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One B-spectrum to rule them all

Scale exaggerated for illustrative purposes
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Project 8: probing neutrino mass with Cyclotron
Radiation Emission Spectroscopy (CRES)

* Goal: Determine neutrino mass from tritium B-spectrum
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Project 8: probing neutrino mass with Cyclotron
Radiation Emission Spectroscopy (CRES)

* Goal: Determine neutrino mass from tritium B-spectrum
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trap
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Project 8: probing neutrino mass with Cyclotron
Radiation Emission Spectroscopy (CRES)

Goal: Determine neutrino mass from tritium B-spectrum

Phase Il (past): Limit on mg with CRES.

Phase lll (ongoing): Combine CRES with atomic tritium
source — Low-Frequency Apparatus (LFA)

Phase IV (future): Reach m; <40 meV (90% C.L.)

Magnetic
trap
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See Physics Reports 914, 1-54 (2021)

Analytic model of Project 8 " 91T
sensitivity - — o

Set-up: To estimate mg, imagine we count events in window AE near
endpoint.

|||||||||||||||||||||||||||

b4 035 03 025 02 015 01 005 0
« Assumes endpoint is precisely constrained. Kinetio Energy - Q V]

* Fewereventsin AE > we know mg is larger.
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Analytic model of Project 8 B T
sensitivity

Set-up: To estimate mg, imagine we count events in window AE near
endpoint.

— my=02eV

* Fewereventsin AE > we know mg is larger.

|||||||||||||||||||||||||||

904 03503 025 02 045 01 005 0
« Assumes endpoint is precisely constrained. Kinetio Energy - Q V]

Uncertainties on
response function
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Analytic model of Project 8 B T
sensitivity

Set-up: To estimate mg, imagine we count events in window AE near
endpoint.

— my=02eV

* Fewereventsin AE > we know mg is larger.

|||||||||||||||||||||||||||

4 7035 703 7025 -0.2 4)15 4)1 -0.05 ‘IO
« Assumes endpoint is precisely constrained. Kinetic Energy - Q [eV]
. 2 . Uncertainties on
Uncertainty on mg: Source gas density

response function

/
O'mé=4 (6CT 7 )le off T AE+/] Z 2(n) Yers
/

Responsefuncnon

Effective volume (Volume x Efficiency) Background stdevs (resolution)

If best fit mé is zero:

Upper limit(mg) [90% C.L.] = \/1.64%% =p -~ (signal rate)4
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Contributions to response function (energy resolution): 7;

1. Frequency resolution from noise for
frequency reconstruction
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Contributions to response function (energy resolution): 7;
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Contributions to response function (energy resolution): 7;

Power

1. Frequency resolution from noise for
frequency reconstruction —

2. B-field variation and energy reconstruction
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Contributions to response function (energy resolution): 7;
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Contributions to response function (energy resolution): 7;
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Contributions to response function (energy resolution): 7;
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Project 8 sensitivity to neutrino mass

¢ LFA, threshold: 1.7m?3, 1 yr _
LFA, target: 1.7m?, 1 yr - Example Phase IV scenario:
One full-size module: 94m*, 1 yr - 10° « Total cavity volume = ~1000 m3

* TEO11 mode at 150 MHz

* Livetime=8yrs

e Backgroundfield =5.5mT

e Traplength=17.5m

100-_ ~~~~~~~~ # Phase IV-Ten full-size modules: 940 m?3, 8 yrs

e Cavitytemperature =2K

e Resolution contribution from
magnetic field variation and
reconstruction = 85 meV

90% CL on mg (eV)
Standard deviation in mj (eV?)

] T—. — __10—3
Phase IV (0.04ev)  TTTrtemaee— :

Current R&D effort at cavity design
0. 10 10t on improving energy resolution!
Livetime (years)
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Example parameter optimization: source gas density (n)

Low density
= few decays
= poor statistics

90% CL on mg (eV)

Chi-Ho Lam | University of Pittsburgh

Track duration (s)

High density
= frequent collisions
= short CRES tracks

-
Power (arb. units)

1015 1016 107 1018
Average atom number density in sensitive volume (m~3)

reduce atom current
flow requirements
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Secondary physics at Project 8

* With the low background, good resolution, and high event rate targeted by Project 8
Phase IV, we can explore more than just neutrino mass
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* Side quests that also make use of the differential beta decay spectrum as observable
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Secondary physics at Project 8

* With the low background, good resolution, and high event rate targeted by Project 8
Phase IV, we can explore more than just neutrino mass
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* Side quests that also make use of the differential beta decay spectrum as observable
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eV-scale sterile neutrino

e Additional sterile neutrino state mixes with the

active flavors with a small mixing angle 6 dr active sterile

X pele {(1 — |Ue4|2) F (Ee,mﬁ) + |Ue4|2 f (Eeamél)}

 Appears as a distortion/kink in 8-spectrum  dFe

* Location depends on mass of sterile B spectrum
state m, = 6- —— No steriles

o 5 keV sterile neutrino

* Amplitude proportional to the mixing element @ 51 Sterile contribution

9 . 9 o Active neutrino contribution
Ues|” = sin” 0 T 47 sin26 = 0.3
[}
©
5]
c
o 2
)
p=
[y [
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E —Ey (keV)
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Cosmic neutrino background (CvB)

* Relics from neutrino decoupling as the universe

. deca
cools down after the Big Bang Jar B y 2 CvB capture
: : n 1E X peEe (Ey — Ep) \/(EO—EE) _m%+Fcap6(Ee_E0—m5)
* Define overdensityn = n"c e
0
* Average density ny, = 56/cm?
. . . . . 71 B spectrum
* Gravitational clustering with local density nj, — L Cob capture contribution

o
1

B continuum contribution

* (Veryrarely) viav capture: v, + 3H - 3He + e~
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* Appears as monoenergetic peaks at 2m; above % ----- ’
. . S 4 -
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A
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B _ E 27 Zm_ﬁ.
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0 1 1 1 1
-1.5 -1.0 -0.5 0.0 0.5 1.0
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Spectral shape simplified
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Null hypothesis H, Alternative hypothesis H,

Hypothesis testing

Sterile neutrino (m3,|Ug.|? = 0) (m3, |Uesl®)

CvB (mlightest: n= 1) (Myightest, 1)

* Model
pi(0) = Ag - Nt - S;(0Ep,0p) + Ay - Ty -t - AE

Smeared electron energy spectrum

where 0 = (“Sig’n)’\ Nuisance parameters

f — . For each grid point, exclude if
mn — X ‘ 2
Parameters of interest 1= (Ag; Abkga; 012, 0Ep) AXAsimov P (AXfoy > AXAsimov | H1) > 0.95

* Profiled test statistic
2 2 2 2 2,
AXprof = xBc(Ho, THo) — XBe(H1, 7mH,)

e Scan over parameter space using
 Asimov dataset under null hypothesis

« MC datasets under alternative hypothesis
with sampled nuisance parameters
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eV-scale sterile neutrino

Chi-Ho Lam | University of Pittsburgh
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Cosmic neutrino background (CvB)
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One B-spectrum to rule them all

Scale exaggerated for illustrative purposes
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Summary

* Project 8 is targeted to reach a neutrino mass sensitivity of mz <40 meV (90% C.L.)
with tritium B-spectrum using CRES.

* Sensitivity depends on factors including the field uniformity, atomic T current etc.
that we should optimize for low background, good resolution, and high event rate.

* We use an analytic sensitivity model, accounting for features of CRES signal
detection in a resonant cavity with trapped electrons.

* We can inform the objectives for R&D for Phase IV to find a path to the ultimate
sensitivity.

* With the scale expected for Phase |V, Project 8 is expected to push limits in secondary
physics as well, such as sterile neutrino and cosmic neutrino background.
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