® The neutrino is the only particle that is only interacting weakly
and this makes it difficult to study. The very low cross section
for neutrino-nucleon interactions mean that a neutrino can
easily traverse the earth without being stopped.

® The neutrino is a fermion (spin 1/2 particle) but it only exists in
one helicity state. One say that neutrinos are left-handed and
anti-neutrinos are right-handed.

® TIts existance was postulated by Pauli in 1930 to explain why
electrons from $-decay has a continuos energy spectrum.

® Fermi used Pauli's idea of a neutrino to develop a theory for
weak interactions.

V. Hedberg Neutrino Physics 2




® One idea of how to create enough neutrinos to be able to detect
them was by detonating a nuclear explosion.

el Nuclear
" explosive

|\ _Fireball

r

Buried signal line
for triggering release

~_40m 3

T
Back fill —|~ ‘Vacuum

pump
Suspended -E-l

detector Vacuum
line

Vacuum -

tank - Feathers and
foam rubber

® The project was approved at Los Alamos but ..........
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m) The discovery of the electron neutrino

® It took 26 years before the existance of the neutrino could
be verified experimentally in the Cowan-Reines experiment
at the Savanna River nuclear reactor in 1956.

® A huge amount of neutrons are produced in a reactor and these
decay to anti-neutrinos in the reaction n — p + e” + v, which
resulted in a neutrino flux of 1013 cm~2s~! around the reactor.

® The very rare process used to detect the anti-neutrinos was
Ve *+ p > h+e’,

® The positrons would annihilate with electrons to two photons that
were detected and the neutrons would be captured by Cadmium
atoms that would produce more photons that were also detected.

V. Hedberg Neutrino Physics 4




® The experiment consisted of two tanks of water with Cadmium
chloride diluted into it. Sandwiched between the water tanks

were three tanks with liquid scintillator.

i e Liquid
_ e L
Ve ™ m \ \ scintillator
LY ~Y
;e C‘fr\/ntr?.\ Hzo + CdClZ
_ R
Ve .' v \e_
\e- Liquid scintillator
Photomultipliers
Vo>

Liquid scintillator e, e,

® Photons are not directly detected by a scintillator but they
produce electrons by the Compton effect that are detectable.
5
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® It would take a few us before the neutrons had slowed down in
the water and been captured by the Cadmium and so the signature
one was looking for was two small signals at the same time
followed by a large signal a bit later from the neutron.

\,

AT

® One got about 2 neutrino events and 1 background event per hour.
6
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m) The discovery of the muon neutrino

@ After the discovery of the neutrino, the big question was if it
existed in several flavours.

® The newly started AGS accelerator was in 1962 used to produce
the world's first neutrino beam by shooting 15 GeV protons on
a Beryllium target.

@ Pions were selected and after a 20 m decay distance most of
them had decayed to muon and muon neutrinos. The muons were
then stopped in a 13 m thick steel shielding before they could
decay:

Gt nto pteyy
-8 - -8 —
10 s| 9+Ve+vu 107°s | e+_|_ve_|_v
-6 -6
107°s 107°s
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1)

proton
baam target proton accelerator

e Ry 2 23 ~=_9'="-‘J":‘ = Sandwich of Aluminium plates
S . F i detector - and spark chambers

pi-mesi;n."" e steel shield spark chamber
eam

The acceleratar, the neutring neutrino (vy) "'""---....].

beam and the detector

muon (1)

Part of the circular accelerator in
Brookhaven, in which the protons
were accelerated. The pi-mesons (7)),
wnlhlig:lr mgmmnd in the |:|l\|:|l.!:|1‘)‘:|
collisions wi « target, dam_r in
muons (1) and neuh'innsr[:r}. e 13
m thick steel shield stops all the
rticles except the penctrati
neutrinos. A very small fraction of the
neutrinos react in the detector and
give rise to muons, which are then
observed in the spark chamber,

A muon produced in a neutrino reaction gives rise to discharges observed in the spark chamber.

Vu+p—)n+u+ Vp+n=p+y

® The muon neutrinos interacted with the nucleons in the Aluminium
and photos of the reaction products were recorded. 29 events
were recorded with muons and none with electrons.

V. Hedberg Neutrino Physics 8




m) The discovery of the tau neutrino

® It took until year 2000, almost 40 years after the muon neutrino
discovery, until the tau neutrino was seen directly for the first
time at Fermilab.

Tevatron

V. Hedberg Neutrino Physics 9

® The tau neutrinos were created by having protons hit a target:

800 GeV p Tungsten Mixture of  Magnet Steel Neutrinos
target  particles * Shielding
—o_o - e n“ﬁ-:_
0% — e =l e—
_o L =1 -
00 ~-_-
P
1 mj = 4 17 m
I Remove all particles but neutrinos I
rmm?ehits ] ghe tau Ieplgn .
‘w I;:xf:é&ﬁw p+n- D, + X
L it p+p-> Ds+ X
I—> T+v,
l |
Egﬁc%?:lﬂilndggllisiun I_> Vi + X
decay into tau leptons
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® DONUT: Detector for direct observation of tau neutrinos.

Muon spectrometer
Calorimeter

/

Drift chambers

/ Magnet

Shielding

Target with photographic
emulsions and scintillating

fibers.
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® The experlm?nf looked Iron ' l Iron " Iron
for the reactions: -
Iron M Iron M Iran
Ve+hn-=> T+ X /
V.+p—=> T+ X
ttP '\/
L VT + e ==z \
— Vot U |2 =22- e
T e S <
® Only one v, of a million | emubions.:'"“"T\\
would interact in the uﬁ’é’@-ﬁ?q‘/ 5B
.rar‘ge.r° Neutrino &?&EEESSM oo [ Ervawion Ept:iu ]m Tracks

@ After years of running and after analyzing 6 million events, the
experiment had found 4 that had all the signatures of a tau
to tau-neutrino decay. These had a characteristic kink that was
recorded by the photographic emulsions.
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® One of the major question in particle physics is if neutrinos
have a mass. Attempts at direct measurement of the neutrino
mass has only produced upper limits.

® Direct measurement of the v, mass using 3-spectrum:

m, < 2.1 eV

® Direct measurement of the v, mass using pion decays at rest
("> u* + M ):
m, < 170 keV

® Direct measurement of the V. mass using Z° — 171" at LEP:
m, < 18.2 MeV

V. Hedberg Neutrino Physics 13

® If neutrinos have non-zero masses they should, according to
theory, be subject to something called neutrino mixing.

® I case of only two neutrino flavours, one would get the electron
and muon states by a linear combination of two states V; and Vv,

which have the masses m; and my:
Vo = V410080 +v,sine
vy T —Vv48In6 + v, C0s0
® The mixing angle 6 has to be determined by experiments that
study neutrino oscillations.

® Neutrino oscillations is the phenomena in which a pure beam of
V. develops a V|, component as it travels through space (and vice
versa).

V. Hedberg Neutrino Physics 14




® Neutrinos created at t=0 can be written as:
{ve(O) = v1(0)cosO + v,(0)sind the initial electron neutrino state

VM(O) = -v1(0)sin9 + V2(O)COSO the initial muon neutrino state
this can be re-written as: {Vl(o) = Ve(0)cosO - v, (0)sind
V2(0) = V¢(0)sinG + v, (0)cosO
@ After a period of time t the states can be described by
Ve(t) = v1(0)cosO e'_'E1t+ V5(0)sin0 e"_E2t
V(O = -v1(0)sin® e Eits v, (0)cosd 72!

—|Eit

the electron neutrino state at t

the muon neutrino state at t

where € are oscillating time factors and E; and E, are the
energies of neutrino V{ and V,.

® Combining this gives:

{Ve(U = (Ve(0)cos0-v,,(0)sinB)cos0 €' "' +(v,(0)sind+v, (0)cos0) sind e~ E2!
\%(E)b =—(Ve(0)cos0-v,,(0)sinb) sinNO te‘:hE_lt H(Vo(0)sind+v (0)cos0) cosd o Ef:
® The expressions can be simplified

—1E;t iE,t

Ve(t) = (Ve(0)c0s0-v,,(0)sinB)cosO€ "+ (ve(0)sinb+v, (0)cosb) sinb e
Ve(D) = vg(0) (cos?0e ™ "'+ sin2ee'E2! ) +V,,(0)sinOcosO ( 'l e_iEltj)

AH) B(*)

® The squares of A(t) and B(t+) are the probabilities to find v, and

Vi in a beam of electron neutrinos:

5 (Ex—Eqt
2

5 (M3 +p2 = Jm? +p?)t

= sin2(29)sin 5

P(ve—>v,) = B2 = sin%(20)sin

P(ve—vg) = IA(D]? L-P(vg—v))

® If neutrinos have equal (zero) masses then E;=E, and there
are no oscillations !
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® The time t, in an experiment looking for neutrino oscillations,
is determined by the distance between the detector and
the source of neutrinos.

® The probability that a neutrino with flavour 1 oscillate to
flavour 2 can therefore be written as

2
P(v1 - v2) = sin?(20) sin*(1 27 AT
A%

where

0 is the mixing angle between flavour 1 and 2

L is the neutrino flight path in km

E, is the neutrino energy in GeV

Amé = Imf - m%l is the squared mass difference in eV?

V. Hedberg Neutrino Physics
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@ Several neutrino sources can be considered in an experiment
looking for neutrino oscillations:

The sun

Cosmic rays (“atmospheric neutrinos™)
Secondary accelerator beams
Nuclear reactors

Natural radioactivity

Supernovas

The Big Bang

® V,and Vv, can be distinguished by their
interaction with neutrons since the former )
produce electrons and the latter muons: MTREURE

Votn—e +p

18
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Experiments have for many years
studied the neutrinos from the sun.
The number of detected neutrinos .
have, however, never been in agreement

with theory. This is called the solar
neutrino problem.

“Portrait” of the Sun
made with neutrinos.

Several methods have been used Ve +3Cl> e +3Ar
by these experiments to detect Ve + BMo - e+ %Tc
neutrinos: - ;

ve + 1Ga—> e + "lGe

The experimental installations are typically tanks filled with
corresponding medium and placed deep underground.

V. Hedberg Neutrino Physics 19

=) The Homestake gold mine m) The Gallex detector under

v B | éémm - g

detector (USA). the Gran Sasso mountain.
L1
processing room Nzlr Ny+ GeCl,

| PR A= A

tank chamber

Ln [

M1 [1

37 . 71 71 .
The r'ec1c1'ior|\/e + Close+ 37Ar is used. The reaction Ve + Ga—->e+ "Geis used.
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® The most important reactions producing solar neutrinos are:

p+p—H+e’ +v, Ey max=0-42 MeV (85%)
e +Be - 'Li+ v, E. max=0.86 MeV (15%)
88 5> 8Be+et +v, E, max=15 MeV (0.02%)

GALLEX measures all of them, Homestake only the last one.

® For the Homestake detector the predicted neutrino flux is
7.9£0.9 SNU but the measured flux is 2.56+0.16 SNU where
a SNU is a “solar neutrino unit”: 1 capture /1 second / 10%° target atoms

® The GALLEX experiment has a predicted flux of 1298 SNU
and a measured flux of 71+4 SNU.

® The lack of electron neutrinos coming from the sun could be
explained by neutrino oscillations that turn them into v, and V.

V. Hedberg Neutrino Physics 21

m) The Sudbury Neutrino Observatory
2 km under e S

ground =

> -y

e
; *-"-':En';t___ =

12m acrylic
vessel

10,000
photo-
multipliers |

-

L]
P -
-------

D,0

7000 tonnes
H,O
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® The SNO experiment could measure neutrinos in three ways:

Charged current reactions Neutral current reactions Electron scattering
Ve+d—>p+p+e Vx +d > p+n+v, Vy +e- >V, +e”
= =N .- e - ._.\.
I L = nevutring b
eleciron neulr ifno i
- { \ I'IE.J‘trIr‘lL:r .y
- ‘}""_\ = y _Neutring
\ | | ——— L
,/"_ / S TR \ /
'.\.' o : - e Deuteron (myreutron —
o N hy T
Deuteran Y Protons #, L I )
= ' eae e L neutring ]
Sensitive * sty 5 A
to all ]

The amount of Cerenkov : This process was mostly
light and the pattern of \neutrinos - ' sensitive to electron

photo multipliers with a The photons would Comp'ro}1 neutrinos.

signal could be used to scatter electrons that would

determine 1"“? neutrino produce Cerenkov lights.
energy and direction. This Proportional counters in the

to electron neutrinos. measure this process directly.
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® The difference bewteen the SNO experiment and other previous

experiments was that it could measure both the electron neutrino
flux and the total neutrino flux.

® Neutral current measurement:

Measured total neutrino flux

=1.01+0.12

Predicted total neutrino flux

® Charged current measurement:

Measured electron neutrino flux

=0.35+0.02

Predicted electron neutrino flux

® The conclusion was that the solar model was correct and that the
missing electron neutrinos were due to neutrino oscillations.

® The results combined with other Ame = 7.6 x 1079 eV2
experiments gave: tan?(0) = 0.468
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® The earth is bombarded with high-
energy particles, mostly protons,
that shower when they hit the atoms
in the atmosphere. The charged pions
in the showers decay to neutrinos:

-+ -+ + .
N + N + + +

® The experiments looking for these neutrinos have to be shielded
against other particles created in the cosmic showers (particularly
muons) and are therefore put deep under ground.

® The neutrinos are detected by their interaction with neutrons
and since the probability of such an interaction is low, the
experiments have to have a very large volume.

® From the pion decay one would expect twice as many v, as Vv,
but one see the same number: The atmospheric neutrino pr'oblerrz\g

V. Hedberg Neutrino Physics

Discovering Mass

L d L4
’ slnce neutr'nos Can ass throu h The farther neutrinos (ravel, the more Lime they have o oscillate F!E
aomparing the ratio of llavors of neutrinos coming “up” through the Earth
to those coming from overhead, physicists determined that neutninos
osaillale, which neulrinos can only do if they have mass

the earth without interacting, ______ / ——
it is possible for a neutrino

detector to see neutrinos
created in the atmosphere above
and in the atmosphere on the

other side of the planet.

from space

Oscillating
&l neutnnos

Aneutring strikes another
elementary parlicle in the

detecton lunl&. The interaction
i recorded and analyzed by
saientists o idenlify both the
flavor of the neutring and its
flight path,

Neulrinos conlinue on
the rajedory and begin
1o oscillale as they

pass through the earth

® So the detector will see neutrinos
that have travelled between
15 km and 13,000 km depending
on where in the atmosphere o
around the planet that they were
created.

The cosmicray hils the
earth's atmosphere,
rllakin% a spray of
saoondary parlicles,

|
wmowmadsy | @O OOCDD @
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One cyde of an osallating neutnno
as il passes through earth




m) The Super-Kamiokande detector

Catchlng Neutnnos

f light d ol
ph wm Inpl ers thsxl th tank Charw tistic %paxhemst ell
g hiyEicd Knd ol racted and in which divecti
Y

" i
) ML o
I . e
s S e
12 Smillion gallon
ank of ulra-pure
wakat

Mountains ﬁlt t th g hals
thak mask n

<

The light i
detected by

LS
} unod Japun
A ERIISEY

P

hit. [kena Yama\

The detector consists of a 50,000 m3 water tank surrounded by 13,000 photomultipliers.
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V,+n—>e +p

L . : . Ve
® The neutrinos interact with neutrons in the water: {VM tN—>p +p

® The electrons and muons produce Cerenkov light in the water
with characteristic rings that can be used to identify muons
and electrons. 200

—— Prediction without neutrino oscillation
Prediction with neutrino oscillation
@ Super-Kamiokande measurement

® The light detected by the 150 |- NoTeserations
photomultipliers can also be IT :F
used to determine the 100—_,_,—[ ‘ ‘+"—_+_
4+

neutrino trajectory and energy.

Number of Muon-Neutrino Events

50 _+_++ With oscillations
® A sample of 2700 Vv, events
were used to compare the ;
expec"'ed disfr\ibufions with Arrival Angle and th'lance Traveled bg Neutrino
the measured distribution.
12,800 km 6,400 km 500 km 30 km 15 km
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® The lack of neutrinos with a long travel distance was interpreted
as evidence for Vi <> v_oscillations i.e. some of the muon neutrinos
had turned into tau neutrinos that were not detected.

-2

10 [~ T T T T T T T 1
® The measurement could be used
_ to set limits on the mixing angle
> and the neutrino mass difference:
NE .
<
----- 99% C.L. -3 2 ¢ -3 oV2
ey 2 x 10°° < Am 3x10°eV
******* 68% C.L. sin®(20) > 0.90
-3
10 . | . | . | . | . | .
0.7 075 08 085 09 0.9 1
sin20
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® High intensity proton beams from accelerators can be used to
create neutrino beams that are pointing fowards experiments.

® The neutrino beams are created by letting the intense proton
beam hit a target. Charged pions and kaons are created in the

collision. These decay to neutrinos e.g. n"->u"+v, .

® If the experiment is less than one km away from the target one
calls it a short baseline experiment.

® Two large short baseline experiments (NOMAD and CHORUS) were
built at CERN in the nineties. They were situated some 800m
away from a target hit by protons from the SPS accelerator.

® Both experiments were searching for v, — v, but they did not
find a v, signal.
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Long baseline neutrino experiments

® If an experiment is located hundreds of kilometers away from
from the target one is talking about a long baseline experiment.

=) The NuMI beam from Fermilab

® One such a facility is the NuMI beam created at Fermilab and
pointing at experiments situated in mines some 730 km away.

target absorber 700m

- i 10 km e

730 km
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Long baseline neutrino experiments

» The MINOS experiment

The Near Detector
—_—

Used to measure
the neutrinos
before they can
oscillate.

980 tonnes of
magnetized iron
+ scintillators.

The Far Detector
—_—

Used to measure
the neutrinos
after they have
oscillated.

5400 tonnes of
magnetized iron

+ scintillators.
V. Hedberg
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® Charged current reactions can be used
to measure the energy of the neutrinos W
from the energy of muons and the

hadrons. et
E, = E, * Enhadrons

wso-~ap T

® Measurement of the neutrino energy B RAa s n s RS
spectrum in the far detector showed MINGS Far betector
fewer neutrinos than what was
expected if there were no neutrino
oscillations.

*  Far detector data
— No oscillations
— Best oscillation fit

[ NC background

Events / GeV

+

® The measurement gave the result:

= 2.4£0.1 x 1073 eV? 510 15 203050
sin2(29) = 1.00+0.05 Reconstructed neutrino energy (GeV)
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=) CNGS - CERN Neutrinos to Gran Sasso

® The Kamiokande and Minos measurements are example of
disapperance studies, i.e., one looks for the disapperance of vy

® Much more difficult are apperance measurements in which one
looks for V., to appear in a Vv, beam.

® The layout of the CNGS neutrino facility at CERN is shown below:

Hadron s'rop Muon detectors

Focussing magnets Decay 'rube - -
9 M3 B OO fff/ x"”/
Reflector B

'

p u
% z Z
e i
g ,x;:'f’“ i |
i — Pion / Kaon ”/ K decax, u o I'_ﬁ____ I ’
P . v .-'.-":'-. 7 .'E: 2
i E H o R — o .
: ! ' :; %a;f” L Z 7
E ! El i ''''"l'-''I-.-""""-::-"--.-"‘l __,.-'W_ __.-'__.- _‘.-'.J.-' % f_'.:'.'..-'.-_'.qé
L E . xfffff’/ rfa;uf’;f:a 7 ; 5
- - -t >5< — : -

2m 41m 57m 992m 18m 5m 67m 5m
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® CNGS at CERN shoots neutrinos on experiments located 732 km
away in Italy.

CERN NEUTRINOS TO GRAN SASSO
Underground structures at CERN

ALLEMAGNE

LHC/TI8 tunnel

Target -
chamber & - Service gallery

LEP/LHC tunnel

Hadron stop &
and first muon detector f

muons A
HEUirIHD!.“Z-
F

Second muon detector =

neutrinos /
to Gran Sasso

f Connection gallery
to TIB/LHC
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m) The OPERA experiment

® The Opera experiment is using photographic emulsions to look for v_.

Neutrino Target
Bricks made of

lead plates
& emulsions

Scintillator walls

Muon spectrometer
Magnets

Drift tubes
Resistive Plate Chambers
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m) The OPERA experiment

150,000 Lead/emulsion
bricks are used in the target.

”f ”Mwyi;;;i.

i+

The Opera experiment down in its underground hall.

V. Hedberg Neutrino Physics .
® The experiments is looking for Opm|
events with kinks which show L
that tau neutrinos have %" Oini
interacted with the lead plates. |..%F. [’ S
2-3 V_ events per year are —» R
. . . I
expected if oscillation occur. ~I T
Pb bl
EmTulsion layers Plastic

<« for a v, event has sofar
been observed.

et
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=) Present status

SNO Solar: Vi - V2 Kamiokande Atm: Va2 - V3 MINOS Atm: V, - V3
Am2 = 7.6 x 10-5 eV?2 2 x10°3 < Am? < 3 x 1073 eV? Amé = 2.4 x 1073 eVv2
0 = 34° 0 > 36° 0 = 45°
Mass? Normal Inverse
A Sin%0,,
v, qu
8x10-° eV }Amzs01
v,
Arnzatm Weak flavour
2.4x107 ev? Ay, - electron
2.4x1073 ev2
- muon
V2
8x10'! eV! }Am2Sol v - tau
N2
?22? Al (Note: A/Am2 4 mg - mp)

V. Hedberg Neutrino Physics 39

=) Supernova explosion

® The Kamiokande and IMB detectors recorded a burst of neutrino
interactions during 15s on February 23, 1987.

® They came from an explosion of the SN1987a supernova which is
160,000 light years away. It was the first time extra-terrestrial
neutrinos, not coming from the sun, were observed.

Supernova SN1987a as seen by
the Hubble telescope:
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Depth

» The AMANDA experiment — —aow
@ Experiments have been built specially ‘6'03
to look for TeV neutrino sources I
from outside of our galaxy. .
® One of these experiments is called | = o
AMANDA and has Swedish T 1
participation. 1 s
3
® The experiment is situated on the A
South Pole and consists of strings =
of photomultipliers in holes drilled e
deep down into the ice. - ns0m
g AMANDARI )t (OND
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@® A neutrino interaction in the ice would produce charged particles
which would give rise to Cerenkov light which can be detected by
the photomultipliers.

@® The pattern of the light makes it possible to determine the direction
and energy of the neutrinos.

® No extra-galactic neutrinos have been detected by AMANDA.
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m) The ICECUBE experiment . —_—

Eisttcia— « 1= |1+ [T T4 T T S 7

® A new much larger experiment called
ICECUBE has been built using the
the same technique. >

® It has 86 strings with 5000
photomultipliers buried between 1450m
and 2450 m down into the ice.

® Icetop: A detector on the surface
with 4 pms in two surface tanks at
each string location.

® Tens of thousands of atmospheric
neutrinos have been detected but
no extra-galactic neutrinos.
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=) Is the neutrino a Dirac or Majorana particle ?

@ Anti-particle: A particle with opposite electric charge or opposite
magnetic moment.

® Neutral particles: Some have anti-particles and some do not.
Example: v, Z% 7% have no anti-particles.
K%, n have anti-particles.

® Dirac fermions: Have anti-particles (e.g. the neutron)
Marjorana fermions: Do not have anti-particles (no known examples)

@® The neutrino is massless: ————»| Left-handed neutrinos VL
Right-handed anti-neutrinos Vj

® The neutrino has a mass: <: Dirac neutrinos V_vp VrRV[
Marjorana neutrinos V| Vp
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m) Searching for Majorana neutrinos in double p-decay

® For some radioactive isotopes the single 3-decay process is
forbidden. In this case it can be possible to see double B-decays.

p n p 0 2
=2 U n=1
LLL'/ . :1.8; n=2
W WL Y
€ . 5 r n=3
v vy < 1.4
o : e I N B OBy’ o
w- W 1i 0\'5[3%010_‘,»"""'3\][5[5 -OYBBX .."__.FEK ovpp
n p n p 0.8; V " ¥
06
2vBp: Allowed Ovpp: Allowed “F #
for both Dirac only for Majorana R e s s
'sumi e
and Majorana neutrinos. Sum of electron energy
neutrinos
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m) The NEMO3 experiment under Mont Blanc

® The experiment studies the double B-decays from thin sheets
of different radioactive materials in an underground experiment.

' Radioactive foils \ / N
"“‘M_h_h‘__‘_q_“- ; = g |
-

y Driftchamber i K PN —‘f'-:l'.-"":‘\‘,._
Scintillation _ Z>
detector \:
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m) Results from the NEMO3 experiment

® The experiment has seen events with double $-decays but no

significant signal of events without neutrinos.

Example of an event

lFransverce view Longitudinal view

Energy distribution

of electrons
%Mo, Phase 2, 2.83 years

- @ Data
+ 1 100,
--- 2yBp Mo
- | ZRnp
- {8 internal BKG
o —— OvBBE'"™Mo

N events / 0.1 MeV

RUN 3478 RUN 3478
EVENT 6930 EVENT 6930 ESUM
SEQN 6929 SEQN 6929
I | | |
I l 5 s 559
m\ }
_ 538 '
Vertex
7:|:7777l/77/:7777 z
FILE /y\
buffer]
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