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Astrophysical observations
— existence of Dark Matter and Dark Energy

The Standard Model
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Da rk Matter The Neutrlno Portal Plethora of models to explain DM
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= Search for new physics by incorporating new terms into Lagrangian
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Ue 1 Ue2 UeB

Neutrino Oscillations = | Un Use Ui

= Neutrino oscillations are only experimentally verified physics beyond the SM — neutrinos have mass!

= Mixing parameterized using the PMNS matrix.

= Measurements of neutrino compositions at accelerators, reactors and underground facilities have provided
measurements of the three Euler angles parametrizing the PMINS matrix and Am.,* and Am.,*

= But many unanswered questions in neutrino physics, including:
= CP Violation?
= Nature of neutrinos?
= Why is mixing so different from CKM?
= Why is neutrino mass so small? What are the origins of this mass? An appealing possible explanation for this is a

seesaw model - propose additional heavy neutral leptons.
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Heavy Neutral Leptons?

= Heavy Neutral Leptons (HNLs) are additional neutrino states. Have mass, but no weak hyper-charge, electric charge,
weak isospin and color charge. Could be produced in experiments only via mixing with active neutrinos.

= HNLs are proposed by several beyond Standard Model (BSM) theories to explain three major observational
phenomena:
= Neutrino oscillations and origins of their mass via seesaw models etc. (Phys. Rev. D 23,165);
= Baryonic asymmetry of Universe (Phys. Rev. Lett. 81, 1359);
= Dark matter candidate (Phys. Lett.B 631, 151-156).

= If neutrinos get their mass from Higgs, Yukawa couplings must be exceedingly small. Not so in seesaw models with 5-
dim operator and additional Majorana neutrinos.

= This is why its important to explore additional neutrinos.
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Possible Mass Scale

Depending on the model, wide range of models proposing HNLs across mass
ranges :

1. my ~ O (eV/c?): solve so-called “oscillation anomalies”.
2. my ~ 0 (keV/c?): warm dark matter candidate. %

3 my ~ 0 (MeV/c? - GeV/c?): deviations in SM decays. C
4

my ~ O (GeV/c? - TeV/c?): can explain Baryonic Asxmmetry via low- e
scale scenarios of leptogenesis without conflict with other 104 Mev
cosmological observations. L7 S

1.27 GeV

strange

e.g. v-MSM model introduces three right-handed singlet HNLs:

= Two GeV/c? scale particles solve origin and smallness of SM neutrino
mass with see saw mech.

= Third HNL is dark matter candidate with mass ~keV/c2. Also provides SN
lepto-genesis due to Majorana mass term

=  (Phys. Rev. Lett. 81, 1359) " e "
= v-MSM fits with all current experimental constraints. “

electron muon

0.511 MeV

= Different methods/techniques needed to test such a variety of models
= HNLs in MeV-GeV scale can be searched for at existing accelerator-based

experiments. C I t h
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o . B ded f bel by the BBN traint (JCAP
Extended PMNS and Current |imits 1o zom o, 120 281 and the see.saw
limit (JCAP1009 (2010) 001, [1006.0133])

e: U Uy Uz = 1:0:0

Belle

CHARM

m.\[[GeV]]O~

- Experiments try to measure the matrix elements |U;,|* where l = e, u, T
DELPHI and n = 4,5,6 nes

= Experiments generally quote results in parameter space of elements
|U,,,|? .v. HNL mass hypothesis.

= Tau sector historically less explored...

I 10 '
my, (Ge\A
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The BABAR Search o(lete” »177t7) =0.919 £ 0.003 nb

Integrated luminosity in runs used = 424 fb !
— N, = 4.6 x 108 events

For overview of experiment: Nucl. Instrum. Meth. A 729, 615 (2013).

= New analysis from BABAR — using the kinematics of hadronic tau decays based on
ALEPH technique (Eur. Phys. J.1137C 2, 395).

= Looks only at kinematics, no assumptions on underlying model, except that there
must be some small mixing with tau sector.:

= “signal side” : three pronged pionic tau decay (7~ — -7 7" v,) as it allows
access to region 100 < m, < 1360 MeV/c? where current limits are loose.

= “tag side” : Second tau decay must be leptonic, due to cleaner environment.
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I\/I et h O d Templates for each mass in the form of 2D plots
of E;.v. m;. Boundary of curved region in this

plot due to massive neutrino if present.

= Model 3-pronged decay as 2-body with outgoing HNL and hadronic system

Energy Fraction

= Define E} as energy and m,, as the invariant mass of the hadronic products.

- E, = % in the limit of no ISR. The value of m,, can exist, in principle, in the

range:
0.4 0.6

3My+x < mp < Mr—1My Mass Fraction

2
msz

2

2
msz

E,—\/mi+q:<E,<E,—\/mi+q, e (mi —m7 — 7”3) ; = P i m,)2)_
+=5\— = . ———— —— )

SM Tau Decay I

ATy (7~ — vh™) dT'(r— — vh~) 4|I|U 2dD(r™ = vh)
dmndEp dmpdEy, lm,~ol" T dmedER  lmy=ma
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Background and Signal Simulations

= Use MC to estimate expected background contributions _

= Detector response modelled using GEANT4, event generator specific to each source

20 October 2022 Heavy Neutral Leptons at BABAR - Sophie Middleton - smidd@caltech.edu Ca I teCh 9




Example Signal Simulations

Entries per bin

Entries per bin
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m, = 600 MeV/c? —— m, =400 MeV/c? m, = 200 MeV/c?

largest sensitivity for large masses C It h
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= Plots illustrate in 1D projections and final 2D templates for
T~ > n nluy

= Show parameter space changes with HNL mass

m, = 100 MeV /c? m, = 500 MeV /c?
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F |t I\/l Od e | Assume each bin (i, j) in 2D plots can be represented by a Poisson sampling function:

| mt Vr—SM + VBKG ) be)ts o= (VL +VBKG VT —sM)ey -
E=Hf(mj:'nom H —_— XHf(Hk.Hk).
ij ' k

( n U})s )

Where:
Nuisance parameters
Potential signal events: Dunv,ij = Nne.ij = Nrgen * (|Ural®) - Punw,ij)
A reco T ( T 2
Expected tau SM background events: Vr—SM,ij = Ny _SM.ij = *\.—.gcn'(1—|(',—4| )'Pr—SM ij,
Expected non-tau SM background events: UBKG,ij = MBKG,ij = Tr—other,ij T Mnon—r.ij>
1 ) .. , Lo (|Uralg: @0, data) e

Use Wilk’s theorem to find limits: qg=—2In (%) = —2In(AL).
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Event Selection

- Selection optimized 7t — [*v; (tag) and 7t = n Tty ., (3h)

Number of tracks Ensure 1+3 prong topology

Total charge on all 4 charged tracksis O Charge conservation

PSS > 0.9% +/s Suppresses non-tau backgrounds

All tracks: Pirgns > 250MeV/c To reach DIRC!

All tracks: —0.76 < cos(0) < 0.9 Acceptance of DIRC!

1 prong: ZFP < 0.9% Consistent with tau decay

PID Requirements Uses Electron and Muon ID algorithms

1 Detection of Internally Reflected Cherenkov light = BABAR PID Detector System _
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Example 2D Plots
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Normalization Uncertainties

Luminosity
Cross-section

Branching fraction of 1-prong tau
decays

Branching fraction of 3—prong tau
decays

PID Efficiency

= Normalization uncertainties affect all bins uniformly.

qq and Bhabha Contamination

= Have small effect on overall yield.

. . . . Bin Size
= They will be characterized as Gaussian nuisance

parameters in the likelihood.
Tracking Efficiency

Detector Modelling
Tau Mass uncertainty

Tau Energy

0.44 % [BaBar]
0.31% [Data]

Electron : 0.23 % [PDG]
Muon: 0.23% [PDG]

3 pions : 0.57 % [PDG]

Electron : 2 % [BaBar]
Muons : 1 %
Pions : 3 %

0.3 % [Control region
analysis]

< 1% [Alter bins, check
results]

N/A
N/A
N/A
N/A
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Systematic
Shape
Uncertainties

= Dominant shape systematic from
modelling of the hadronic tau decays
in TAUOLA

T~ > - wtv, is mediated by the
a, resonance 97% of the time.

My, = 1230 + 40 MeV/c? and Fa1=
420 + 35 MeV/c? (PDG estimates 250
—600 MeV/c?)

Caltech «:




= Binned profile likelihood approach used to find

95% C.L. on |U4|? .
= Considers both lepton tags and + and —signal tau

channels.
= Provides upper limits for HNLs mixing with taus in
range 100 < |U,4|* < 1300 MeV/c?

Mass | MeV/c* |
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Summary and Outlook

= HNLs offer ways of explaining several observational phenomena.
= The possible masses of the HNLs is model dependent and can range from eV/c? up to very heavy masses.

= |In the last few years, several new results have been published including results from collider-based experiments and
neutrino experiments.

= This talk has given details on the newest analysis from BABAR which presents new upper limits on |U,,|? at 95 % C.L.
between 100 MeV/c2 — 1300 MeV/c? :
= Competitive with projections for experiment results expected in coming decade.

= New technique can be applied to data from other experiments e.g. Belle-II.
= Accepted in to PhysRevD.
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Useful Resources for Additional Reading




