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NEUTRINOS: OPEN QUESTIONS
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The elusives neutrinos have been key in the discovery of the
weak interactions and in establishing the two most intriguing
features of the SM:

parity breaking of the weak interactions

3-fold repetition of family structures



Reactor neutrinos : 1956 first neutrino
detection by Reines& Cowan

proton A
beam target proton accelerator

a2 =!=-&=)F“=b R

pi-meson

detector -
steel shield spark chamber
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e

e
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Accelerator neutrinos : 1962 The scstortns thepeutine. XSl

.....
Part of the circular accelerator in ~
rook

established the family structure of the SM etz

. lcl:'om'(':)“ain':!'::uhinnu'(;r). Tre 13 i
by Lederman, Schwartz, Steinberger i o e
2 ? neutrinos. A small fraction of the
neutrinos react in the detector and
give ris:dbic:ll:l':;ons, which are :hﬂl

Based an a drawing In Sclentific American,
March 1963

30 F DELPHI

fémh Collider neutrinos gos’
LEP established 3 SM families

t average measurements,
error bars increased
by factor 10
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Ubiquitous Neutrinos

They are everywhere...

Atmosphere: ~20/second
Sun: 5x10'2/second



Almost 2 decades of revolutionary neutrino experiments have revealed a
new flavour sector, which does not quite fit in the Standard Model

SuperKamiokande

5

1800 8inch Thorn EMI PMTs
muon veto: with light collectors and
200 outward- 400 without light collectors water buffer

7 ‘ liquid buffer
‘ \ Q‘ 100 ton
‘ fiducial
~ volume
scintillator ¥
- nylon film
S .
L radon barrier
nylon sphere
8.5m diameter
-

By

stainless-steel
N sphere 13.7m diameter

inless-steel water tank steel shielding plates

m diameter 8m x 8m x 10cm and

4m x 4m x 4cm

- Borexino
SNO

“Cinillagor N

MINOS, Opera

‘RENO

[V Ve Ve VeVl 913

...and more



“For the discovery of neutrino oscillations,
which shows that neutrinos have mass”

“For the greatest beneﬁr to mankin@e

-

Takaaki Kajita
Arthur B. McDonald




Massive Dirac neutrinos & SSB ?

~ ~

¢EO_2¢*7 ¢ : (172)—%7 L: (172)—%
Yukawa neutrino coupling: SM + /R
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Why are neutrinos so much lighter ?

Neutral vs charged hierarchy ?
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Massive Majorana neutrinos & SSB ?

~ ~

ngO-QQS*a le (172)——

1
2

, L:(1,2)_
Weinberg coupling:

U2

—pMajorana _ T ST LT 4+ h.c. — SSB — a?ELCﬁg + h.c.

Higgs Higgs )

Implies the existence of a new physics scale !



. Minkowski
Seesaw mechanism: Gell-Mann, Ramond Slansky

Yanagida, Glashow
Mohapatra, Senjanovic




Majorana neutrinos -> a new physics scale

SM

Higgs Higgs

Scale at which new
particles will show up



Lepton mixing

9 7 + _
£gauge—lep’con » _ﬁl/Li (Uz Uv)ij ’YMW;L V,Lj + h.c.

UpmnNs
The neutrino flavour basis:
States produced in a CC Ve 4! .
interaction in 1 = UpMNS Vo Eigenstates of the
combination with H free Hamiltonian
U+ Vs

e, U T



Neutrino oscillations

Neutrinos are produced and detected via weak interactions
as flavour states:

B—)V‘jrﬂo Tl hwesc opli—

A neutrino experiment is an interferometer in flavour space, because
neutrinos are so weakly interacting that can keep coherence over
very long distances !

) by L )
W e v
ZAmp : >

Source



Neutrino oscillations

As they propagate in vacuum they oscillate

P(vy — vp) Z U()”,UﬁZ Ugj =B

B')V‘jrﬂo Tl hwesc opli—
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|Am

Ratio to No Oscillations

o
[3)

Two oscillation frecuencies measured
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Standard 3v scenario

2 2
ATn23 _ mB m2 — Ar'natfm

2 _ .2
Amis = my —mi = Amg,,

Ve 4|
v, | = Ua3(023)U13(013,0)Ur2(012) | 12
V+ V3

Generically all flavour oscillate to all flavours at both wavelengths...

Atmospheric oscillation: large 1/ s V+ andsmall 1V,

Solar oscillation: large for 1/,



Standard 3v scenario

normal hierarchy

= S (1113)2
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Outliers: SBL anomalies

LSND

P(v,—>V,) = 0O(|Ug|? |U1?)

[ LSND90% C.L.
[_] LsND99%C.L.
KARMEN 80% C.L.
——— NOMAD 90% C.L.
---- BUGEY 90%C.L.
- CHOOZ 90% C.L.
~——— MiniBooNE 90% C.L.
MiniBooNE 99% C.L.

= —— ICARUS 90% C.L.

OPERA 90% C.L. (Bayesian)

Data / Prediction

IAm?| ~ leV?

Reactors

P(ve ->v,) = O(]Ug]?)

1.2
1.0 f }
‘ I 1] H
B 8 ] l [ Il
| —e— Previous data
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| —— World Average
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0.6 PR | Pl | il
10 § 10°

Distance (m)

+Gallium anomaly+ MiniBOONE low-energy excess...




O(eV) sterile neutrinos ?

Two necessary implications not found

1) Neutrino muons must disappear also P(VM -> V“) = O(| Uui |2)

103 ”lll 1 llll"ll |l llllllll |l ll‘lllll 1 lllllll] 1 lll”nl LB lll?g
90% C.L. Allowed Preliminary E
O LS.'ND MINOS+ _|
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10 Daya Bay/Bugey-3 Excluded

— LAr1-ND + MicroBooNE + T600 Sensitivity

10° 10° 10* 10° 10° 107 1
. 2 _ 2 2
sin20,,c = 4IU,,IU |



O(eV) sterile neutrinos?

2) Atmospheric neutrinos must resonate into steriles when crossing the nucleus
of the Earth

Am? cos 26

res_—
EV p— i O (T@V)
2 \/§ GprpN,
1. SATares
1,’"' i M/\ Am} =1.0eV?
) . 2
=0.8 sin(26,,)” =0.01 |
% solid : ¥
"é‘ 0.6 dashed : v
[a
a
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©
= — P@,—7,)
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Chizhov, Petcov; Nunokawa et al; Barger et al; Esmaili et al;



Neutrino Oscillations 1n matter

Index of refraction (coherent forward scattering) different for electron and p/t
neutrinos

Ve € Ve-.ﬂ'rT Vee/-"aT
W z°
€ Ve p,n,e y N, €

M? —s +2V,, B + ]\4V2

|74

Wolfenstein

+: neutrinos, -: antineutrinos

Quasi-degeneracies in matter -> MSW resonance



O(eV) sterile neutrinos ?
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Reactor anomaly: systematics in
flux determination ?

Fo35
0.63 0.60 0.57 0.54 0.51
— 6.05 — : , , .
- ..
O 6.00 F~—9-~_
0
= D.95 |
S~
N [V R ey gy,
LE) 5.85 |
T 5.80 |
— 5 75 —— Best fit - =+ Model (Rescaled) S~
- - -« Average ¢ Daya Bay
© 5.70 ! ] l | I
0.24 0.26 0.28 0.30 0.32 0.34 0.36

Fa39

A model with a depleted 235U flux fits the data equal/better than the oscillation
hypothesis : will be clarified soon in dedicated SBL reactor experiments
(Prospect, SoLID, Stereo, DANSS, Neutrino-4,...)



Why are neutrinos so much lighter ?

Neutral vs charged hierarchy ?
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Why so different mixing ?
CKM

0.97427 £+ 0.00015  0.22534 + 0.0065 (3.51 & 0.15) x 103
V]ckm = | 0.2252 +0.00065 0.97344 +0.00016  (41.2+11) x 103
(8.671029) x 1073  (40.4731)x 1073  0.999146+5-090021

PDG
0.798 — 0.843 0.517 — 0.584 0.137 — 0.158
UEP = | 0.232 — 0.520 0.445 — 0.697 0.617 — 0.789
0.249 — 0.529 0.462 — 0.708 0.597 — 0.773

NuFIT 2016



Why so different mixing ?

CKM
Verkm =~ (
PMNS
(
Vepmns| =
\

%&I o
N[ DN
N—

o O =

S = O

—_— O O

)

—

Harrison, Perkings, Scott



Six open questions

Absolute mass scale: minimum m,,
What is the neutrino ordering normal or inverted ?
Is there leptonic CP violation ?

Are neutrinos Majorana and if so, what new physics lies behind this
fact ?

Can neutrinos explain the matter-antimatter asymmetry in the
Universe ?

Neutrino-mass inspired new physics searches



Absolute mass scale

Best constraints at present from cosmology




Cosmological neutrinos

Neutrinos have left many traces in the history of the Universe

History of the Universe
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Absolute mass scale

Neutrinos as light as 0.1-1eV modify the large scale structure and CMB

1 L T ¥ 7T ¥y l - v L3 L} L L T T
Planck ‘15
Giusarma et al ‘16 Katrin
Palanque-Delabrouille et al ‘16 > /
| 10 .
Cuesta et al 16 ; ]
4b) 4
[l 1
1072 r
1 0“3 A i | 1 3 L4

0.1eV



Next generation of tritium beta decay experiment: Katrin




Neutrino ordering?

normal hierarchy

=

(.An‘nz)23

|
(.An‘nz)l2

(rn_,‘)2

(1112)2

(rn,)2

N

N

n

N

inverted hierarchy

(m,)”~
(Arnz)l2
(nl,)"I

(Ali)l) .

(n13)21*



Hierarchy through MSW@Earth

Vy — Ve

Band: CP phase [0,27]
0.5:Ill[llIl]lIlllIllllllll]llllllllllllllllll:
0.45 E_ CERN-Kamioka _E

8770 km

0.4 F
0.35
0.3 |
0.25 |
02 F
0.15 |
0.1
0.05 |

Pe

123456789””10
Energy [GeV]

Spectacular MSW effect at O(6GeV) and very long baselines



First attempt at the hierarchy: NOvVA

. 2
sin 623

Fermilab 110 kit Ash River
810 km
L=810km
0 T T
2
6CP

V“%Ve



Mass ordering degeneracy

10 I NO

normal hierarchy inverted hierarchy

(Arn:)lz

(n\])l—b —

(Arnl)lS

¢
IIII|IIII|IIII

——— m,)”~
| (A"‘:)lz
— (rn|)2 (11]3)2l Y —

28 26 24 22 22 24 26 28
2 -3 2 2
Am,, [10"eV'] Am,,

AXQ 1 ]_ o) Esteban et al 1611.01514

No clear tendency: different data sets point in different directions....



CP violation 1n oscillations

What about the CP violating phase ?

P(Va — Vﬁ) # P(ﬂa — 55)

8}

7 P

[ Am2.L |

g1

4F

CAM2.L |

g1

4F

CP-even

CP-odd



Leptonic CP violation

CP violation shows up in a difference between

P(vq — vg) # P(Uy — Up) o # [

Golden channel (already being measured @ T2K & NoVA):

I 1 A L atmos
Pyov,(er,) = 535 sin® 263 sin® ( 23 ) — pat
Ao L
+ 033 SiIl2 2912 Sin2 ( 122 ) - Psolar
+J  cos (:t5 — A223 L) A122 L sin (A223 L) _ pinter

J = C13 sin 2913 sin 2912 sin 2923

simultaneous sensitivity to both oscillation frequencies is needed



Leptonic CP violation

— NO
— 10

0 90 180 270 360
o

CcP
Esteban et al 1611.01514

Preference for 6> 180° driven mostly by combination of reactor/T2K-NoVA,
atmospheric add positively



New results from T2K

T2K Runl1-8 preliminary
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_I T T T T | T T T T | T T T T | T T T T | 1

OE C [ E

- —~ema 20 CL Intervals :

25:_ — Inverted _:

NN AN N E

2 208 N 2 —

= i AN N N -

_— N NN N\ RN ]
< 15 NN N

N S NN N -

AN NER ]

10:—\ \§§ N —:

=N B :

51 \::::::::: _____ ‘%{“'::\' CaEsifEEmmsep EEEEEEEmun EEEREEEEEEEEEEEEEE T

[ % 1 \\\ l L L L l L L L L l L L L L l L L L L ]

0

missing final T o ad)

—
)
—
[\
O8]

0=0, t excluded at 2o



Hierarchy + CP in one go...
superbeams+superdectectors

Japan Hyper-Kamiokande: 230km

R _‘f‘chemaﬁc View of the Hyper-Kamickande = Vu % Ve
5 VS
S Vy — Ve

USA DUNE: 1300km




Hierarchy + CP in one go...
superbeams+superdectectors

CP Violation Sensitivity

8 —
10 [ ﬂs:rfeie:z:la"'i}:y —— CDR Reference Design
[ T T T T T T T T T T T T T I T T T T I T T T T I T T T T I T ] : g B . . .
o = Normal mass hierarchy - 7: 2?,:]2:;1:"1\’0?:;5 """" Optimized Design
‘5 sE E gFsinz; = 0.58
g :_ _: E 50
- 1 5 -_ ..........................................
o E Bl
3 E = af
4 E_ _E © 35 30
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Majorana neutrinos -> a new physics scale

SM

Higgs Higgs

Scale at which new
particles will show up



What originates the neutrino mass ?

Could be A >> v... the standard lore (theoretical prejudice ?)

A = Mgur
A~ O(1)

_- o




Where is the new scale ?

| | | | | ! ! ! ! MN
eV keV MeV GeV TeV Hierarchy problem  MPlanck

>

M m Requires a fine-tunning of the Higgs mass in the
N > H absense of other physics, like SUSY



Where is the new scale ?

! ! ! ! ! ! ! M N
eV keV MeV GeV TeV Mpianck

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



Where is the new scale ?

T |,

eV keV MeV GeV TeV Mbpianck

Generic predictions
> there is neutrinoless double beta decay at some level (A > 100MeV)

model independent contribution from the neutrino mass



Majorana nature ?

Plethora of experiments with different techniques/systematics: EXO,

KAMLAND-ZEN, GERDA, CUORE, NEXT, SuperNEMO, LUCIFER...

:llllll]
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Where is the new scale ?

iy
N

eV keV MeV GeV TeV Mpianck

Generic predictions:

> a matter-antimatter asymmetry if there is CP violation in the
lepton sector via leptogenesis

model dependent...



Where is the new scale ?

new states accessible
| MN

eV keV MeV GeV TeV Mpianck

Generic predictions:

> there are other states out there at scale A: new physics beyond
neutrino masses

potential impact in cosmology, EW precision tests, LHC,
rare searches, B0v, ...

model dependent...



Neutrino BSM: the Seesaw Model

SM + heavy singlet fermions = Seesaw model

L 1 _
»CVSM — »CSM — LY(I)NR — iNRMNI% + h.c.

Minkowski; Gell-Mann, Ramond Slansky; Yanagida, Glashow; Mohapatra, Senjanovic...



My~ GUT

dre se hHe
u-e ce 1®

e e ue tTe A%
[ J

Yukawa

de se pHe
U@ o re

vV ee® ue te
®

Yukawa



Resolving the neutrino mass operator at tree level

Type I see-saw:
a heavy singlet scalar

av? 7 v v
m,=——= —Yn
YA N My

Minkowski;

Yanagida; Glashow;
Gell-Mann, Ramond Slansky;
Mohapatra, Senjanovic...

A~ O(Y?)

Type II see-saw:
a heavy triplet scalar

Konetschny, Kummer;
Cheng, Li;
Lazarides, Shafi, Wetterich ...

A~ O(Y WM,)

E. Ma

Type III see-saw:
a heavy triplet fermion

Foot et al; Ma;
Bajc, Senjanovic...

A ~O(Y?)




Type I seesaw models

ng =3 : 18 free parameters (6 masses+6 angles+6 phases)
out of which we have measured 2 masses and 3 angles...

//' -
/,, -
-7 ,’,
'
My " e
3,/ ///
b d
/” /,/
- //
”
”
ms; ,,/’
v
MZ /’/’ \
-
t
/”
I :l' Light neutrinos
My

Seesaw



Type I seesaw models

Phenomenology (beyond neutrino masses) of these models depends on
the heavy spectrum and the size of active-heavy mixing:

Ve 1 Ny
vy | =Uy| vo | +Ui | No
V- V3 NS
v N
W)z H \/iMh
Uin S Uih——

Generically strong correlation between active-heavy mixing and neutrino

masses:

vy (but naive scaling too naive for ng >1...)

U |2 ~
Ui A



Matter-antimatter asymmetry

The Universe seems to be made of matter

np —nNg

= 6.21(16) x 10~

=
]

T



Matter-antimatter asymmetry

Can it arise from a symmetric initial condition with same matter & antimatter ?

Sakharov’s necessary conditions for baryogenesis

v Baryon number violation (B+L violated in the Standard Model)

v' C and CP violation (both violated in the SM)

v’ Deviation from thermal equilibrium (at least once: electroweak
phase transition)

It does not seem to work in the SM with massless neutrinos ...

CP violation too small X
EW phase transition too weak X

Massive neutrinos provide new sources of CP violation and non-equilibrium
conditions



Leptogenesis

Models with massive neutrinos generically lead to generation of lepton and
therefore baryon asymmetries

Leptogenesis | M

eV keV MeV GeV TeV Mbpianck

Standard leptogenesis in out-of-equilibrium
decay My > 107GeV

Fukuyita, Yanagida



High—scale leptogenesis

New sources of CP violation and L violation in the neutrino sector
can induce CP asymmetries in decays of heavy Majorana v

Fukuyita, Yanagida

H LA
r 2 2
NJ_\ + NJ‘& + N‘UAK
[

I'(N — ®) —T'(N — ®l)
I'(N — ®l) + T'(N — ®l)

€1 —

Generic and robust feature of see-saw models for large enough scales
My > 107-109 GeV



High-scale leptogenesis

f | N S H ( A[ N )

(decay rate < hubble expansion)



Leptogenesis (low scale)

g \MN

eV keV MeV GeV Te Mpianck

Leptogenesis from neutrino oscillations
0.1GeV <M < 100GeV

Akhmedov, Rubakov, Smirnov;
Asaka, Shaposhnikov,...



Low-scale Leptogenesis

CP asymmetries arise in production of sterile states oscillations

LQ%LB#Ea%l_;ﬂ

Different flavours different efficiency in transfering it to the baryons



Low-scale leptogenesis

I's(Tew) < HTgw)

(scattering rate < hubble expansion)



Testability/predictivity ?

* Yy cannot be determined from neutrino masses and mixings only

« More information from the heavy sector is needed:

High-scale scenarios: very difficult for My > 107 GeV

Low-scale scenarios: N’s can be produced in the lab
and could be in principle detectable !



In the minimal model with just ny=2 neutrinos (IH)

.
Excluded
logAM prior
logM prior
— SHiP
- LBNE
- FCC
#® Test Point [{

II’

DUNE FC_Cee

~10 —05 00 05 10 15 2.0
l0g10(-M1 /GeV)

PH, Kekic, Lopez-Pavon, Racker, Salvado

Colored regions: posterior probabilities of successful Yy



In the minimal model with just ny=2 neutrinos (IH)

.
Excluded
logAM prior
logM prior
SHiP
LBNE

FCC

Test Point |-

B

s | ||

Rare meson | | | | |
decays searches -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

10g10(-M1 /GeV)

Displaced
vertex searches in
Z decays



Predicting Yg in the minimal model ng=2 ?

Assume a point within SHIP reach that gives the right baryon asymmetry

« SHIP measurement could provide (if states not too degenerate)

er MZI |Ue1|2) |U“1|21 |Ue2|21 |U“2|2

 Future neutrino oscillations: 6 phase in the Upys



Predicting Yy in the minimal model ng=2 (IH)

0.1 _ Obs. Yy — 8.6 % 10-11 ]
IH active vs |
N
X
= 001}
o [
£
[ AU = 1% ,AM =0.1%
AU =1% ,AM = 0.1% ,Ad = 17 rad
0.001 t— . : I .
-20 -10 0 10 20
Yp(10~1)

PH, Kekic, Lopez-Pavon, Racker, Salvado



Predicting Yy in the minimal seesaw model M~GeV

0.1 1 Obs. Vi — 8.6 x 101 ]
IH active v's]
N
L
- 0.01}
Q. [
£
([ AJU2 = 1% ,AM =0.1%
0.001| . AU = WIO AM = 0.1% AS =17 Irald |
-20 -10 0 10 20
YB<10_11)

PH, Kekic, Lopez-Pavon, Racker, Salvado

The GeV-miracle: the measurement of the mixing to e/ of the sterile states,

neutrinoless double-beta decay and & in neutrino oscillations have a chance to give a
prediction for Yy



The seesaw path to leptonic CP violation:
flavour ratios of heavy lepton mixings strongly correlated with ordering, Upyg matrix: 6, ¢,

~X /ng
0.9 N\ 0.1
1.0 /. F\0.0

0.00.1020.304050.60.70.80091.0
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Leptonic CP violation 50 CL discovery regions

Normal Hierarchy Inverted Hierarchy
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(no systematic error included)

Rep=50 CP-fraction =
fraction of the area of the CP rectangle which is colored



Larger mixings ?

Reviews Atre, Han, Pascoli, Zhang; Gorbunov,
Shaposhnikov; Ruchayskiy, Ivashko

M; (GeV)



my

—~ R 1
M, >

Bounds only interesting if Ui ]2 =>>

 In some cases unnatural:

eg: cancellation between tree level and 1 loop contribution to neutrino masses

« But also technically natural textures (inverse seesaw, direct seesaw,etc):

ex. protected by an approximate global U(1),

Example ng=2:  L(N;)=+1, L(N,)=-1

—L, O N\MN{ +YLON; + hec.



Seesaw + approx U(1);

u-e ce 1@
My =TeV y
o'e ue te
L vl 1wl \ w1
Yukawa
de se pHe
Uure® ol | 1@
| ce ue te V
My < TeV + aprox. U(1), T ee
Yukawa'

q
4

Room for improvement in these searches at LHC, LFV, future colliders: but
must look for not lepton number violating processes



Rich phenomenology of low-scale models with U(1)

(inverse seesaw, direct seesaw, etc)
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recent analysis Alonso et al 2012

Detecting such a signal would be a breakthrough to pin down the new scale



Beyond the minimal model

Extra gauge interactions can enhance production

Examples: typel +W’,Z’,
left-right symmetric models
GUTs, etc

Keung, Senjanovic; Pati, Salam, Mohapatra, Pati; Mohapatra, Senjanovic;
Ferrari et al + many recent refs...



Model independent approach: EFT

L H@
Lpsv = Lmss + E = O,
d,1
The seesaw portal to BSM:
d=5 Ow =) (O‘Vx)aﬁ Lo®®TLG + hec.,
a,p
Ove — S (ONO)ij = et
N® = Z A N;N;®'® + h.c.,

i,]

(87 1] == c
ONB = Z( NAB)]NiO'IJJ,/NjBMV—I—h.C.
i#]




O could lead to spectacular signals at LHC/colliders of two displaced
N vertices from higgs decays (production independent of U)

LHC: 300 b, 13TeV

aONPU

V2A

o~
—
-
L —

Seesaw limit

<103-10"2 = 2M® 4«

A

10 20 50

M(GeV)
Caputo, PH, LopezPavon, Salvado al ‘17

(1073 —107%)TeV 1.



Conclusions

 The results of many beautiful experiments have demonstrated that v are
(for the time-being) the less standard of the SM particles

e Many fundamental questions remain to be answered however:
Majorana nature of neutrinos and scale of new physics? CP violation in
the lepton sector? Source of the matter-antimatter asymmetry ?
Lepton vs quark flavour ?

« Complementarity of different experimental approaches: fov, CP violation in
neutrino oscillations, direct searches in meson decays, collider searches of
displaced vertices, etc...holds in well motivated models with a low scale A (GeV
scale very interesting)






Flux (ph cm™?s'keV")
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vMSM: Warm Dark Matter ?

eV k!g MeV GeV TeV

1.5x10-8
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Dodelson, Widrow; Fuller et al...; Shaposhnikov et al...
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Astro-H SXS

Perseus, 1 Msec
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Energy (keV)

Bulbul et al 1402.2301; Boyarsky 1402.4119

- M
N
M Planck
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Caveat: huge lepton asymmetries are necessary, otherwise cannot produce sufficient DM !



Standard LHC Searches
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Low-mass my< my,: Displaced Vertices
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pp-> H** H--> [**I-

Normal hierarchy Inverted hierarchy Degenerate v

Normal hierarchy: BP1 Inverse hierarchy: BP2 Degenerate masses: BP3
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Events per 2078 Days

Origin still unknown...

Energy distribution , .
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Events per 2078 Days with deposited E > 60 TeV
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82 events/41 expected



