H/Vear
x(em)  (16.3x102 for 4 m?)
103 4.1x10%° p/year
O.B:W (Hq T T T T T Entries 3610359
o7 | RUS 02064 * input beam for future 6D u cooling
i J % H
05" m experiments (for muon collider),
R muons/proton - * low energy nuSTORM,
Z: L <E>M0.46GeV * Neutrino Factory,
o H 1& <L >~2.9 km ] * Muon Collider.
0.2: ﬁ LLL ]
C -Lk n
i | . E
C HM I
00 (‘3.2"‘(‘).4“(‘1.6‘(‘).8‘”1”4.2 14 16 18 2 22 24
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Carlo Rubbia H|ggs |Uminosi’[y at ESS  Seminar at Uppsala

® From 3.3 x 104 p/pulse 3.5 x 1013 1+ and 2.4 x 10%3 y- are
generated. The cooling process efficiency is 0.4 and the

acceleration efficiency to /s = 125 GeV is 0.6.

® The luminosity is given by a formula where: [ = f NN
»N*=N-=7 x 10! y/pulse ATE P
» f is the number of effective luminosity crossings: 43 x 555
=23'865/s
> & pms =€ N/ D89.5 = 0.36 x 104 rad cm, with H, but no PIC
cooling.

»B#* =5 cm is beta at crossing in both dimensions
® Luminosity is L = 5 x 1032 cm-? s™! for one collision crossing

® The cross section at the maximum averaged with AE = 3.4 MeV is
1.0 x 10-3° cm?. Hence the Ho event rate is 18 ev/h or 5 x 10% ev
for 107 s/y . In 10 y and 2 crossings one million Ho events

® If PIC is successful ¢ ../ 10 and[(_J.5 x 106 evenfs/year‘]/i.p.

Uppsala_Feb_2016 Slide# : 44
(PIC: Parametric Resonance Cooling of muons)
Athens, 04/02/2019 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 50
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facility

2.7x10% p.o.tlyear Neutrons to ESS

ESS proton
driver

Protons dump

v,or v, ME

= Baseline ESSnuSB
M decay a1 Test Facility

Detector
+ y —_
Accumulator proy u Decay

V,u + Ve Short

EEE NUSTORM

Eront channel or ring v, + v, Detector
Muons of average energy end — r—
~0.5 GeV at the level of the acceleration ring
' micA Neutrino

beam dump Cooling § ‘-:_-;" - Baseline
— V)V Detector Factory

=0.35 km

25m ‘
RCS B Collider ;
‘E@ acceleration ' ring ’ Muon Collider
: .~
e b R T

1 i Sl

Collimating-
Absorbing
System u
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Dz, Required modifications of the ESS  “~ ®a=ms..
accelerator for ESSvSB

I Gerigk and E. Montesinos  CERN-ACC-NOTE-2016-0050 8 July 2016
CERN, Geneva, Switzerland

Quotation from “Executive Summary:

COUEIE _ _ “No show stoppers have been identified for

] The charge for the assessment ; .. e

) Scenarios for ESSnuSB a possible future addition of the capability
. _ of a 5 MW H- beam to the 5 MW H+ beam

3 Executive Summary : i

4 Detailed uperade measures of the ESS linac built as presently foreseen.

Its additional cost 1s roughly estimated at

4.1 Civil engineering & integration .,
250 MEuros.

4.2 Electrical network
4.3 RF sources, RF distribution & modulators
4.4 Cryogenics (plant + distribution) Better to go to 2.5 GeV
4.5 Water cooling

4.6 Superconducting cavities. couplers & cryomodules

4.7 Beam physics

5. Appendix 1: Visit_time table

6.  Appendix 2: Indicative costing of the upgrade
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Preparing the ESS linac for operation at 10 MW
with a 8% duty cycle and 28 Hz pulsing

s 352.2 | MHz el s 704,42 MHz el

«<2m—=> «5Sm=> &« Ilm— «I9m> «—75m— <«—I|ITm— «—20m—> <«——I63m——>

63’5/"'\;?& ESESUTRWO c EDEt

50 MeV

191 MeV 653 MeV 2000 MeV

For the medium-beta elliptical-cavity part
ESS is planning to use tetrodes. Thales has
developed a new screen grid with graded
wire thickness making operation at 10 %
duty cycle possible.

The picture shows the cryostat and test bunker at ®|
the FREIA Lab in Uppsala where a first prototype of %
the ESS 352 MHz spoke accelerating cavity is '
currently under test at 14 Hz and later on will be
tested at 28 Hz.

\ &"\ .
FREIAskab, Uppsala
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To compress to few s the 2.86 ms proton pulses, affordable by the magnetic horn (350 KA,
power consumption, Joule effect), but also keeping a reasonable size of the ring.

» Baseline: single-ring accumulator
« Current studies give a 376 m circumference accumulator ring 1.32ps.

* 1ring leads to a very large space—charge tune-shift of about 0.75.
In Jectlon

» Option: 4 superposed rings located in

EXtVaCt'O the same tunnel,

Colllmatlon
Each ring receives 1/4 of the bunches

during the multi—turn injection,

Reduction of the tune shift to the level
of around 0.2 (acceptable for the 2.86

ms storage time),
Lattice

1 = Experience already exists from the
Z CERN PS Booster of using 4

) superimposed rings with the aim to
WM™ A | avoid high space charge effects.

The 4 rings of the CERN PS
Booster (1972)

Distance (m)
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General Layout of the target station
(from EUROv DS)

8 m concrete

Split
Proton
Beam

. Horns and
Collimators Targets Decay Volume

(He, 4x4x25 m?) Neutrino

Beam
Direction

Athens, 04/02/2019 | T 55
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= Mitigation of high power effects ==

(4-Target/Horn system for EUROnu Super Beam)

Packed bed canister in symmetrical transverse flow
configuration (titanium alloy spheres)

4-target/horn system to
mitigate the high proton
beam power (4 MW) and
rate (50 Hz)

—% Cold flow in
<4— Hot flow out

Helium Flow = | |
: el /5 proton beam switchyard

0.03
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EuroNuNet

« COST application for networking: CA15139 (2016-2020)

« EuroNuNet : Combining forces for a novel European facility for neutrino-

antineutrino symmetry violation discovery
(http://www.cost.eu/COST Actions/ca/CA15139)

« Major goals of EuroNuNet:

 to aggregate the community of neutrino
physics in Europe to study a neutrino long
baseline concept in a spirit of inclusiveness,

 to impact the priority list of High Energy
Physics policy makers and of funding
agencies to this new approach to the
experimental discovery of leptonic CP
violation.

» 13 participating countries (network still
growing).
http://euronunet.in2p3.fr/

Athens, 04/02/2019 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA
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The members are
countries which signed the
Action MoU



http://www.cost.eu/COST_Actions/ca/CA15139
http://euronunet.in2p3.fr/

ESSvSB at the European level

. AH2020 EU Design Study (Call INFRADEV-01-2017)

« Title of Proposal: Discovery and measurement of leptonic CP violation using an intensive
neutrino Super Beam generated with the exceptionally powerful ESS linear accelerator

» Duration: 4 years

 Total cost: 4.7 M€ w

2014)

* Requested budget: 3 M€ —

» 15 participating institutes from

11 European countries including CERN and ESS a—— ' o

» 6 Work Packages

» Approved end of August 2017

' decay tunnel

linac

: 1
i ) accumulator :*GPS’::LM&A v
—»D*:’ —>

o@

i swi‘rchyar'di hadr‘(c])cr;ié:ugci)rl‘lge)c‘ror' P —> M+n Detectors physics
wP2 WP3 i WP4 WP5 WP6
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Call: H2020-INFRADEV-2017-1

Funding scheme: RIA

Proposal number: 777419 Maximum grant amount (proposed amount, after evaluation): 2,999,018.00 EUR
Proposal acronym: ESSnuSB

Duration (months): 48

Feasibility Study for employing the uniquely powerful ESS linear accelerator to generate an intense neutrino

Proposal title: beam for leptonic CP violation discovery and measurement.

Activity: INFRADEV-01-2017
N. Proposer name Country
CENTRE NATIONAL DE LA RECHERCHE SCIENTIFIQUE
1 FR
CNRS
2 UPPSALA UNIVERSITET SE
3 KUNGLIGA TEKNISKA HOEGSKOLAN SE
4 EUROPEAN SPALLATION SOURCE ERIC SE
5 UNIVERSITY OF CUKUROVA TR ; ; .
6 UNIVERSIDAD AUTONOMA DE MADRID ES More information on:
7 NATIONAL CENTER FOR SCIENTIFIC RESEARCH EL http://essnusb.eu/
"DEMOKRITOS"
8 ISTITUTO NAZIONALE DI FISICA NUCLEARE IT
9 RUDER BOSKOVIC INSTITUTE HR
10 SOFIISKI UNIVERSITET SVETI KLIMENT OHRIDSKI BG
11 LUNDS UNIVERSITET SE
12 AKADEMIA GORNICZO-HUTNIGZA IM. STANISLAWA PL
STASZICA W KRAKOWIE
13 EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH CH
14 UNIVERSITE DE GENEVE CH
15 UNIVERSITY OF DURHAM UK
Total:

partners: IHEP, BNL, SCK*CEN, SNS, PSI, RAL
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Possible ESSvSB schedule

(2" generation neutrino Super Beam)

a0 NC back. |
-_= 1

y
2035-;

E
T b NSESUTRINO A 2027-2034: tgitiﬁg
635 S SUPER BEAM 2025-2026: 1 Construction of
c - - 5t 2022-2024 Preconstructi  the facility and

EUROPEAN COOPERATION A Pre t . on Phase’ detect(_)rs,

paratory including

IN SCIENCE AND TECHNOLOGY 2021 End Of |nternat|0na| ! ) ]
4 2018: HESS\/SB Phase, TDR Agreement ~ COmmissioning
- Design Study, i
4 | 2016-2019: H%esgs'cggg °f " CDRand T
o1 beginning of Design preliminary : \ | R
; COST i \
inception of

. Study (EU-  €Osting =
Action .
the project EuroNuNet H2020) ) /. , .:;-,_Q : m
Nucl. Phys. B 885 ' . 3
(2014) 127 b
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« ESS will be the most powerful neutron facility for many applications.

« ESS can also become a neutrino facility with enough protons to go to
the 29 oscillation maximum and increase the CPV sensitivity.

* CPV: 5 o could be reached over 60% of o, range by ESSvSB with
large physics potential.

 Large associated detectors have a rich astroparticle physics program.

« The European Spallation Source Linac will be ready by 2025, upgrade
decisions by this moment.

 Rich muon program for future ESS upgrades.

 COST network project CA15139 and a EU-H2020 Design Study
supports this project.
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* elementary particles,
neutral (electrical charge=0)

* Interacting only through weak
Interaction,

 they have massive and charged
partners,

* massless up to 90’s (this 1s what
was assumed by the Standard
+bosons currying the interactions (spin integer) Model of elementary particles)

v Z' W
(photon) boson boson
/ \ / neutrinos de se pe
strong \ weak e U+-e ce te
electromagnetic
ce ue Te

+the fermions' anti-particles

: ) x> =
+the Higgs boson % < @ = S e
Athens, 04/02/2019 M. Dracos, IPHC-ROPUCNRS/AINISTRA < <
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*Solar Neutrinos : 2 1038 v/s > 40 billions v/s/cm? on the
earth = 400000 billion v/s/human.

*Universe :

* Big-Bang : 330 v/cm3.

* Stars: 0.000006 v/cm3.

* Supernovae : 0.0002 v/cm3.

*Earth radioactivity : 50 billion v/s human.

*Nuclear Plants:10-100 billion v/s/human.

2 *Human body: 340 million v/day (20 mg of *°K, B decay).

Athens, 04/02/019 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 64
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Neutrino Energy Spectrum

-
Q

Extra-Galactic

Galactic

Accelerator

Atmospheric
SuperNova

Cross-Section (mb)

1 0—22
1 0-25

1 0-28

W BT i T i sk 2T G el T al s 3l sl st el ad Gl sl ST 4l s
10*  10? 1 102 10° 10° 10 10 1% 1w09* 10° 10"
Neutrino Energy (eV)
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1933 : First estimation of the neutrino interaction cross-section
(interaction probability) by Hans Bethe and Rudolf Peierls

SnN » 10_ 10 SeN (N for nucleon), very very weak cross-section!!!

55, »10%cm’
S
/ = 1 ean free path /§
N,rs —
. 71\
o

“Did you see it?”
“No nothing.”
“Then it was a neutrino!™

1
/ (Pb =
(Po)> 6~ 10%(nucleons/g)(7.9g/cm®)” 10" ®cm>** \Hﬁﬂ

[1 4 light-years!  mean free path in lead for 3 MeV neutfino

to stop a neutrino a lot of lead is needed or
many neutrinos...

The beginning of a long neutrino hunting which lasted 26 years...

(Pauli: "I bet a case of champagne that nobody would ever detect the neutrino")
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According to Quantum Mechanics, if neutrinos have a non-
zero mass they can "oscillate" (change family during
travelling).

Why? Because their mass eigen states could not coincide
with their flavour eigen states (or interaction eigen states).

V\’—r;/\/
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. * The accelerator complex of a typical
e Traditional neutron sources are reactor _ p. yP
based spallation source consists of:

) — Alinac to accelerate the protons.
— Inthe long run, reactors will be shut down.

X — A storage ring to compress the linac
Not easy to build new ones g€ ring P

beam pulse.

* In Europe: ISIS (pulsed), PSI
(continuous) and ESS (long pulsed, in
construction)

— Neutron flux is limited by reactor cooling.

— Neutron energy spectrum is measured by
time of flight using neutron choppers.

* Chopping throws away neutrons and limits
neutron brightness.

SPALLATION NEUTRON SOURCE (&

e Spallation sources consist of a:

— pulsed accelerator that shoots protons into
a metal target to produce the neutrons
* The pulsed nature of the accelerator
makes the neutron brightness

— much higher for a spallation source for the
same average neutron flux as a reactor
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Atomic &% . .. | Inter -Nuclear
Processes + Spallation + Cascade —|

o lonization
e Coulomb
Scattering

PROTON
—

R . Neutrons
Neutron Source -

BEAM L O Converter
lnt_ru'- "UCleﬂr U p e Object Converter  Imager
Cascade \ / 9 Sowce Aperture Sr(Exy,50)
- }— High - Energy —|
Erporation L. ¥ Particles 7=
(or Fission) _
/ \ Beam conditioning/shaping ool ﬂl-,—r\u HE6,Er501)

Projected flux Signal

Diffraction peaks
Scattering
angle
Detector {
L2

Sample
Sample

npdt«L —
Low-Energy Particles

Diaphragm 2 Sample Diaphragm 3

Flight length

Neutrons Chopper 1 Chopper 2 Diaphragm 1 Chopper 3

Detectors

,_
|

rotatable

Sampie Table
Source

o
T
&
g
-
ks
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a lot of computing needed...

Table 1.1 Neutron characteristics at various energy ranges
Neutron classification  Energy (meV)  Velocity (m/s) 4 (nm)

Ultra-cold 0.00025 6.9 57 NGRS QPN
Cold 1 437 0.9 [ P S
Thermal 25 2187 0.18

Epithermal 1000 13,832 0.029
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Systematic errors

SB BB NF
Systematics Opt. Def. Cons. | Opt. Def. Cons. | Opt. Def. Cons.
Fiducial volume ND 2% 05%N 1% | 0.2% 0.5% 1% 1 0.2% 0.5% 1%
Fiducial volume FD 1% 2.5% 5% | 1%  2.5% 5% | 1% 2.5% 5%
(incl. near-far extrap.)
Flux error signal v 5% 75% | 10% | 1% 2% 2.5% | 0.1%  0.5% 1%
[Flux error background v | 10% 15% | 20% correlated correlated
Flux error signal v 10% 15% | 20% | 1% 2% 2.5% | 0.1% 0.5% 1%
Flux error background 7 | 20% 30% | 40% correlated correlated

Background uncertainty | 5% 7.5% | 10% | 5% 7.5%  10% | 10% 15%  20%
Cross secs X eff. QET 10% 15% | 20% | 10% 15%  20% | 10% 15%  20%
Cross secs x eff. REST 10%  15% | 20% | 10% 15%  20% | 10% 15%  20%
Cross secs x eff. DIST 5% 7.5% | 10% | 5% 7.5% 10% | 5% T7.5% 10%

Effec. ratio v./v, QE* | 3.5% 11% - 135% 11% - - -
Effec. ratio v, /v, RES* | 2.7% 5.4% - [ 27% 5.4% - - - -
Effec. ratio v./v, DIS* | 2.5% 5.1% - 125% 5.1% - - — —
Matter density 1% 2%/ 5% 1% 2% 5% 1% 2% 5%

Phys. Rev. D 87 (2013) 3, 033004 [arXiv:1209.5973 [hep-ph]]
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Comparisons
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Phys. Rev. D 87 (2013) 3, 033004 [arXiv:1209.5973 [hep-ph]]
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resolution curves have been
produced

* T2HK:

* Same curves that Hyper-K has showed at the Neutrino Town Meeting at CERN
and the one that was showed at Neutrino 2018.

e Systematics are said by T2HK to be between 3% to 4%.
* sin220,;,=0.1and 6,,=1/2.

* DUNE:

e Public globes file released by the DUNE collaboration with the CDR, the only
change is to increase the number of years from 7 to 10.

* sin?20,5,=0.1 and 0,,=1/2, to be compatible with the T2HK line.
* ESSNnuSB:

* Instead of considering as usual “Opt. Snowmass errors" it is only assumed an
overall 3% systematic error in the different signal and background channels,
more in line with T2HK assumptions.

* sin220,53=0.1 and 6,5=1 /2, to be compatible with the T2HK line.
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What COST is?
(European Cooperation in Science and Technology)

@}?$ ESESUTRINO c EDEt

A EDSt News Events Multimedia Publications ContactUs & e-COST Search website... Q

EUROPEAN COOPERATION . .
IN SCIENCE & TECHNOLOGY WhO We Al’e WV Fund|ng v COST Actions v Academ\/

About COST https://www.cost.eu

Home = Who we are = About COST
Useful links:

Growing ideas through networks
(¥ What'sin it for

The European Cooperation in Science and Technolo COST) provides funding for the creation of .
P P By ( )P g researchers? Video

research networks, called COST Actions. These networks offer an open space for collaboration among
scientists across Europe (and beyond) and thereby give impetus to research advancements and
innovation. @ Growing ideas through

COST is bottom up, this means that researchers can create a network - based on their own research networks (brOChure)

interests and ideas — by submitting a proposal to the COST Open Call. The proposal can be in any
science field. COST Actions are highly interdisciplinary and open. It is possible to join ongoing Actions, @ 2017 Join an Action booklet
which therefore keep expanding over the funding period of four years. They are multi-stakeholder,

often involving the private sector, policymakers as well as civil society. @ Annual Report 2017

Since 1971, COST receives EU funding under the various research and innovation framework

programmes, such as Horizon 2020. @ Annual Report 2016
Vademecum

http://www.cost.eu/download/COSTVademecum
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@ EU 28 %

@ EU Candidates and Potential
Candidates
Bosnia and Herzegovina
fYR Macedonia
Montenegro
Republic of Serbia
Turkey

@ Other countries
lceland
Norway
Switzerland

@ COST Cooperating
Member
Israel
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SUPER BEAM
MC & CORE GROUP
MEETINGS
WG

MEETINGS

SHORT TERM
SCIENTIFIC
MISSIONS

WORKSHOPS

TRAINING &
SCHOOLS CONFERENCES
ITC Conference Grants -

DISSEMINATION

Inclusiveness Target Countries: Bosnia-Herzegovina, Bulgaria, Cyprus, Czech Republic, Estonia, Croatia, Hungary, Lithuania,
Latvia, Luxembourg, Malta, Montenegro, Poland, Portugal, Romania, Slovenia, Slovakia, the former Yugoslav Republic of

Macedonia, Republic of Serbia and Turkey.
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(Updated from Neutron Scattering, K. Skold and D. L. Price, eds., Academic Press, 1986)
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Examples

(a) | (b)

Fig. 12.1 Radiograph of a computer floppy disk using neutrons (a) shows the polymeric
components clearly while X-rays (b) are sensitive to the metallic components
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IPHC “cosmological” neutrino mass =

Institut Pluridisciplinaire
Hubert CURIEN

measurement
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 The neutrons are cooled by a moderator
downstream of the target.

e The time constant of the moderation
process is about 100 ms.

* Proton beam pulses shorter than 100 ps
serve only to stress the metal target and
limit the beam power

— Typical short pulse spallation sources
have storage ring circumferences ~300
meters which produce 1 ps beam
pulses.

— To build a storage ring with a 100 ms
pulse would require a ring 30 km in
circumference.
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* The target stress from the short
beam pulse places a limit on:

proton beam power,

neutron flux and brightness,

— the proton beam power of SNS

(Oak Ridge Tennessee, USA) is
limited to 1 MW (17 MW peak) for
1 GeV protons.
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Comparison of Brightness

A=15A

ESS 5 MW
2012 design (TDR)

ESS 5 MW
2015 design

ILL 57 MW
2 3 4  time (ms)
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Wide-Angle Spin Echo S
Horizontal Reflectometer

Broad-Band High Flux SANS
High-Resolution Spin Echo

Cold Chopper Spectrometer
Backscattering Spectrometer

Materials Science & Engineering Diffractometer
Thermal Powder Diffractometer

Thermal Chopper Spectrometer

Extreme Conditions Instrument
Single-Crystal Magnetism Diffractometer
Cold Crystal-Analyzer Spectrometer
Macromolecular Diffractometer

Multi-Purpose Imaging S_urface Scattering
Bi-Spectral Powder Diffractometer _ Vertical Reflectometer
Vibrational Spectroscopy Bi-Spectral Chopper Spectrometer
Fundamental & Particle Physics Pulsed Monochromatic Powder Diffractometer

@ @ General-Purpose Polarized SANS
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Neutron-antineutron
oscillations AB=2
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Neutron-antineutron oscillation will probe
physics at scales far below the GUT scales
that proton decay will probe.
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