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* Heavy neutral leptons (HNL) can provide an explanation to
several unanswered questions, such as...
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- the lightest HNL might
make a suitable candidate

> ... matter-antimatter
asymmetry of the universe

- multiple mass-degenerate HNLs may lead to
a significant CP violation
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arXiv:1502.06541 [hep-ph]
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Direct HNL searches

o my<mg (~500 MeV)

e Using K decays, such as
K+ — (N, K* — uun

e E.g. beam-dump exp.
(NuTeV, NA62, SHIP...) arXiv:1502.06541 [hep-ph]
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o my<mg (~500MeV) my < mp,g (~5 GeV)

e Using K decays, such as Explored at colliders
K* — ¢N, K* — uur (e.g. Belle, LHCDb) or

beam-dump experiments
e E.g. beam-dump exp. (e.g. SHiP) |
(NuTeV NABG?2 SHIP) "It arXiv:1502.06541 [hep-ph]
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my < mz (~91 GeV)

Results from LEP (Z — vN)

Currently explored at the
LHC (ATLAS, CMS)

o my<mg (~500MeV) o my<mpn (~5 GeV)

e Using K decays, such as e Explored at colliders
K* — ¢N, K* — uur (e.g. Belle, LHCDb) or

beam-dump experiments
e E.g. beam-dump exp. (e.g. SHiP) |
(NuTeV NABG?2 SHIP) "It arXiv:1502.06541 [hep-ph]
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Direct HNL searches

my > mz (~91 GeV)

LHC can exceed the limits
from electroweak precision
data

o my<mz (~91 GeV)

e Results from LEP (Z — vN)

e Currently explored at the
LHC (ATLAS, CMS)

o my<mg (~500MeV) my < mp,g (~5 GeV)

e Using K decays, such as Explored at colliders

K* — ¢N, K* — uur (e.g. Belle, LHCDb) or
beam-dump experiments
e E.g. beam-dump exp. (e.g. SHiP)
(NuTeV, NAG62, SHIP...)

arXiv:1502.06541 [hep-ph]
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Type-l seesaw

Type-lll seesaw

Left-Right
Symmetric Model

Composite neutrino
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.1 Main searches at the LHC

Search for heavy Majorana neutrinos with the ATLAS detector in pp Search for heavy Majorana neutrinos in p*p+ + jets events in proton-proton
collisions at /s = 8 TeV, collisions at /s = 8 TeV,

Search for heavy Majorana neutrinos in exe* + jets and e*p+* + jets events in

Search for heavy neutral leptons in decays of W bosons produced in 13
proton-proton collisions at /s = 8 TeV,

TeV pp collisions using prompt and displaced signatures with the ATLAS
detector,
Search for Heavy Neutral Leptons in Events with Three Charged Leptons in

Proton-Proton Collisions at /s = 13 TeV,

Search for heavy Majorana neutrinos in same-sign dilepton channels in
proton-proton collisions at /s = 13 TeV,

Search for type-lll seesaw heavy leptons in pp collisions at /s = 8 TeV with | Search for Evidence of the Type-lll Seesaw Mechanism in Multilepton Final
States in Proton-Proton Collisions at /s = 13 TeV,

the ATLAS detector,

Search for heavy lepton resonances decaying to a Z boson and a lepton
in pp collisions at /s = 8 TeV with the ATLAS detector,

Search for type-lll seesaw heavy leptons in proton-proton collisions at /s =
13 TeV with the ATLAS detector, ATLAS-CONF-2018-02

Search for heavy neutrinos and right-handed W bosons in events with two . o i .
leptons and jets in pp collisions at s = 7 TeV with the ATLAS detector, Search for heavy neutrlno§ _and W bosons with right-handed couplings in
proton-proton collisions at /s = 8TeV,

: . , . Search for a heavy right-handed W boson and a heavy neutrino in events
Search for heavy Majorana neutrinos with the ATLAS detector in pp . ) . b
coliisions at Js = 8 TeV, with two same-flavor leptons and two jets at /s = 13 TeV,
Search for heavy Majorana or Dirac neutrinos and right-handed W gauge Search for heavy neutrinos or third-generation leptoquarks in final states
bosons in final states with two charged leptons and two jets at /s = 13 TeV with two hadronically decaying T leptons and two jets in proton-proton
collisions at /s = 13 TeV,

with the ATLAS detector,
Search for third-generation scalar leptoquarks and heavy right-handed

neutrinos in final states with two tau leptons and two jets in proton-proton

Search for a right-handed gauge boson decaying into a high-momentum
collisions at \/s = 13 TeV,

heavy neutrino and a charged lepton in pp collisions with the ATLAS

detector at /s = 13 TeV,
Search for a heavy composite Majorana neutrino in the final state with two

leptons and two quarks at /s = 13 TeV,
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v} Main models explored at the LHC
* Jype-l seesaw

> minimal SM extension: 2-3 right-handed ~ p Ul
neutrinos (V;), Dirac and Majorana masses R
» SUQ2)L singlets = sterile, only mix with SM v Y

l:l:

e Jype-lll seesaw

> at least two SU(2). triplets (X%, X9),
coupled to SM gauge bosons

e Left-Right Symmetric Models
> SU(2)r as right-handed analogue of SU(2)L

> RH N, coupled to RH gauge bosons Wg, Zr
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e LHC: proton-proton collisions
at various c.0.m. energies
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Silicon Tracker

Very-forward Pixel Detector

Calorimeter

25m

Tile calorimeters

? Electromagnetic A \! A\ &

: LAr hadronic end-cap and Calorimeter NN

: 2 AN A\ Detectors
. forward calorimeters XN

Pixel defector Compact Muon Solenoid

LAr eleciromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor tracker

Z : beam axis (“longitudinal”)

X-Y : “transverse” plane

Yi
hadronic calorimeter 7 =-In[tan(8/2)]
0
electromagnetic calorimeter 0
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inner tracking system
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Select: om 1m 2m 3m o sm om 7m

Muon

Electron

""" Neutral Hadron
Charged Hadron

----- Photon

/|

HCAL = Solenoid | y/
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Particle and event reconstruction

Electrons
’ |::> ECAL + tracker
photons
Select: om i) 21 - - sm " 7m
Muon
Electron
""" Neutral Hadron
Charged Hadron
----- Photon
& :
Tracker € - =

HCAL = Solenoid | y/
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Electrons,
ohotons |:> ECAL + tracker

Hadrons
(n, K, p, n) |:> HCAL + tracker

Particle and event reconstruction

Select: O!n 1fln 21 3rln 4:!1 Sr[\ 6r]n 7!7\
Muon
Electron

""" Neutral Hadron
Charged Hadron
----- Photon

@)

Tracker

/|

HCAL Solenoid _
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Electrons,
ohotons |:> ECAL + tracker

Hadrons
(n, K, p, n) l=> HCAL + tracker

Muons |:> Muon chambers + tracker

Select: om m 2m Im i
- - Muon

Electron
""" Neutral Hadron

Charged Hadron

----- Photon
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Undetectable particles (neutrinos) can be measured collectively as an
Imbalance in the transverse momentum of all detected particles

= missing transverse momentum: P = — Z Pr
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e HNL signatures at the LHC are rich in charged leptons

> Typically from decays of the HNL or W, Z, H bosons

prompt iIsolated
emerging directly from the primary from hadronic activity
proton-proton interaction vertex (other particles, tracks,

energy deposits)
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Common backgrounds
e Other SM processes can mimic HNL signatures
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e Other SM processes can mimic HNL signatures

Prompt leptons from multiple
gauge-boson, top, or Higgs
production: WW, WZ, ZZ, ttW,
IttZ, ttH, etc.

Carlo generators

e Estimated with simulations

|
|
H e Well reproduced by Monte !
|
|
i
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production: WW, WZ, ZZ, ttW,
IttZ, ttH, etc.

H e Well reproduced by Monte
Carlo generators

e Estimated with simulations

CMS Preliminary
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> FY¥ [ fT v T rJ rrryrr1 vy v

[} = ¢+ Data
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Common backgrounds

——————

e Other SM processes can mimic HNL signatures

Prompt leptons from multiple
gauge-boson, top, or Higgs

e e e e e S

Nonprompt leptons from j
hadron decays (e.g. B) or
misidentified hadrons and jets

— generally called "fake leptons”
: H

e Measured in data side-bands
using the mis-ID probability or

|

|

|

|

i "fake-rate" f
H :

|

|

|

7
— e — S —

|
|
|
|
|

» |D orIso '
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L x fI(A=f)
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Common backgrounds
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e Other SM processes can mimic HNL signatures

Prompt leptons from multiple
gauge-boson, top, or Higgs
production: WW, WZ, ZZ, ttW,
IttZ, ttH, etc.
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Carlo generators

e Estimated with simulations
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Nonprompt leptons from j
hadron decays (e.g. B) or
misidentified hadrons and jets

— generally called "fake leptons”
: H

e Measured in data side-bands
using the mis-ID probability or
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Leptons (esp. electrons) with
mis-measured charge can give
rise to same-sign (SS) leptons —
ltypical indicator of Majorana

q neutrinos

I

e Charge mis-ID probability
measured from Z — ee events

F
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* Two parameters: HNL mass mn and v,-N mixing angle | V4|2

LNC

 Produced from W boson decays W Wt
N N
: : : W- il W- -
e Conserving or violating lepton number
_ _ 0~ 0~
Dirac or Majorana only Majorana
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I Type-l: HNL production & decay

* Two parameters: HNL mass mn and v,-N mixing angle | V4|2

e

 Produced from W boson decays W Wt
N N
: : : W- il W- -
e Conserving or violating lepton number
_ _ 0~ 0~
Dirac or Majorana only Majorana

e Possible final states

> 30+ v: lower background, but no mx peak

> 20+ 2q: large background, mx measurable
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HNL lifetime t~ mn [V~

A
V>

N short lifetime

particles from ~ .
HNL decays are ~ .
displaced w.r.t. N

the interaction point

all prompt particles
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1 Type-I: trilepton channel (CMS)

> 33 search categories to target a large variety of kinematics (mn <mw or mn>mw)

> categorize by lepton pr, 20 and 30 invariant mass, MET, presence of a lepton pair
with opposite sign and same flavor (OSSF)

Aug 8, 2019 14


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.221801

Type-l trllepton channel (CMS)

C

> 33 search categories to target a large variety of kinematics (mn <mw or mn>mw)

> categorize by lepton pr, 20 and 30 invariant mass, MET, presence of a lepton pair

with opposite sign and same flavor (OSSF)
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o Search for Majorana HNLS mlxmg W|th e and I, W|th mN = 1 GeV—l 2 TeV

+ Observed

223 Total pred. unc.

] . Nonprompt e/pn

min
MZIOS
1 ||||.|.| L1l
X
-<A
<

Stat. pred. unc.

Total pred. unc.

Obs./pred. with
stat. obs. unc.
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14


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.221801

q Type-I: trilepton channel (CMS)

e
INEN | | —
| |Ven?] | 1VnP2]
€ce, cCn npp, ppe
35.9 b (13 TeV) 35.9fb™ (13 TeV
QL ' L ' L L ' LI QL ' L ' L ' L LY |
z 1=cMms 95% CL upper limits = Z 1Tecms 95% CL upper limits 7
> FE e Expected = FE e Expected -
10~ e‘\'cluo' [[] + 2 std. deviation 107 =Sxcy, o [[] + 2 std. deviation =
€d I = 1 std. deviation € I + 1 std. deviation .
1072 | —— Observed T 1072 —— Observed =
: Y - -
s N e Observed, SRR Observed, ]
10°° & 10~ g prompt N IE
X —— DELPHI prompt & d —— DELPHI prompt =
- — DELPHI long-lived : ecays — DELPHI long-lived]
104 — L3 1074 & g-lived |
. — ATLAS =l —— CMS 8 TeV 5
5[ — CMS 8 TeV Y — ATLAS -
10 = .‘-‘. o : L . o 10 = , OF 20111 , il L ...I_E
1 | 10 102 10° 1 10 102 10°
m,, (GeV) my (GeV)
HNL t=0

e Limits over 3 orders of magnitude in mn, first results for mn > 500 GeV

e Analysis optimized for prompt lepton signatures = drastic loss of sensitivity
for mn <20 GeV

Aug 8, 2019 D. Trocino — Heavy neutral lepton searches at CMS and ATLAS 15


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.221801

P
INEN | . | |

e Similar search, focused on the region of highest
sensitivity

o Type-l: trilepton channel (ATLAS)

e:l:e:l:u$

3 T T T e T W omeabgan
(O] S0~ ATLAS Multi-fake [l single top
_ : © [ Vs=13TeV,36.1 10" tw/z t
> mn = 5-50 GeV, no OSSF pairs (only LNV decays) =l o o - mi= sGeV
C MZ->1m -- my=20GeV
. . . g N Z > pp my = 30 GeV
» selections on trilepton mass, MET, b-jet veto " 3o Zoee -z 50Gey
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> main backgrounds controlled in data: N\
top (normalization), B S T A

ll[llllllllllllllllllll

W+jets and multi-jet (normalization and shape) coeass o VOUORVUUDR SRS ST

> simultaneous fit to signal and control regions 8 ob

1 1 IIIIIIIII
0 5 10 15 20 25 30 35 40 45 50
m(e, p) [GeV]
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Similar search, focused on the region of highest
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https://arxiv.org/abs/1905.09787

1 Type-l: trilepton channel (ATLAS) A@

e Formn=4.5-10 GeV (long-lived HNL), dedicated large-radius tracking for
nonprompt leptons

Selection efficiency vs ¢t

> ' > 0.06 71— L B L L L I LI ]
Only muon couplings Py, e Tt ATLAS Simulation .
both LNV and LNC decays S 0.05- * (s=13TeV,W - uN > ppev,

_ . qc’ C v my =10 GeV, prompt |

> Dilepton displaced vertex (DV): S oo | s M=sCeV.dspisced
@ - s+ my =10 GeV, displaced .

. % C m, = 12.5 GeV, displaced _

- radius rpv = 4-300 mm 0.03- ! E

0.02 ++ Lol .

- mass mpv >4 GeV B ' chLe i

: * A 0 ) " | A :

001:_ " u L A : , —:

B néD:"°'°'o DDSII_

0_  u aglggld e o % Y |V|V|V.|*. ] .I._LE_I_H_&

10™ 1 10 10 10°

ct [mm]

* Nonstandard backgrounds, carefully controlled in data

> decays of metastable particles, hadron interactions in the material, and cosmic
muons: negligible for mpv > 4 GeV

» contribution from accidental particle crossings estimated using SS two-track DVs
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Type-I: trilepton channel (ATLAS)

CMS
ppp, ppe
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* First HNL search at ATLAS+CMS using displaced vertices!

e Majorana HNL has 1/2 lifetime than Dirac HNL = weaker limits

e Width of the limit contour corresponds to decay lengths of 1-30 mm
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INEN ] |
e HNL with mass 20 GeV-1.7 TeV in events with

I Type-l: dilepton channel (CMS)

» 2 same-sign leptons (only LNV decays)

» 2 jets or 1 boosted, large-cone jet

[
CMS 888& Stat.+syst. uncert.

# Data
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- Mismeas. sign bkgd.
—— m,, = 200 GeV, |V, [>=10"

Events / bin
&

. . 150
> flavor combinations: T EBes L m = 400 GeV, |V, [
etes, ]Vliui, eiui 100 High-mass SR1
50
2
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V| Vi ; 7 g5
Vor| "+ | Via] el
0
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m(¢1Wier) (GeV)
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) Type-l: dilepton channel (CMS)
| 1Vinl2| ic;wls trilepton | [Vex VEunl2|
35.9 o' (1¥TeV) 35.9 fo' (13 TeV)
C\]_ 1 ; | I | I | | | | | | I LI | - ; C\l_ 1 § | | | | LI | I | | | I L | §
z - CMS ] ~ | 2 E CMS ]
> . 95% CL upper limit i .z >_ [ 95% CL upper limit |
10 = =l 10 =
= - = | = -
- ] - % - -
B ] = B ]
107% E 1072 =
10° —= 10° -
; — Observed —— DELPHI prompt ; § — Observed = CMS 8 TeV ;
B ==== Expected — L3 ] B ==== Expected ]
10-4 I 68% expected EWPD — 1074 = I 68% expected =
95% expected —— ATLAS 8 TeV ; = 95% expected ;
= —— CMS 8 TeV i i
1 0—5 :_ ----- CMS 13 TeV trilepton —] 1 0‘5 — =
- | | | | 1 11 | | | | | | 1 11 | — - 1 | | | 1 1 1 | | | | | | 1 11 | —
102 10° 10? 10°
my (GeV) my (GeV)

e Largest range of mn ever tested by a single analysis!
e Stronger limits than 30 search for mn > mw

e Limits on the lepton-flavor violating coupling |Ven V*:n|?
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Left-Right Symmetric Model
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9 Left-Right Symmetric Model

P
INEN
e Signature: 20 + 2 jets v
> [ =e, y: same flavor, any charge combo
> strict LR symmetry: gr =g .
> free parameters: Wr and Nr masses
CMS ATLAS
e no distinction between OS and SS pairs e separate OS and SS for Majorana/Dirac
(only Nk Majorana interpretation) interpretation
o e background control regions fitted

main backgrounds (top, Z+jets) measured
In data

for each Wr mass hypothesis, simple
counting experiment in a m(€{jj) window

simultaneously with signal region

shape analysis using different variables for
different mass regimes, in part. m(t{jj) and

m(]))
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:NQ LRSM: boosted topology (ATLAS)

e If m(Nr) « m(WRr), Nr is very boosted

> The two jets are not resolvable, but
clustered into a single, large-radius jet

> The lepton is also found inside the jet cone

- electron energy naturally included
- muon momentum added by hand

> Careful calibration of large-jet energy and mass scales

._| Mass of Wr candidate I |

Electron channel ATLAS

(O}
G 10 »
o | * /s =13 TeV, 80 fb
o 10 [ ] I"l
U AR
P
*2 100 T,
) Signal: M_, M,
g 1 [Gev), [oev] *
{E— 300, 3000
----400, 4000
10" = e Data
I S Z+jets fit
107 & BG fit
10 & ---- BG uncertainties
ey
S oF -]
@
g O E
< 0 500 1000 1500 2000 2500 3000 3500 40'(%0 4500
0 m*'[GeV]
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https://arxiv.org/abs/1904.12679

1 LRSM: boosted topology (ATLAS)

. %

INEN | | |

e If m(Nr) « m(WR), Nr IS very boosted

> The two jets are not resolvable, but
clustered into a single, large-radius jet

> The lepton is also found inside the jet cone

- electron energy naturally included
- muon momentum added by hand

> Careful calibration of large-jet energy and mass scales

A
L= 80 f© d._| Mass of Wr candidate I IIIIIIIIIIII - ATLAS resolved search
& .o Electron channel ATLAS %' 4 ATLAS R 1l
o ° ©) '
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* Production of ttqq

» JHEPO3(2017)077: both t's decay hadronically (tn)

> JHEPO7(2017)121: one t, and one decaying leptonically = (vthqq (L=e, )

- [ allows for efficient triggering, t has larger branching fraction

- Discriminating variable: St = scalar sum of pr of £, m, jets, MET
€V Th qq 12.9 o (13 Tev).m

v - v
M —4— Observed
CMS — RH W 3TeV

et [ ] tt+jets

[ SingleTop
I Electroweak

[ QCD multijet
[ ] Uncertainty

Events / GeV

Obs./Exp
——
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https://link.springer.com/content/pdf/10.1007/JHEP03(2017)077.pdf
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* Production of ttqq

LRSM: t couplings (CMS)

» JHEPO3(2017)077: both t's decay hadronically (tn)

> JHEPO7(2017)121: one t, and one decaying leptonically = (vthqq (L=e, )

- [ allows for efficient triggering, t has larger branching fraction

- Discriminating variable: St = scalar su
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2000

1000
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Select pp — X%* with 2¢ final states,

o
% any flavor and charge combination
= = 6 final states
n
Z
= > 3%and * have same mass
%)
li_‘ » Flavor-democratic scenario: B, = 1/3 for any (
<
» Discriminating variable: scalar sum of lepton pr (H7) + MET
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wE Type-lll: dilepton channel (ATLAS)
_,* Select pp — X2Z* with 2¢ final states,  °
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PRL 119, 221802 (2017)

B

>

| 2

Events classified by number of leptons and number of OSSF pairs

e pp — X02* / X*X* with fully leptonic final states (including t leptonic decays)
mediated by W/Z/H bosons = 27 final states, with 3 or more leptons

Explore all possible B./B,/B: combinations

Discriminating variable: scalar sum of lepton pr (L) + MET

Events / 150 GeV

35.9fb™ (13 TeV)

¢+ Data _§|
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E
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PRL 119, 221802 (2017)
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Events classified by number of leptons and number of OSSF pairs

Explore all possible B./B./B: combinations

Discriminating variable: scalar sum of lepton pr (L) + MET

Limit on m(N) vs Be, B:

(Bu=1-Be- B»)

35.9 fb' (13 TeV)

e pp — X02* / X*X* with fully leptonic final states (including t leptonic decays)
mediated by W/Z/H bosons = 27 final states, with 3 or more leptons

Events / 150 GeV
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95% CL exclusion limits

flavor-democratic case:
m(N) < 840 GeV

800 1000I I '1200
Lrvps (GeV) 0 01 02 03 04 05 06

strongest limits for Bt =0

D. Trocino — Heavy neutral lepton searches at CMS and ATLAS

1000

o
S
—

R
S
<

|
S
—

=)
S
—

500

400

300

~

(GeV

Mass limit

20
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) Conclusions
e ATLAS and CMS have been actively participating in the hunt for
heavy neutral leptons

> they have extended the search up to the TeV scale!
* Several models with HNLs have already been explored

* So far the focus has been put on short-lived HNLs and on
electron and muon couplings

> but first results with long-lived HNLs and t couplings have
been shown

* More to come with Run-Ill data, and even more to be expected
from future runs... stay tuned!
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