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Why study Heavy Neutral Leptons?

2 Open problems in the SM

P Many BSM extensions add HNL to address some of these issues

Heavy Neutral Leptons —» Massive RH or sterile neutrinos
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Seesaw models

2 Well-known example:
Heavy Neutral Leptons are present in seesaw models
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2 Low scale seesaw models: vSM, inverse/linear seesaw...

interesting variants with lower masses and larger couplings
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Inverse seesaw

2 How heavy are these new HNL?
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New (unknown) mass scale

2 Many possibilities
2 Different scales

2 Different observables
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New (unknown) mass scale

2 Many possibilities

2 Different scales o

2 Different observables

Vertices

(no/low background)
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Displaced Vertex signatures @LHC

Primary vertex Displaced vertex

? Predictions for DV from HNL:

Helo, Hirsch, Kovalenko [PRD89 (2014) 0/3005] Cottin, Helo, Hirsch [PRD9/ (2018) 055025]
Izaguirre, Shuve [PRD91 (2015) 093010] Kling, Trojanowski [PRD97 (2018) 09501 6]
Gago et al [EP|C/5 (2015) 4/0] Helo, Hirsch, Wang [[HEP180/ (2018) 056]
SR CRRE azzato; Fisher [PLB7/4(2017) [ [4]

2 |n this talk*:

SN

= en

flavor

- =t

=

*More in the paper!!! JHEP 01 (2019) 093
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.073005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.093010
https://link.springer.com/article/10.1140/epjc/s10052-015-3693-1
https://www.sciencedirect.com/science/article/pii/S0370269317307694?via=ihub
https://arxiv.org/abs/1801.02734
https://arxiv.org/abs/1801.08947
https://arxiv.org/abs/1803.02212

Effective 3+1 Neutrino Model

P 4 masses m, = (My,, My, , My, MN)
2 4x4 mixing matrix

14 SE
U4><4 =

2 FeynRules > MadGraph > Pythia > MadAnalysis
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Effective 3+1 Neutrino Model

P 4 masses m, = (My,, My, , My, MN)

2 4x4 mixing matrix ( Avwwxv//
Vr) \ %
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2 FeynRules > MadGraph > Pythia > MadAnalysis
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Effective 3+1 Neutrino Model

P 4 masses m, = (My,, My, , My, MN)

2 4x4 mixing matrix ( Avwwxv//
Vr) \ %
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2 FeynRules > MadGraph > Pythia > MadAnalysis
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Heavy Neutral Lepton decays

2 Decays via off-shell W and Z my < mw
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Atre et al [ JHEP 05 (2009) 030 ] |

Abada et al [ JHEP 02 (2018) 169 ] | N 7 FmN Z | le
Bondarenko et al [ JHEP |1 (2018) 032 ] £
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Heavy Neutral Lepton decays

2 Decays via off-shell W and Z my < mw
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Heavy Neutral Lepton production

2 Main production from W, Z and H decays
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Displaced vertices from HNL: general idea

2 Example:pp > e N % -
Dominated by Drell Yan on-shell W />,\{\v
N

v op—>eNau] }”\/

107°F i 105
O - 104
Z 40-6E |
"5 10
i) 103

102

Xabier Marcano (LPT) RPP 2019



Displaced vertices from HNL: general idea

2 Example:pp > e N
Dominated by Drell Yan on-shell W

uly i i

4
Area with DV
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Displaced vertices from HNL: general idea

2 Example:pp > e N
Dominated by Drell Yan on-shell W
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Displaced vertices from HNL: general idea

2 Example: pp > e N % -
Dominated by Drell Yan on-shell W />NM
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HNL produced with a prompt lepton

Helo, H|rsch Kovalenko[PRD89 (2014) 073005]

DELPHI _
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zaguirre and Shuve [PRD91 (2015) 093010]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.073005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.093010

The role of HNL flavor

I » Standard assumption: only one non-zero mixing at a time
® » In DV searches all of them are important
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The role of HNL flavor

Displaced vertex searches < | VeN\z + | VﬂN\2 + | VTN\2
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Flavor dependent HNL production

2 Simplified scenario

VeN‘ : ‘VMN‘ : |VTN‘:1:O:O

2z Different flavor scenarios

o |[Ven|: [Vun|: [Ven| =1:1:0

o |Von|:|Vun|: |[Von|[=1:1:1 1 5 10 15 20 25 |

Primary vertex % Displaced vertex
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Flavor blind HNL production

! 5 10 15 20 25

Primary vertex Displaced vertex
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It may be better to...

GO INCLUSIVE!!!

v

Primary vertex (@

Focusing only on the DV #

Displaced vertex
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It may be better to...

And explore all final state channels in the DV
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A more realistic collider analysis

Ex:pp > NX—->uTuvX

2 Trigger on displaced collimated muons ATLAS [1808.03057], CMS [1411.6977]
pt>20&15GeV AR, <0.5

P Displaced vertex condition

]l mm<£py <1 m Zpy < 300 mm

P Dimuon invariant mass close to the HNL mass

SEGEVES ) =y

2 lsolation from hadron activity
P Cosmic ray veto

» Background free (optimistic) hypothesis

Xabier Marcano (LPT) 17 RPP 2019




A more realistic collider analysis

| £ = 3000 fb~!
| v/s =13 TeV

10 15 20
mp [GeV]

P Challenging searches due to very soft leptons

P LHC could improve present bounds going for inclusive DV searches

P Even better lowering the triggers (back up)

Xabier Marcano (LPT)

RPP 2019



P Heavy Neutral Leptons present in many BSM theories

2 If they are long-lived — » Displaced Vertices

2 HNL flavor matters

Inclusive DV searches Explore all final states

2 LHC could prove new areas of the parameter space

mn~ O0(10) GeV and |Uyn|2 s 6(10-6-10-7)
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Thank you!
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Back up slides
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Different decay channels

2 For our range of masses what matters is the ratio

Ven| : [Van |+ [Vew

My — 10 GeV
%10

%)

—_
Ot

=
Br(N — etuTv)

T
Ot

Xabier Marcano (LPT) RPP 2019



| Signal acceptance after cut my = 10 GeV my = 15 GeV |
SVin2 =106 | £, [ViyP =107 |
| 1l mm < /py < 1 m, zpy < 300 mm 66% 73%
nu < 2.5 43% 46%
pr > 20GeV, pi? > 15GeV 1.7% 1.4%
AR, < 0.5 1.6% 1.0%
5GeV < my, <my 1% 0.9%
jet-isolation eqs. (4.2) and (4.3) 1% 0.9%
Hp < 60GeV 0.8% 0.7%
Cosmic veto eq. (4.4) 0.8% 0.7%
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Lowering the triggers

20 Signal acceptance after DV +n+pr cuts | A(%)
| Y¢IVn[>=107° ST "
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Boosted topologies
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How many HNL?

2 Imprints in the distributions?

\
pp > e N-oefe u'y
— total
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Future - lepton colliders

Antusch, Carazzo, Fischer [|[HEP 1612 (2016) 00/]

107"
1078 107" : 10~" -
l - i r
| -
T s S
10-10' E 10_8' . 10—8. :
: FCC-ee CEPC ILC
=12 ey 10—9. ................. 10—9. .................
10 20 40 60 80 20 40 60 80 20 40 60 80
M [GeV] M [GeV] M [GeV]
W E.n = my; Ecn =250 GeV; Ecn =350 GeV; E.n =500 GeV; === Conventional search (95% C.L.)

Xabier Marcano (LPT) RPP 2019


https://link.springer.com/article/10.1007/JHEP12(2016)007

