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Physicists F ind Elusive Particle Seen as Key to Universe

Discovery! NS )

After decades of searching,
Atlas and CMS groups report
c:’&.iszwverj of the Higgs,
completing the architecture of e
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Observation of a new boson at a mass of 125 GeV with the CMS experiment at
the LHC ™

CMS Collaboration™

CERN, Switzerland
This paper is dedicated to the memory of our colleagues who worked on CMS but have since passed away. In recognition of their many
contributions to the achievement of this observation.

ARTICLE INFO ABSTRACT

Article history: Results are presented from searches for the standard model Higgs boson in proton-proton collisions
Received 31 July 2012 at /s =7 and 8 TeV in the Compact Muon Solenoid experiment at the LHC, using data samples
Received in revised form 9 August 2012 corresponding to integrated luminosities of up to 5.1 fb~! at 7 TeV and 5.3 fb~! at 8 TeV. The search

Accepted 11 August 2012
Available online 18 August 2012
Editor: W.-D. Schlatter

is performed in five decay modes: Yy, ZZ, WTW~, t+t~, and bb. An excess of events is observed above
the expected background, with a local significance of 5.0 standard deviations, at a mass near 125 GeV,
signalling the production of a new particle. The expected significance for a standard model Higgs boson

Keywords: of that mass is 5.8 standard deviations. The excess is most significant in the two decay modes with the
CMS best mass resolution, Yy and ZZ; a fit to these signals gives a mass of 125.3 4 0.4(stat.) £ 0.5(syst.) GeV.
Physics The decay to two photons indicates that the new particle is a boson with spin different from one.

Higgs © 2012 CERN. Published by Elsevier B.V. Open access under CC BY-NC-ND license.

Almost immadia&etv, we khow *a Lobx
about this new particle...
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One would imagine as similar pa&&ern would

unfold for all particle discoveries.



After all this time, are we

ffw\da\memﬁo\uv still stucle i this
paradigm where heutrino masses

remaiin unlenown?



So far, we now khnow that both

“grande” and “zero” are ruled out,

Bub the nature and even scale of
neubkrine masses remaiing an open

quesﬁom?’

Arthur B. McDonald

(Sudbury Neutrino Observatory)
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Do neubrinos viclate
Cr?

Are Ehev Eheir owin
am&i-par&ide?

Inverted or Normal
ordering?

What s Eheir mwass

Neubrinos are odd Liktkle birds...

To date, they remain the only

par&ic:i.es whose essenkial

Skandard Model Proper&ies are

skill in qu,es&m\. .




With oscillations
established, the
scale of neutrino
masses can be
probed wikth several

Eeahhiques.

Be&a-—de.f:a\j
(electron CQP&MT‘E}
measurements are

the hardest to
advance, but offer
kinematic ov\iv

conskrainks,
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With oscillations
established, the
scale of neutrino
masses can be
probed with several

Eeahuiques.

BeEa-—det‘:aj
(electron capture)
measurements are

the hardest to
advance, but offer
kinemakic ohiv

conskrainks,



Lamdse:ape Cutlook Wikth oscillations
established, the
scale of neutrino
masses can be
probeci wikth several

Eeahhiqu«*_s.

Be&a-—def:a\j

Inverted ordering

(electron Cap&ure)
measurements are
the hardest to
advance, but offer
kinematic m\iv

conskrainks,

Gomez-Cadenas, J.J. et al.
Riv.Nuovo Cim. 35 (2012) 29



https://inspirehep.net/author/profile/Gomez-Cadenas%2C%20J.J.?recid=929460&ln=en

L&M&S@&P@. Cubtloole With oscillations
established, the
scale of neutrino
masses cain be
probed with several

&e.thmi,qu.es.

v CMB Only:
Inverted ordering RN va < 140-590
| meV

CMB + LSS:
dmy < 120 meV

10;30-4 - . FUtU re:
>Ymy < 40-60 meV

Gomez-Cadenas, J.J. et al.
Riv.Nuovo Cim. 35 (2012) 29



https://inspirehep.net/author/profile/Gomez-Cadenas%2C%20J.J.?recid=929460&ln=en

Tritium beta decay Holmium electron capture

163Ho + ¢~ — 163Dy* 4 1,

Kinematic spectra from beta decay or electron capture embed

the neubrino mass wnear kthe emdgoim&.

Kinematic determination of neutrino mass (dispersion relation).
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In both cases,
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differential spectrum
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Endpoint of the Tritium B-decay Spectrum
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Kinematic spectra from beta decay or electron capture embed

the neubrino mass wnear kthe emdgoim&.

Kinematic determination of neutrino mass (dispersion relation).
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Mcvclervwc&a:j Te&kmiques

MAC & Tet:hmiqu&
(KATRIN)

Magnetic Adiabatic
Collimation with
Electrostatic Filtering

Commissioning

Catorime&rv
(HOLMES, ECHO

&.
NUMECS)

Rolomekbric
measurement of “3Ho

Armjs A
devetopmeh?:

F‘r@.qu@\cj
(Project )

Radio-frequency
spectroscopy for beta decay

Commencing first britium
measurements




MAC~-E Filker
T@.chm,qu,@.

(KATRIN)

KATRIN




Spectroscopic: MAC-E Filter

electrode
(KATQIN) solenoid /
= “i.‘

source

MAC~-E Filker
Tef:kmiqu@.

KATRIN S Bmm
Uo

adiabatic transformation of e momentum

Inhomogeneous magnetic quiding field.
Retarding potential acts as high-pass filker
High enerqy resolution

(AE/’Z = BmLM/qux = 093 E“.\])




10" Bq “Windowless”
gaseous T2 Source

° High resolution Detector

Tritium retention electrostatic filter System
system (High Field)
(107 tritium flow reduction) (3G low field)

(High field)

He He Ue Ue

10" e/ second —j —————— -/1———%*'*———*/1 1 e/ second

Adiabatic transport ensures high retention of phase space for decay
AV Bmin

i B — 0.93 eV

Energy resolution scales as the ratio of minimum / maximum fields



Sep‘zalﬁ

Windowless Graseous Trikium Source
(WGTS) arrives own site.




Windowless Graseous Triktium Source
(WGTS) now {:ui.i.v nstalled and

being commissioned.

Specified Stability: =30 mK/h
Measured Stability: =10.1 mK/48 h

n K

Temperature stability specification

of 30 mK/hour well exceeded.
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Main analyzing spectrometer

arrives on KIT site
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Transmission Funckion
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At -18.6 keV, better than
50 meV resolution at single angle Specification of voltage stability
emittance and performance exceeds
Sharpest transmission function specifications by ~ factor of 3.
for a MAC-E filter

Resolution function of MAC-E Filter shown to perform better

than specifications.




Background Rates

vessel

internal cosmic a, ! o
radioactivity : muons © 7 - ==
\ %
field
emission
- *j B ﬁ,.l
Penning ==

“w_discharge

insulator = H+
processes

40K, ... external radioactivity

Various processes can conkribute to bhe spea&ram&er ba\{:wgrau&\d.,

Various spectrometer backgrounds were investigated in detail

during two measurement phases (SDS1 g SDSR).




Background Rates

vessel

xu, T

! rewire electrodes

internal
radioactivity

4‘(, ... ¥external radioactivity

Background rate about §0 times larger then design value (10 meps),

presumably due to tonization of Rydberg atoms by black body radiation,

Rydberg atoms created in the decay of 2°Pb and accompanying processes,

enter the spectrometer volume where they are tonized bv thermal

radiation, thus creating low-energy electrons,




First Light!

Electrons sent from one end of the
KATRIN experiment to the other

(calibration source to dekector).

Major milestone in preparation for

Erikium data taking in 2017



Projected o(m?) O 001 6V?

SQMS E«Ei\/i&v Statistical

Final=-state sPae&ru,m

T- tons in Tz gas

Unfolding energy Loss
Columi c'\ehs&v

Background slope

HY variation

Pobtential vartation in source
B-field variation in source
Simulated §-sigma signal tlastic scattering in Tz gas

retarding energy qU - E_in eV
-30 -25 -20 -15 -10 -5 0 5
10

0.1
0.01g ,

Neubrino Mass roals
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Semsitivity: 200 meV (at 90% C.L)

0.01} { 1 1l ]
| \_ J
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200} | | | | | | ﬁirs& SQSQOMS KT’ E«V\JQCELO“ &O
100 1
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Catarime&r:}

(ECHO, HOLMES & NuMECS)

Calorimetric Approach

163Ho + e~ — 163Dy* + 1,




Qatarime&rv

(ECHO, HOLMES & NuMECS)

Calorimetric Approach

163Ho + e~ — 163Dy* + 1,

Cryogenic Bolometers

electro-thermal
j f link G

thermometer
AT - AV

particle absorber
E— AT

Temperature rise in cryogenic bolometers
proportional to energy daposi&iam &
tapati&aht:&.

Since capacitance c&rops as T2 i tnsulators/
supercomdu&&ors, one can achieve high
energy resolution.

ALL enerqy is absorbed. No issues with
backscattering, final states, ete.




Same Isotope, Different Technologies

ECHO Experimem&

Metallic Magnetic
Calorimeters

Al wires AE' Er H (}LMES; NMMECS

Transition

Re  Edge Sensors

ALl experiments must meet the same challenges:

e (vood energy resolution

e Fast timing (ko minimize piie.up)

absorber source

paramagnetic =
sensor (Au:Er)

—
(@) o o
1 1 1

S
T

Resistance [a.u.]

1
104 106

]
102
Temperature [mK]

1
98 100

e Understanding of endpoint

¢ Clean source extraction of ©3Ho

& Multiplexing

¢ Low bm:l«sgroumd levels,



QQMOVEMS ﬁbS&&fi{.@.S SHIPTRAP Qmeas
2833 +30+ 15 eV

laser-ablation preparationtrap = measurement trap position-sensitive = image of the radial motions of the trapped

ion source - MCP detector ions on a position-sensitive MCP detector 3.6 - (b)
o) i
production of cooling & centering of: excitation of imaging of radial ~ Y-axis g 34 3
- "®Ho* and "*3Dy* ions  "®*Ho* and '**Dy* ions radial ion motions ion motions : ‘ o % a2 b
: '  to determine v, ' 5 T & + +}
' ' © T~ sof
7 | A IR R R TR W
= 1 trap-center image c @ 28 T | | I [ T
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Energy resolution & btiming measurements.




Moving Forward

ECHO HOLMES NuMECS
Detector MMC TES TES
AE (FWHM) 2.3 eV 6.1 eV 7.5 eV
trise 0.13 us 10 us
Multiplexing RF RF RF
1$3Ho production 162Ey(n,Y) '¢2Eu(n,Y) "'Dy(p,xn)

AlLL experimem&s moving toward encugh Q. =28006V
ac:&ivi&:j / detectors ko have 101° dﬁﬂ&tj

skakistics: eV scale!

Pave the road for V1000 pixel detectors
(10 decay statistics) needed for sub-ev
scale reach, 10

Statistical sensitivity 90 % C.L./ eV
o

| | | |
10'° 10'2 10" 10'°
Statistics




F‘v“requemaj

(Project %)

Frequency Approach

SH — JHe™ + e~ + 7,




ﬁrequ@fmj

“Never
measure
anything but
frequency.”

A. L. Schawlow O. Heaviside

Use {r&qw&.hav measurement of cyclotron
radiation from single electrons:

Y

Source bkrawns onureh?: ko

(7 microwave radiakion

B field 1
— No e- transport from

source to debector

Highly precise frequency
measurement
Frequency Approach

3 317.+ - =
H — “He" 4+ e + 7, B. Monreal and JAF, Phys. Rev D80:051301




ﬁrequ@fmj

Frequency Approach

SH — JHe™ + e~ + 7,

“Never
measure
anything but
frequency.”

A. L. Schawlow O. Heaviside

Use {r&qw&.hav measurement of cyclotron
radiation from single electrons:

1 eB

Je = o T on mec? + Fiin

e Highly precise frequency measurement (V26 GHz).

¢ Small, but detectable power emitted,

P (17.8keV,90°,1T) = 1 fW
P (30.2keV,90°,1T) = 1.7fW

B. Monreal and JAF, Phys. Rev D80:051301




Phase I Demonskrakion: 3Ky

» Wavequide insert with small magnetic
trapping coil.

Copper waveguide

» Use ¥*Kr qas as calibration source; mono-

Kr gas lines
enerqgetic Llines at 17 keV and 30 keV.

= Magnetic bottle coil

Gas cell

Test signal
injection port

ITTJ\ ! /\_ Bfield

“Bathtub” Trap

Cyclotron frequency coupled directly to standard waveguide ot 26 GHz, located nside
bore of NMR 1 Tesla magnet.

Magnetic bottle allows for trapping of electron within cell for measurement.



Region of interest near the 30.4 keV lines

?!’\O\SQ i (bins are 0.5 eV wide)
Demonskrakion: 3Ky |

» CRES &achniqua
demonstrated
through imaging go
17 and 30 keV Kr

LLV\@.S. 30.20 30.25 30.30 30.35 30.40 30.45 30.50
Track Initial Energy [keV]

Counts / keV / sec

W Eime_rsj resolution Of
3.3 eV (FWHM)
achieved.

T T Scattering off
Energy loss e of a-residual

via cyclotron tE gas molecule
radiation

Frequency - 24 GHz (MHz)

» Additional features
(sidebands) also
measured.,

Phys. Rev. Lett. 114 (2015) 16, 162501  °

Siagnal-to-noise ratio (linear

()]

Time (ms)

Cyclotron frequency coupled directly to standard waveguide ot 26 GHz, located nside
bore of NMR 1 Tesla magnet.

Magnetic bottle allows for trapping of electron within cell for measurement.



Phase 1I: Tritium & Kr Cell

# Next stage will incorporate tritium with Kr as co-magnetometer.

# New S-coil circular wavequide constructed, atreadv it opera&i;av\.

» Inject tritium through getter heating., Initial tests with deuterium show good
control of pressures.

» Aiming ko inject first britium this sunmmer!



Phase 1I: Tritium & Kr Cell

“Tickler” port & short  Waveguide

# Next stage will incorporate tritium with Kr as co-magnetometer.
# New S-coil circular wavequide constructed, atreadv in operation.

» Inject tritium through getter heating., Initial tests with deuterium show good
control of pressures.

» Aiming ko inject first britium this sunmmer!



Phase 1I: Tritium & Kr Cell

The Gas Pressure Rise

O
o

-
(0)0)
o™
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©
i

Pressure [Torr]
Temperature [C]

M. Walter, T. Thummler

1.4 A 310°C

Pressure test
wikth deukerium
Lload.

—— Getter Temperature |

07 18:49 07 19:04 07 19:19 07 19:34 07 19:49 07 20:04 07 20:19 07 20:34 07 20:49
time

#» Next stage will iv\corpora&e Eritium with Kr as co-maghetometer.

o Inject tritium through getter heating., Initial tests with deuterium

show good control of pressures.

» Almiing ko inject first britium this sunmer!
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100 g 10
Looking forward : g
L0 Molecular |-
Phase IV: Abtomic Trikium = : o
& Atomic S
£ 13 1 ?3
S A
§ A,
'05) 0.1—E :‘3‘ (‘ﬁ
5 . 3
'c'g;o.m—z e
% s 2
0.001—E / :: g
Atomic T, 1x10'° o
T -2 (ol

10 10 10 10 107 10" 10° 10’ 10° 10

. 3
Effective volume, m

Daisy petals

Preliminary designs for Ioffe trapping coils

Opera for britium containment (under study).

= While scalability is being tested, collaboration aims to switch
fyom molecular brikium to atomic brikium,

= Take advantages of magnetic trapping to confine cold T and

cleanly separate from T. contamination.




Fermi’s original challenge seems to emerge

o the horizown...

KATRIN is twised to commence britium data

taking. Improved Limits (or discovery!)

coming soon (first triktium 201%),

ECHO, HOLMES and NuMiECS currently aim ot
the eV scale are being constructed, with sub-

eV in their sights (eV scale next 3-§ yrs).

Project ¥ advances forward, with cross-hairs

focuses ab the inverted scale (2 eV by 2020).




Thank you for
your attention




Recent papers of interest
related bto this kalie:

HOLMES: arXiv:1612.03947v3
SHIPTRAPY: arXiv:1604.04210v1
ECHO: J Low Temp Phys (R016) 1¥4:910-921

Project ¥: 3 Phys. G 1016%% (2016).



