


Catania, Italy 

Oct 20th 2017 

Joseph A. Formaggio 

MIT

*An Update



After decades of searching, 

Atlas and CMS groups report 

discovery of the Higgs, 

completing the architecture of 

the Standard Model.

Discovery!



After decades of searching, 

Atlas and CMS groups report 

discovery of the Higgs, 

completing the architecture of 

the Standard Model.

Almost immediately, we know *a lot* 
about this new particle…

Physics Letters B 716 (2012) 30–61

Contents lists available at SciVerse ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

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.

a r t i c l e i n f o a b s t r a c t

Article history:
Received 31 July 2012
Received in revised form 9 August 2012
Accepted 11 August 2012
Available online 18 August 2012
Editor: W.-D. Schlatter

Keywords:
CMS
Physics
Higgs

Results are presented from searches for the standard model Higgs boson in proton–proton collisions
at

√
s = 7 and 8 TeV in the Compact Muon Solenoid experiment at the LHC, using data samples

corresponding to integrated luminosities of up to 5.1 fb−1 at 7 TeV and 5.3 fb−1 at 8 TeV. The search
is performed in five decay modes: γ γ , ZZ, W+W−, τ+τ−, 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
of that mass is 5.8 standard deviations. The excess is most significant in the two decay modes with the
best mass resolution, γ γ and ZZ; a fit to these signals gives a mass of 125.3 ± 0.4(stat.)± 0.5(syst.) GeV.
The decay to two photons indicates that the new particle is a boson with spin different from one.

© 2012 CERN. Published by Elsevier B.V.

1. Introduction

The standard model (SM) of elementary particles provides a re-
markably accurate description of results from many accelerator and
non-accelerator based experiments. The SM comprises quarks and
leptons as the building blocks of matter, and describes their in-
teractions through the exchange of force carriers: the photon for
electromagnetic interactions, the W and Z bosons for weak inter-
actions, and the gluons for strong interactions. The electromagnetic
and weak interactions are unified in the electroweak theory. Al-
though the predictions of the SM have been extensively confirmed,
the question of how the W and Z gauge bosons acquire mass
whilst the photon remains massless is still open.

Nearly fifty years ago it was proposed [1–6] that spontaneous
symmetry breaking in gauge theories could be achieved through
the introduction of a scalar field. Applying this mechanism to the
electroweak theory [7–9] through a complex scalar doublet field
leads to the generation of the W and Z masses, and to the predic-
tion of the existence of the SM Higgs boson (H). The scalar field
also gives mass to the fundamental fermions through the Yukawa
interaction. The mass mH of the SM Higgs boson is not predicted
by theory. However, general considerations [10–13] suggest that

✩ © CERN for the benefit of the CMS Collaboration.
⋆ E-mail address: cms-publication-committee-chair@cern.ch.

mH should be smaller than ∼1 TeV, while precision electroweak
measurements imply that mH < 152 GeV at 95% confidence level
(CL) [14]. Over the past twenty years, direct searches for the Higgs
boson have been carried out at the LEP collider, leading to a lower
bound of mH > 114.4 GeV at 95% CL [15], and at the Tevatron
proton–antiproton collider, excluding the mass range 162–166 GeV
at 95% CL [16] and detecting an excess of events, recently reported
in [17–19], in the range 120–135 GeV.

The discovery or exclusion of the SM Higgs boson is one of the
primary scientific goals of the Large Hadron Collider (LHC) [20].
Previous direct searches at the LHC were based on data from
proton–proton collisions corresponding to an integrated luminos-
ity of 5 fb−1 collected at a centre-of-mass energy

√
s = 7 TeV.

The CMS experiment excluded at 95% CL a range of masses from
127 to 600 GeV [21]. The ATLAS experiment excluded at 95%
CL the ranges 111.4–116.6, 119.4–122.1 and 129.2–541 GeV [22].
Within the remaining allowed mass region, an excess of events
near 125 GeV was reported by both experiments. In 2012 the
proton–proton centre-of-mass energy was increased to 8 TeV and
by the end of June an additional integrated luminosity of more
than 5 fb−1 had been recorded by each of these experiments,
thereby enhancing significantly the sensitivity of the search for the
Higgs boson.

This Letter reports the results of a search for the SM Higgs bo-
son using samples collected by the CMS experiment, comprising
data recorded at

√
s = 7 and 8 TeV. The search is performed in

0370-2693 © 2012 CERN. Published by Elsevier B.V.
http://dx.doi.org/10.1016/j.physletb.2012.08.021
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One would imagine as similar pattern would 

unfold for all particle discoveries.

Enrico Fermi 
1934 

(theory)

Wolfgang Pauli 
1930 

(proposal)

Reines & Cowan 
1956 

(discovery)

26 years



Cosmology 
Limits 

With oscillations 
established, the scale of 
neutrino masses can be 

probed with several 
techniques.  

Oscillation confirmation 
predicts we could see 

signals from cosmology, 
0vbb, and direct 

kinematic searches.

Landscape Outlook
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With oscillations 
established, the scale of 
neutrino masses can be 

probed with several 
techniques. 

  
CMB Only: 

∑mν < 140-590 meV 

CMB + LSS: 
∑mν < 120 meV 

Future: 
∑mν < 40-60 meV

Landscape Outlook

Created using www.nu-fit.org

http://www.nu-fit.org/


Kinematic spectra from beta decay or electron capture embed 

the neutrino mass near the endpoint. 

Kinematic determination of neutrino mass (dispersion relation).

3H � 3He+ + e� + �̄e

Tritium beta decay

163Ho 163Dy*

νe

Holmium electron capture

163Ho + e� ! 163Dy⇤ + ⌫e



Kinematic spectra from beta decay or electron capture embed 

the neutrino mass near the endpoint. 

Kinematic determination of neutrino mass (dispersion relation).

kinetic energy (keV)
0 5 10 15 20 25

co
un

t r
at

e

0

0.05

0.1

0.15

0.2
Electron Energy
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  Predecessors: Mainz & Troitsk  (Limit mβ < 2 eV 90% C.L.)

The Mainz Neutrino Mass Experiment 

Phase 2: 1997-2001

After all critical systematics measured by own experiment
(inelastic scattering, self-charging, neighbor excitation):

m2() = -0.6 ± 2.2 ± 2.1 eV2   m()< 2.3 eV  (95% C.L.)

C. Kraus et al., Eur. Phys. J. C 40 (2005) 447

⇓

9



Modern-day Techniques

MAC-E Technique

Magnetic Adiabatic 
Collimation with 

Electrostatic Filtering 

Frequency 

Cyclotron 
Resonance 
Emission 

Spectroscopy 

Calorimetry

Bolometric 
measurement 

of 163Ho 

no filter for events far from endpoint 
� needs large number of counts 
� needs large number of pixels 

 
 
 
 
 

Technology for large Number of Pixels 

needs 
 
~ 1010 counts  for m ~ 10 eV 
 
~ 1013 counts  for m ~   sub 1 eV 
 
 
 
 
 

 
technology to read  
out such large  
pixel numbers   
is available and proven  
 
 
 
 

(KATRIN) (ECHO & HOLMES) (Project 8)
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Frequency Approach
3H � 3He+ + e� + �̄e



Frequency 

(Project 8)

Frequency Approach
3H � 3He+ + e� + �̄e

“Never 
measure 

anything but 
frequency.”

• Source transparent to 
microwave radiation 

• No e- transport from 
source to detector  

• Highly precise frequency 
measurement 

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

M.	Fertl Washington	D.C.,	1/30/2017
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Project 8: Cyclotron radiation emission spectroscopy of T2

3

Novel	approach:	J.	Formaggio	and	B.	Monreal,	Phys.	Rev	D	80:051301	(2009)

• Cyclotron	radiation	from	single	electrons

• Source	transparent	to	microwave	radiation

• No	e-	transport	from	source	to	detector

• Highly	precise	frequency	measurement

fc =
fc,0
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+ . . .

!

P (17.8 keV, 90�, 1T) = 1 fW

P (30.2 keV, 90�, 1T) = 1.7 fW

Small	but	readily	detectable	with	

state	of	the	art	detectors

A. L. Schawlow O. Heaviside

Use frequency measurement of cyclotron 
radiation from single electrons:



Source ≠ Detector
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anything but 
frequency.”

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

Frequency Approach
3H � 3He+ + e� + �̄e

A. L. Schawlow O. Heaviside

Use frequency measurement of cyclotron 
radiation from single electrons:
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• Highly precise frequency measurement (~26 GHz). 

• Small, but detectable power emitted.

Frequency 

(Project 8)
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Phase III R&D Operations

Phase IV R&D

Project 8:  A Phased Approach

A phased R&D approached is used to advance the sensitivity 
and understand scaling & systematics.



2015 2016 2017 2018 2019 2020 2021 2022

Phase I

Phase II

Phase III R&D Operations

Phase IV R&D

Project 8:  A Phased Approach

A phased R&D approached is used to advance the sensitivity 
and understand scaling & systematics.

1st	
  CRES	
  demonstration	
  



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

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

Copper waveguide

Kr gas lines

Magnetic bottle coil

Gas cell

Test signal 
injection port

Phase I Demonstration: 83mKr 

Waveguide insert with small magnetic 
trapping coil. 

Use 83mKr gas as calibration source; mono-
energetic lines at 17 keV and 30 keV. 

1-cm circular waveguide to 
contain the gas and detect 
the cyclotron radiation 

Filled with 83mKr gas 

1 T background magnetic 
field & a wider 5-mT 
magnetic trap 

Waveguide leads to 
cryogenic amplifiers

Phase 2: Tritium Demonstrator

B⃗

B field
5 mT

1 T

“Bathtub” Trap

130 mm

22

10 m
m



Characteristics of electron cyclotron frequency signature readily 
detected.

Phase I 
Demonstration: 83mKr

Phys. Rev. Lett. 114 (2015) 16, 162501
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Phys. Rev. Lett. 114 (2015) 16, 162501
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  of	
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Characteristics of electron cyclotron frequency signature readily 
detected.

Phase I 
Demonstration: 83mKr

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

sudden	
  onset	
  of	
  power

linearly	
  rising	
  frequency

energy	
  changing	
  gas	
  collisions



Collecting events now routine…
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A phased R&D approached is used to advance the sensitivity 
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1st	
  CRES	
  demonstration	
  
PRL	
  114:162501,	
  2015

“Micro-­‐tritium”	
  experiment



Phase II: Micro-Tritium  
(with Kr co-magnetometer)

We want a first demonstration of 
using CRES technique using tritium. 

Apply the Kr as a co-magnetometer to 
the tritium spectrumPhase I Phase II
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Waveguide
Rectangular

Circular  
(greater volume!)
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Apply the Kr as a co-magnetometer to 
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Phase II: Micro-Tritium  
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Waveguide
Rectangular

Circular  
(greater volume!)

Trapping Coils
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(Harmonic)
Five  

(Harmonic & Bathtub)

We want a first demonstration of 
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Phase II: Micro-Tritium  
(with Kr co-magnetometer)

Waveguide
Rectangular

Circular  
(greater volume!)

Trapping Coils
One 

(Harmonic)
Five  

(Harmonic & Bathtub)

Gas Load
83mKr Only 83mKr Only & Tritium

We want a first demonstration of 
using CRES technique using tritium. 

Apply the Kr as a co-magnetometer to 
the tritium spectrumPhase I Phase II



Phase II: Tritium & Kr Cell

Trapping coilsWaveguide“Tickler” port & short Gas insert

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

New 5-coil circular waveguide constructed, already in operation. 

Inject tritium through getter heating.  

Improved microwave cavity with better noise performance.



Phase II: Tritium & Kr Cell

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

New 5-coil circular waveguide constructed, already in operation. 

Inject tritium through getter heating.  

Improved microwave cavity with better noise performance.

Cryogenic	
  circulator	
  suppresses	
  	
  
black	
  body	
  radiation	
  interference

Cold	
  termination

Phase	
  I

Phase	
  II

CRES	
  signal Amplifier



Wide Range of Motion

Motion in 

magnetic bottle

Complex motion of a 
magnetically trapped 
electron, akin to 
motion in a Penning 
trap’s eigenmotions. 

Variation due to 
magnetic field 
gradients and 
Doppler shift effects.

Frequency spectrum in principle has access to all motion 
eigenstates of trapped electrons.

Motion in 

Penning trap



Wide Range of Motion

Motion under trapping 

magnetic fields

Carrier Frequency

6	
  MHz

4	
  ms

Frequency spectrum in principle has access to all motion 
eigenstates of trapped electrons.



Wide Range of Motion

Motion under trapping 

magnetic fields

70	
  MHz

sidebands

Frequency spectrum in principle has access to all motion 
eigenstates of trapped electrons.

Carrier Frequency



1-cm circular waveguide to 
contain the gas and detect 
the cyclotron radiation 

Filled with 83mKr gas 

1 T background magnetic 
field & a wider 5-mT 
magnetic trap 

Waveguide leads to 
cryogenic amplifiers

Phase 2: Tritium Demonstrator

B⃗

B field
5 mT

1 T

“Bathtub” Trap

130 mm

22

10 m
m

Two Types of Traps

“Harmonic” 
Trap

We utilize two types of magnetic 
configurations for electron traps.

“Bathtub” 

Trap
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m+ Ekin

✓
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◆
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✓
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sin ✓
+

4 sin ✓

m cos
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1-cm circular waveguide to 
contain the gas and detect 
the cyclotron radiation 

Filled with 83mKr gas 

1 T background magnetic 
field & a wider 5-mT 
magnetic trap 

Waveguide leads to 
cryogenic amplifiers

Phase 2: Tritium Demonstrator

B⃗

B field
5 mT

1 T

“Bathtub” Trap

130 mm

22

10 m
m

5 mT

1 T

24

Kassiopeia simulation*

● Developed for the KATRIN 
experiment.

● Combines particle tracking 
with in-situ field calculations.

● Computation time is 
optimized to track particles 
with stepping lengths similar 
to geometric dimensions.

● Modularity, flexibility, and 
speed. 

*  D. Furse et al., accepted to New Journal of Physics (2017).

Pinch coils in a 1 T background field.



Energy resolution of krypton lines has been steadily improving. 

Currently at 3.3 eV energy resolution @ 30 keV

Natural line widths: 1.84 &1.4 eV; Observed FWHM 3.3 eV 
Separation is 52.8 eV 

Region of interest near the 30.4 keV lines 
(bins are 0.5 eV wide) 

Natural line widths: 1.99 &1.66 eV; Observed FWHM 3.6 eV 
Separation is 7.7 eV 

Region of interest near the 32 keV lines 
(bins are 0.5 eV wide) 

Energy Lines at 30.4 keV …and at 32 keV



We are starting to utilize both carrier frequency & sideband frequencies to 

deconvolve event dynamics using Support Vector Machine (SVM) techniques. 

(preliminary)

• Reconstructed 83mKr frequency spectrum shows multitude of peaks for three lines: 

32 keV, 31.93 keV, 31.94 keV in bathtub trap

• Must identify track topologies and build events to apply θ corrections      finer energy 

resolution

• Goal: Classify a track purely by its properties in the trap (slope, power, width, etc)

(Track) Frequency Spectrum

Frequency (MHz)
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Event Reconstruction
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  Saldana	
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  A.	
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• SVM classified track spectrum of data unknown to training or testing looks very promising

• Classification shows composition of peaks with respect to all 3 topologies

 demystify spectrum!

• Classified tracks may now be used to build events and apply energy corrections using 

phenomenological model (see A. Ashtari DH 0.00006)

Classified Frequency Spectrum

31.9 keV lines32.1 keV line

SidebandsSidebands
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Frequency (MHz)
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Event Reconstruction

preliminary,	
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  Saldana	
  &	
  A.	
  Ashtari



Phase II: Tritium & Kr Cell

Inject tritium through getter heating.  Initial tests with deuterium 

show good control of partial pressures. 

System is near-ready for tritium injection.

Pressure test 
with deuterium 

load.

preliminary,	
  A.	
  Ashtari	
  (UW)
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Project 8:  A Phased Approach

A phased R&D approached is used to advance the sensitivity 
and understand scaling & systematics.
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What 
next
?



Phase III

Engineering work on Phase III is going in parallel. 

Aim to measure CRES tritium spectrum in large volume system. 

Would also aim at making Mainz-level mass measurement.

Project8 —

A N T E N N A  C O N F I G U R AT I O N

Patch antenna array 
• Near field focused with power- 

combining feed network 
• maximizes available volume

Waveguide antenna array 
• No backing groundplane 
• Larger bandwidth 
• Mates directly with LNA input 
• Low-loss waveguide feedline

14

patch antennaground plane

low noise amplifier

waveguide

Patch antenna 
array

HEMT 
array

MRI 
magnet



• Most effective tritium source 
achieved so far involves the 
use of gaseous molecular 
tritium. 

• Method will eventually hit a 
resolution “wall” which is 
dictated by the rotational-
vibrational states of T2.  

• The trapping conditions 
necessary for electrons also 
lends itself for atomic 
trapping of atomic tritium               

Moving Beyond the 
Degeneracy Scale

T2

30 K
Atomic tritium 

(50 mK)

rotational

vibrational



Looking forward 

Phase IV:  Atomic Tritium

Take advantage of spin 
states of atomic tritium to 
magnetically confine low 
field seeking states. 

Requires high magnetic 
field gradients and low 
temperatures. 

Naturally filters molecular 
tritium.

 ΔE =  -μ · B
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Take advantage of spin 
states of atomic tritium to 
magnetically confine low 
field seeking states. 

Requires high magnetic 
field gradients and low 
temperatures. 

Naturally filters molecular 
tritium.

 ΔE =  -μ · B

Project8 —

P H A S E  I V:  F I R S T  T R A P  D E S I G N S

Design challenges 

• 2T trapping 
contours outside 
all structures 

• large homo- 
geneous trap 
volume 

• manufacturing 
and operation 
stability

34

Blue whale

Daisy petals

1.2m

Blue whale  
design

Ioffe petal 
design

  

Phase IV Work in Mainz

● Our summer student, Adrien, studied the velocity 

selector

● I am working on a demonstrator of the cracker and 

accommodator

Cracker

2500 K

Accommodator

→ 300 K → 30 K

Velocity Selector

→ 60-80 m/s

Trap

1 T Solenoid

1T Step

→ 0-20 m/s
MB Distribution at 30 K

● 60 < |V| < 80 [m/s]  ~  0.35%
● Mean energy: 6.5e-5 [eV]

Phase IV Conceptual design



Looking forward 

Phase IV:  Atomic Tritium

Scaling to inverted scale possible, provided the system can 
scale to m3 level. 

Intensive part of the Project 8 R&D program.

Molecular
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  PRELIMINARY  

Systematics included: 

Magnetic field 
homogeneity 

Scattering cross-
section 

Backgrounds (cosmic) 

Final states 

(more need to be 
evaluated)



Meander 

Absorber 

Source 

Sensor 

•Low temperature metallic magnetic calorimeters 
  
• Embedding of 163Ho source:  
   Æ ion implantation   @ ISOLDE-CERN 
 
• About 0.01 Bq per pixel  
 
• Two pixels have been simultaneusly measured 

ECHo : first detector prototype 

 
L. Gastaldo et al., Nucl. Inst. Meth. A, 711, 150-159 (2013) 

Fermi’s original challenge seems to emerge 

on the horizon… 

KATRIN is poised to commence tritium data 

taking. Improved limits (or discovery!) 

coming soon . 

ECHO and HOLMES currently aim at the eV 

scale are being constructed, with sub-eV in 

their sights.  

Project 8 advances forward, with cross-hairs 

focuses at the inverted scale.
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