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Big questions

* Neutrino masses
 Asymmetry between matter and anti-matter

* Dark matter
e Dark energy

are not explalned by the Standard Model of particle physics.
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http://pdg.lbl.gov/2019/reviews/rpp2018-rev-neutrino-mixing.pdf
http://sci.esa.int/planck/51557-planck-new-cosmic-recipe/
https://en.wikipedia.org/wiki/Big_Bang

313Neutrino Minimal Standard Model

* Neutrino masses Please see Eijima-san’s presentation on Wednesday

* Asymmetry between matter and anti-matter
* Dark matter

* Models with addition of three right-handed neutrinos to the
Standard Model can explain the big three questions.
 arXiv:hep-ph/0505013

Standard Model (SM) Neutrino Minimal Standard Model (VMSM)
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https://arxiv.org/abs/1704.08635
https://arxiv.org/abs/hep-ph/0505013

Y1 Right-handed neutrinos in vMSM

Also known as Heavy Neutral Leptons (HNLs).

N,: Dark matter
* 1keV<M,;<50keV

N,, N;: Sources of matter-antimatter asymmetry and neutrino
masses by Seesaw mechanism oy = (4 10-128)|U]~2(my /1GeV) 519

* 0.1GeV<M,, M;<80GeV 2 _s5
* Reach of accelerator experiments my~10 GeV, l_Ul 1072 = cty~1 mm
- long lived neutral leptons

Mixing with left-handed neutrinos
arXiv:1208.4607 [hep-ph]
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https://arxiv.org/abs/1208.4607

=13 Old experimental limits

e Limits on right handed neutrino mass m, and mixing |V,,|?
* arXiv:0901.3589 [hep-ph]

e DELPHI results (Z. Phys. C74 (1997) 57-71) give the best
limits for m,>2 GeV.

Mixing with electron neutrino Mixing with muon neutrino
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https://arxiv.org/abs/0901.3589
https://doi.org/10.1007/s002880050370

Latest ATLAS search (1) @

* arXiv:1905.09787 [hep-ex], EXOT-2017-26 ATLAS
EXPERIMENT
Displaced signature not assuming Prompt signature assuming

lepton number violation lepton number violation



https://arxiv.org/abs/1905.09787
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-26/

113 Latest ATLAS search( )
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- * Large mixing = short lifetime and

large branching fraction
* Prompt signature is better.

* Small mixing =2 long lifetime and
small brancEmg fraction
* Displaced signature is better.
* Limited by ATLAS detector volumes.




Latest ATLAS search (3)
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Compilation of latest results
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https://indico.cern.ch/event/767069/contributions/3410942/

Importance of this study

* The limit plots repeatedly appeared in summary talks of
the European Strategy Open Symposium in Granada in May.

* m>5 GeV is accessible only by experiments at the LHC for
now.

* Why don’t you continue this search at the LHC? Yes!

BSM
Neutrino Dark matter at colliders

FIPs: Sterile Neutrinos
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H u ntlng new States (H N L) Heavy Neutral Leptons could be connected to generation of neutrino masses,
« New neutrino states (Heavy Neutral Leptons) possibly related to neutrino leptogenesis and appear in models of neutrino portals to the dark sector ,
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https://cafpe.ugr.es/eppsu2019/
https://indico.cern.ch/event/808335/contributions/3365086/attachments/1845291/3027624/nu-app-summary.pdf
https://indico.cern.ch/event/808335/contributions/3365089/attachments/1845345/3027396/Summary-DM-DS-Granada.pdf
https://indico.cern.ch/event/808335/contributions/3365085/attachments/1845363/3027428/PPG-BSM-Summary-final.pdf
https://indico.cern.ch/event/808335/contributions/3365085/attachments/1845363/3027428/PPG-BSM-Summary-final.pdf
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Possible improvements of displaced signature (1)

* More integrated luminosity. 2 amas o,

2140 Preliminary
Delivered: 156 fo”!

* 32.9fb? (only 2016) = 140 fb! (2015-2018) £z Hueoers o e
* Use prompt electrons as well. e

e W > ‘ui‘u$£iv£

e W > €i€$fivg 20;_. |

Aa“‘\5AU\‘J\B)a“‘\Q)JU\‘\B)a“‘ﬂ N\w\‘l)aﬂ-\ﬁw\w\a

* Tracking dedicated to this analysis Month in Year

* A displaced vertex with two leptons with opposite signs

* Since background is limited, we can relax selection criteria to increase
efficiency and sensitivity.

* Backgrounds Num. of Same Opposite
* Random track crossing leptons sign sign
—> (a modified) ABCD method ” .
. 2 N(1 — &ps)e; Nepsep

Hadron interaction
Meta stable particles 1 2N(1 = egs)ee(1 =€) | 2Neose(1 = &)

e Cosmic ray muons 0 N(1—egps)(1—€,)? | Negs(l—gp)?
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Possible improvements of displaced signature (2)

* Use of transverse mass my

* A prompt lepton + two displaced leptons + missing E-
(displaced neutrino)

 Jacobian peak of W boson for background rejection
: :
* Systematics evaluation — S—

* Tracking and vertexing pmen
* K¢ > mtn” ol k\ o
cBESKEIp(outeT) e et
* Displaced electrons as
I ete” i S : A;V """""
* Displaced muons R
* Cosmic ray muons ) POV oo P “.:‘1’02

* | naively expect limits will be my < 15 GeV and |[V,y|? > 1077.



/A3 Summary

* Neutrino Minimal Standard Model (vMSM) can explain
neutrino masses, asymmetry between matter and anti-
matter, dark matter.

* Right-handed neutrinos of vMSM have long lifetimes.

* Searches of right-handed neutrinos of vIMSM are high
profile.

* LHC experiments have a unique opportunity to search right-
handed neutrinos (N, and N;) with m>5 GeV.

* Latest ATLAS search set the best limit around my~8 GeV.
* arXiv:1905.09787 [hep-ex

* We should be able to largely improve the limit (or discover
signals) with more statistics and tuned analysis.



https://arxiv.org/abs/1905.09787
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®Displace vertex mass distributions
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-26/

Background estimation

Table 6: Observed number of events in the control and validation regions used for evaluating the backgrounds in the
displaced HNL signature, including all sources of background except for single cosmic-ray muons reconstructed as
back-to-back muons and metastable particles. Transfer factors to translate the number of O-lepton DVs to 2-lepton

DVs are obtained using a same-charge DV control sample. Validation is performed using 1-lepton DVs. The number
of events in the signal and validation regions is also indicated.

Leptons in DV Same-charge DV Opposite-charge DV Opposite-charge DV estimated

2 0 0 (signal region) < 2.3 at 90% CL
1 (p) 83 89 82.449.0
1 (e) 28 35 27.8+£5.3
0 169254 168037
No. of leptons Same charge Opposite charge

2 B A

1 B’ A’

0 D C

Aest =B - (C/D)
arXiv:1905.09787 [hep-ex] IGS'C =B'- (C/ D )



https://arxiv.org/abs/1905.09787
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Mixing with electron neutrino
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https://arxiv.org/abs/1802.02965
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-26/
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Mixing with muon neutrino
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-26/

Systematic uncertainties

Relevant systematic uncertainties that can affect the signal efficiencies (with relative magnitude in between
parentheses) include uncertainties in the efficiencies for the prompt-lepton reconstruction and identification

(1%),| displaced track and DV reconstruction 515%!" displaced-lepton identification !5%;] as well as
uncertainties in |the modelliné of leﬁton kinematic distributions and individual decay branching ratios|

(10%){ in thel modelling of multiple pp interactions in the bunch crossing (IO%FI, and due t0|MC statistical|

uncertainties (10%). To evaluate the dominant 15% uncertainty due to the modelling of displaced tracks

and DV reconstruction, a sample of Kg mesons is selected from two-pion vertices in the invariant mass
window 488-508 MeV. The rate of Kg reconstruction is parameterised as a function of the sum of the pr
of the two tracks (3, pr) and the radial distance (rpy ). In each window of ), pr and rpy, the efficiency
is obtained by dividing the event yield by the expected exponentially falling distance distribution, and a
weight is computed as the ratio between measured and simulated efficiencies. These weights are normalised
to be equal to one at small radii and then used to reweight the DV efficiencies in the signal samples, and a
relative difference of 15% is found as the maximum effect in the final selection efficiency. In addition,
uncertainties in the W boson production cross section (3%) and the integrated luminosity (2.2%) are
taken into account for the interpretation. The total systematic uncertainty, with all contributions added in
quadrature, is 24%.

arXiv:1905.09787 [hep-ex]



https://arxiv.org/abs/1905.09787

