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Direct Measurements of m,,

e Review of current, results

Kinematics, Calorimetry and not only...

= 1. from r decay
+ v, from 7 decay
* 1, from nuclear 7 decay

- 37 Decay Experiments

« Far fetched, exotic (im)possibilities
proposed...

e Serious (one order of magnitude),
planned improvements

e Does it (still) make sense in view of
oscillation results?

e Conclusions

B. Enltim " Ioteroatioos]l Woerkshop oo Meulrine Telescopes, Vanbes, Italy 3= March 30071




my # 0

« A belief supported by oscillation

results. These also indicate that Am’
is small. Yet

- Absolute scale of m, 1s still unknown

- Dirac or Majorana mass?

« Mechanisms to generate neutrino
masses do not have a lot of predictive
power

¢ There exist indirect limits based upon
C -:~=u~1nu:nlu*u~-r Big I}.rmgﬁ Nucleosynthesis
ete.. (Xm,. < Y24 ey } |

- Tend to be much smaller (for v, and ».)
than laboratory limits

- Rely upon a number of theoretical
assumptions

e The issue is experimental = Measure
it!

n. Salits W Imlernalbonsl Workshop on Meut ring Telescopes, Yeobes, Tiaky -8 harch 0001




Vr

e The heaviest - in “natural” mass
schemes - but also the flavour with the
least stringent limits = free to

speculate (e.g. could it be unstable?)

o Effects of mixing neglected (assume 14
dominates)

e Limits come from decays of 7 leptons
produced at ¢ ¢~ colliders through

~ Comparison between predicted and
vbserved branching ratios
e massive neutrinos would limi phase space and
reduce decav rates

e himited by knowledge of 7 mass and hifetime

- Analysis of hadronic decays r — (nn)r. with
n=231506 (ALEPH and other LEP

experiments) and n = 4 (CLEQO).
(182 Hev) (23 Hav)
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Limits relative to v,
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Method

The decay is described as a two-body decay
T(Ev, F’:} —+ hadrons( E), F:;) v (E,, P,)

e . 1s known {(beam energy); the r-direction of
flight is not

e The momenta P; are measured: this would t

allow to estimate E;, and m; which are
therefore correlated (p ~ 0.5 - 0.7)

e [, is constrained to be in the interval
+(Ep + 3P;7)

e Likeiihood fit to the density of events in the
(g, ;) plane (determaned by dl /ding ).

| b wiiE o IMP(m?,m}, m]) - X2 (m?, m}, m])
¢ Best with multi-hadron final states

e Need v(¢*) and al¢®), vector and axial-vector
spectral functions |
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m, =0 MeV /c*
—m,=23 MeV c*
| . T2 .76 1.5

M, (GeV/c?)
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Combined: m, < 18.2 MeV at 95% <.L.




From kinematics of decay n* — u"y,

at rest...
I m: = m: + mf{ ~2m. E,
— Ij

o Necessary ingredients:

Measure ' momentum

— Masses of 7' and u° are known

w Assume (CPL): m

o m. and m, measured in other experiments

o Experimental uncertainty Aim; )

2(m, — E,) Am,
2m, (1 - (m:/E,)] Am,
"27"11 pp;" Ej!t ‘ﬁp,u

to be added in quadrature
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....and in flight
For 60, P, = P, - P |

o Necessary ingredients:

Measure F,, P, and

- Calculate F;, = F, — P, (P are quantities

evaluated assuming m, = ()

o F P° measures the effect of a
massive neutrino!

o Experimental uncertainty

B. Saltta

Accuracy on pion and muon masses less
important

Largest contribution to the error on P, the
calculated neutrino momentum, from angular

accuracy (~ P3-0- Af)
Systematic errors would affect F,, the
measured neutrino momentum = Measure P,

and P, event-by-event in the same
spectrometer.
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m;, (M eV/ Hi‘

Limit (MeV/c?)

0.1340.14
~0.14 £0.20
~0.163 + 0.08
—0.148 £ 0,024
~0.022 + 0.023
—0.016 + 0.023

0.57
0.50
.25

0.17
0.17

Average m,

0.19

Two possible solutions for the = mass (from
analysis of x-rays in 4f — Jd transitions of pionic
“Mgqg, depending on the assumption of one or two

K-shell electrons).

Best experiment measures
P, = (29.79200 + 0.00011) MeV /¢

(5=ﬂ-2fr7 k_"|

i, Haltin pha J ol e it b w"Ih.'lhu-F iy P aeiat F b T*-r!q,r—. 'u"-lr-. ‘lll‘!

6% March a0l




Ve

« The quantity determined - from the
shape of the 7 spectrum of Tritium - is

m*(v,) = LUk m?
(cfr. Ov33 decay)

o The shape has the “simple” form

A -FI(E.Z)-E- - EI}T'T-I:E - 5 .’r{ Ei— E)2 ~m2

< L',,.--"El'r'w.-"r 2ugkay |

Peol . afF Fouds srie 1 (IF f{‘\f)
e Long lll“atr:}l'}’ of progress, although

approaching the ultimate limit of
current generation of experiments

- Magnetic Adiabatic Collimation an:d  “TR/ Ty

FEletrostatic Filters (Troitsk and Mainz)
{Gastaas Vi Cpudiused Soures

Bolometric measurements of 1“H: J-decay
(Milano, Genova). Complementary
techinique but still in R&D phase. (Aw w0

B, Haltts R TP Wor kelesgp on Meutring Telescopes. Yenles, Tialy =8 Blarch E1
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TRo (I Tsk ExPELiMeaTaL

SETUP @

Fig. 2. Experimental set-up. (1},(2) vacuum tank; (3},(4) electrostazic analywer: [5) grounded
electrode; (6),(7),(8).(9) superconducting coils; (10} warm coil; {11)L.Ng jackes; (12) Si(Li} detector:
(13) fast shutter;(14) Ti-pump ; (15) cold valve; (16) Hg diffusion pump: (17)4% purification svstern;
(18) electron gun;(19) arpan pump.
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4 Magnetic Adiabatic Collimation

+ Electrostatic filter

Solenod Aetardino Specirometer” (Nuol. Inst. Meth B8S (1982 345
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New Malnz 1999 measurements: Q6 — Q8
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Systematic Uncertainties and Anomalies

Inclastic Scattering (3?%}

Estimated measuring energy loss of 17T.8 gel
eglectrons in fJs Alms. The uncertainty on the source

thickness contributes as well

Final states (35%)

Excitation of Il{*’.-.:;hhulll molecules.

Change in the energy levels ol excited states

“Thinning” of T) film and H; deposit (21%)

Conhrmed by fime measurements of hlm thickness

Charging of 75 film (7%)

Determined by measuring the energy shift of the
i — 32 line of A'r source at diterent depths
(VDS [ PuThurtii  VARES ""‘”E;-?r_g,f;T:Hﬂ:f:@ﬂ#”ﬂig )
Are monoenergetic lines present in the
spectrumn near the end point? Is there a
periodicity?

NT2001
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1 Troitsk
w i (Phya. Lett. B460
J (1998) 227)
uf
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NO JINPIcATION ThAT m,‘#-‘d

Group Year ma (eV/c*)? Comments

Troitsk 1994 -2.74+101x49
Troitsk | 1996 0.5+7.1+25
Troitsk | 1997-1 | —86L76+25
Troitsk |  1097-2 32448+ 1.5
Troitsk | 1998-2 | —06+£81+20
Troitsk | Combined | —2.04+ 3.5+ 2.1
Mainz = 1998 0.1+39421 | “last” 15 eV |
Mainz 1999 1.5+32+3.4
Mainz 199841009 | +0.6=2.8+25
Mainz | 199841999 | —16 =28 £25 | “last” 70 eV

mg, << 2.5 eV /et at 99%C L{ Bayessian) (Troitsk)

— —

=

mp, < 2.8 eV/e® at 95%C L{unified) (Mainz 1°

1070C Liunt fied) (Mainz 70 el?)

uirime Telescoepes, Yenles, [oaly €=8 March 20
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Double 5 Dﬂﬂil}“'

Killing two 4-irds with ov-c stone!

¢ Process

A=T6
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Li

2irr Allowed and observed in several nuclei
W‘itl'l TI_ St I{] i i”: i

itim Intereationasl YWorkshop on Moutrine Telescopes, Venice, Tinly l=H %lsre-ls 200
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Sensitive to effective neutrino Majorana
mass, that is a combination of physical

Ve = 2 Uy ¥

|Mee = IZ | U;1° A I

¢ Phoses = A DIFFENENT wigepigwT

o s .
s M, Féon 2aTA s LOWER Boowp 9 7
It could give insights on many aspects of

physics beyond SM

To date it has never been observed

. Essentially two types of detectors, with
obvious requirements

Detector = Source (Heidelbe rﬂ—h]cmc-nw}(&:ﬂh
Detector # Source (NEMOQ)) (FREJ'-‘.'E‘)

o ENERGY REdOLVTION e :
s LOW PALkGROUND CouwTS (LTH‘r U NDERG R aD ;

NT2001
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Te = 2038.¢ keV

NATM] ABUNDANCE .77 =P ENRICHED (af",{) ii.f.Fka
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£ = MEASURING TINE
AE = EwergYy REsol

® = BkaD CouaTivg
AATE

Q= I30TolIcAL
A B & DAL

E 3 EFPICrEmCY

o Ty I71s Fiwar, Ruwwig FoRR  s,wcé (1YW
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-

s3ougy
expectes Q@@ line

- >1.3-10%y (90 % C.L.)
! T121.9-10%y (90 % f.:.l;_.]

Ssments from [A Staudt, K Muto, H Vv Hlindnl';
Eurcphys. Latt. 13 (1590) 31]

— < Mge >< 0.35eV (90% C.L.)
-+ < Mee >< 0.27eV (68% C.L.)




Present limits of 0v88-experiments

GENILS
..|!L
A econ
F
o) i

Dégein

®
§

-

[ ]

-

"

&

L

L]

]

H

L]

-

L]

-

L]

"

"

-

L]

L ]

L =

L]

-

L

-

-

! H
. =
a i

ELEGANT
VI
-~
M

|

&
i

L ]
L ]

28 ?
10kg

sl
] |

MTI'T
4Cy AC, Tge Moo B, Mg g g Doy, ey, B, Mg

UCITPC
1

T % %

3
&

1=

EE e




(Im)Possibilities

« Return to the past?
Many sugvestions made to use different
processes to measure i,
Impossible then = Possible now?

(detection and/or beam intensities

« For instance: Pion radiative decay
> Wyt

simple to detect

The end point energy of the photon
depends linearly on m,,

_ The shift is AL ~ 2,

To mmprove by a factor of 1l need
A Fme:

; = 1—1 , i 1.7 "
—I_ ~ H-107" at 30M el
ntsermalnanal Workshop on NHeotrino Telescopas, Venlon, [t: g G-9 BMareh 2001
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« For instance 2: Can we do without the
pion?

- In v, € = v, € scattering, 1}, of the
electron is sensitive to m, (the cross section

too, but too small an etfect)

— Resolution needed: a detector with the
energy resolution of Borexino would set
"1 from 7 decay). Not

~ 3 MeV limit (if
exciting for ¢

+» Or back to the future?

Could one measure m, using the process

27,

- Detection of a high energy backward
photon

~ Cross section, although enhanced relative

to massless neutrinos, discouragingly small

' - . -
950 Imveroetiomal "l'ﬁ"u.nl-.u_i.l o Mewtelsoe Tales: LF A, Venioe, IL ull 2§ March 2]
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D? Decays

Diffractively produced D] in v,
interactions at neutrino factories

e | W * " \
Measure BR(1), — i) and j; (é'nﬁ#ﬂ“", r

i
’

v events expected

Consider
DY — 4D,

L+ T

#

Measure

P. from decay D
- Diarection ol i),

Direction of - (Mot mpghurd arceaters ,]
- * of all charged decay products of 7
Then each event yields a measurement
of m{v,)

FUF ) iy b s WWarkabhap an MNeatrino Icleseo pég, Vomios, [taly
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{ R.A. CI..MJ et JJ

NuMass (E952)

An elegant proposal “targetting” m(v,)

i

e It uses decayv in Hight of pions and the g-2
magnet at BINL

o It aims at an improvement of a factor of 20

Measures Ap = p, — p, with a resolution of
G- 107" which would yield
.l_l_ 1'

Precision achievable if multiple scattering
can be avoided

Vomientum = Position measurcments
(silicon microstrips with 1. 4um resolution)

- Uncertainty on pion mass less important
since decay in flight  (f ~34'")

glf Inter gational YWorkshop oo MMewul e T las Weraee, - | -0 MNloreah 2001
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rom ™
The trajectory of ruuuna,llhat decay in the

forward direction will be a clrcumiuen-;e of
diameter larger than the parent pion

Neutrino mass would reduce this diameter

D _ —mi
D _

Ipgrm,

The radial distribution of decav muons is
measured (especially the edge).

Slow injection (| panticie 6vsRY TwO cYeeE 5)

Could run in parasitic mode

Results expected after 3004 running time

o' Teternetlons! Warkshap an Meostring Telestopas. Vanice. lvaly =8 Rlarch 21800
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KATRIN
Next generation experiment

¢ What 18 needed to be able to access
sub e}V region?”

1 . b4 4 et
- Emergy resolution: AL o Bin - 4

s j-jlhra AL
Luminosity of the source. It depends on TIE
0

surface and maximum angle of acceptance

Translated into a quality factor Cocmy” )

() = ——=4

g TE R
Ay area of the analysing plane in the spectrometer

o AF =1 ¢V implies 8=s - 5. 10 ° a factor four

better than currently used

e leatures

Spectrometer 7 m diameter 20 : length (ZARGER
THRN CURREMT |

— Usage of both CGaseus an Condensed tritinm source
for systematic check and comparisons

— Usage of time of flight mode to disentangle

anomalies (not integrating) f"f“"hi " by MAwz ﬁ'uuf)
Ml B420 157

H. =mittn T P T Warkshaop on Meatrino Telescopes, YVanlce, Ibals B8 Fiwmscl, 2001
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Simulation of the sensitivity on m,,

First smulation with conservative assumptions:

%
0.3 "':;_-
[ statisfical uncertainty, 4 years i
0.25F lo7 E
L total uncartointy IH,F o
r A
. 0.2 § / a3
HL"{ [ .l'rlIII 19.6 _'i
) ! 4 O
20.15 /* E
L o
5 l - I_r ﬂ 5 :5
o1F Py 2z
\'\--—c” 04 g

- R =
. = o ‘3
Letzls fos ¢
. 5
10.2. b
:_._._ M. i ST ORI TP | ﬂ:
45 20 30 40 50 ¢

Fit range Q—E,. [eV]

energy resolution lev

source grea: 20 cm'

gossous source effecive thickness, 250 ML
mox occepted storling angle! 70°
background rala: 11 mkHe
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o OFERATE A LARGE AMounNT OF Ge CRYSTALS

Iv LIQuiD NITROGEN (1 Low ©OF ENRICHED Ge
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Conclusions

e The current limits on neutrino mass
from experiments that could measure

it directly are:

~ < 2.2 eV for 7,
< 170 keV (190 keV PD() for v,
< 18.2 MeV for v.

— < m,,. >< 0.27 ¢V for neutrinoless 5/ decay

¢« Current experiments appear also to
have reached their limit

o« Many think that it is justified to
embark in new experiments even in
view of (or because of) current results
from oscillations

B. Zaitta ﬂ'h Ipternad ol “'u\.l']l.l-:ll.urll o Mol T:rl-\.'il\;ul.lll:'i. Wenice, l'Hl-:\_-' BB BeTmrcb TOH1T
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. Reasons

Because to improve mii,) limit by a
factor of 20 has great merit

Because 33 - with theoretical
guidance - could help disentangle a
complicated situation

Because v, is so tantalising close to
interesting values!

« While we wailt tor a supernova Lo set order of £V limits
on.-mir. ) and miy ), an analogy...

B. Spiiie 3 e raational Workshop on Mesitrino Telescopes, Vendew, Itely #s1 Maroh 3001
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