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Heavy Neutral Leptons

Neutrino oscillations suggest m(v) > 0
Not naturally included in SM
Minimal extensions (ie. vMSM, Left-Right Symmetric Models) with additional

heavy leptons
Seesaw mechanism to give masses to SM neutrinos

A biased selection of results, mainly CMS

 Type-l Seesaw Model

* Multiple searches with rich phenomenology

* Prompt and displaced decays

A few new results!
 Type-lll Seesaw Model

* Heavy charged/neutral leptons up to ~880 GeV
» Left-Right Symetric Models

* Right-handed W or Z’ decaying to HNL

* Most stringent limits on my,p m,, my

All with full Run-ll data ,



* Parameter space (|V,y|?, My) is very wide
* Complementary experiments to probe HNL: fixed target, B-factories, LEP, LHC

Low-scale Leptogenesis

Existing Experiments
Future Detectors
New beam lines
Future Accelerator Facilities
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* Parameter space (|V,y|?, My) is very wide
* Complementary experiments to probe HNL: fixed target, B-factories, LEP, LHC

Low-scale Leptogenesis

Existing Experiments
Future Detectors
New beam lines
Future Accelerator Facilities

My < My,0n is pretty
much excluded,

explored by fixed target
experiments, eg. NA62.
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* Parameter space (|V,y|?, My) is very wide
* Complementary experiments to probe HNL: fixed target, B-factories, LEP, LHC

Low-scale Leptogenesis

Existing Experiments
Future Detectors
vl New beam lines
Future Accelerator Facilities
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CMS & ATLAS sensitivity

My < My,0n is pretty
much excluded,
explored by fixed target
experiments, eg. NA62.

My < Mg p explored
LHCb, Belle, SHIP

My < My results from
LEP

My [1GeV — TeV]
LHCb/CMS/ATLAS



* Large cross section
* Experimentally very challenging = no trigger
e B-parking data ~10'° > New results!




HNL production at LHC

* Large cross section
* Experimentally very challenging = no trigger
e B-parking data ~10'° > New results!

* Lower x-section but cleaner exp. signature
* InRun2 (W — £v)~9x10° events

* Tri-leptons (3€) and SS dilepton+jets

* New results!
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HNL production at LHC

Large cross section

Experimentally very challenging = no trigger
B-parking data ~101° - New results!

Lower x-section but cleaner exp. signature
In Run2 (W — £v) ~9x10° events
Tri-leptons (3€) and SS dilepton+jets

New results!

HNL in t-channel
SS di-leptons & two forward jets
Low background, sensitive to high-HNL mass



HNL production at LHC
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HNL search with displaced leptons

LNC decay LNV decay

~

L

e Always an Opposite-sign-same-
flavor (OSSF) lepton pair

e With and w/o OSSF pair

* High background * Low background

10



HNL production at LHC

Flight distance of HNL can be macroscopic

-2 -5
o T o< |Ven| " my,

prompt/displaced

displacement
|V,uN|2

1 2 5 10 20 50 100

displacement 11



Events / 0.1 units

Data / Pred.

Low mass region

Training only for events in SR Lb (OSSF present)

Separate trainings for:

e-coupling

mu-coupling

tau-coupling: light lepton channels

tau-coupling: It channels
138 fb"l (13 TeV)

CMS ¢ Data vy
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10°
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Events / 0.1 units

Data / Pred.

10°

10*

103

eee, HUK, HEpTe, eteT, etetp, ptpte + hadronic tau

test Dirac/Majorana hypotheses

arXiv:2403.00100

e BDT'strained in 5 mass regions:
o Low mass: 10-40 and 50-75 GeV
o  High mass: 85-100, 100-200 and 200-400 GeV
. 0\ High mass region
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arXiv:2403.00100
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http://arxiv.org/abs/2403.00100

Neo!

HNL search with displaced leptons

4
W= displaced
.. gz
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W:t(*) €3

M(£,£3 ) sensitive to My
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JHEP 07 (2020) 081

£, prompt & high p;

e £,and ¥, same flavor (LFC)

eee, UUM, HpTe, etety, etetp, pipte
test Dirac/Majorana hypotheses

* M(?y, 3, £3) < My

© M(?y,43)~ My

s,

A, p :displacement of the vertex

7Y
{727 ¥ »{71

?s

14


http://dx.doi.org/10.1007/JHEP07(2022)081

138 fb™ (13 TeV)
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Main backgrounds are due to “misidentified” leptons with various origin

Data-driven estimation is mandatory!
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Data/Pred.
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Results in search regions
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Data agrees with the predicted data within the uncertainties

JHEP 07 (2020) 081
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Sensitivity to |V, y|?
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Displaced lepton and vertex reconstruction
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Nonprompt-muon efficiency
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Signal efficiencies are
based on simulation, but
how realistic it is ? What
are the uncertainties
associated to this ?
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Displaced Vertex reconstruction:

Events with K and A°

Displaced vertices using tracks

that from M(K?) or M(A°)

Spot any mismodeling in the

simulation

K-> ntm
s -0

L L T T
. CMS 2016 sim. | 2017 sim. i

=
o
2

-4~ 05<A,,(cm) <15

)

Reconstrugted vertices

497.467 +0.005 MeV

Reconstructed vertices
)
%
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I 2018 sim. Stat. uncertainty
~e— Data

Lol

T(K9)~10"10g

Data/Pred.

m(rnt* ) (GeV)
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Calibrate HNL simulation using data/MC agreement found in these studies 20



HNL search in CMS JHEP 03 (2024) 105

2 SS/OS dilptons (ee, uu, eu, ue) + jet events
pr(e,u) > 5,3 GeV

Boosted (resolved) regime

Deep neural network to tag displaced jet
Search observable: Impact parameter
significance

48 categories to be sensitive to various HNL
scenarios simultaneously

x10°
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HNL search in CMS JHEP 03 (2024) 105

» 2 SS/OS dilptons (ee, uu, eu, ue) + jet events

* pr(e,u) >5,3GeV

» Boosted (resolved) regime

« Deep neural network to tag displaced jet

J-« Search observable: Impact parameter

significance

» 48 categories to be sensitive to various HNL
scenarios simultaneously
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e Typically consider the coupling of N to one neutrino

flavour at a time.

* First time symultaneous couplings to v, v, v, is considered
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U

-5

-2
-

I'n(mns Vens Vins Van) = :qe(mN) X |VeN|i+Ay(mN) X |VyN|2 +flr(mN) X |VTN|i

V= VP

IVef =

"~

Dirac HNL
1
g e A e ‘
107 I ‘.\o, "
: 5T .« Tl
o T N
, KL RN A
107 5 el “a 2y ‘“-.o‘\ R
» ENELYRE NN -
10—4 \ ‘l\.‘.. | & oy H 'QT\ F‘A‘O’Ib
cl‘_ R ) ,ée
E : b ) SN P'%, o
10—5 = : ~ \ | o ‘“. .\\¢ '.‘ e
- - * R A
o Pu. CERRG) K
10°E A Tl e -
_7: ~,“\:,07 I o | C'?.\\ ’\,.C‘? ‘o)
10 E %, /0@ ,0\" Y% 7
E R | , 1, or
1oL 1 2 | TRz Wy
E |
10~9_ i I L1 |
1 ' 10
' Mpirac i (GEV)

Vel = IV B = VP

107
102
107
107
10°
10°®
107
10°®

107°

N N
:FV :I’T
Dirac HNL
«\‘ Y
NN * L
Fy BT N ‘~__‘o,.

T TTImm T TTTm T T T TTT T T PO T T T |IIIIII| T TTTTI

10 24

Mpirac HNL (GEV)


http://dx.doi.org/10.1007/JHEP03(2024)105

CMS

C
Majorana HNL 0
my = 4.5 GeV 1

138 fb™

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

0.1 02 03 04 05 06 07 08 09

Pure tau
coupling

fe

1

10°

10°

1(13 TeV)

95% CL lower limit ctg (mm)

Pure
electron
coupling

JHEP 03 (2024)

105

25


http://dx.doi.org/10.1007/JHEP03(2024)105

JHEP 03 (2024) 105

Pure
muon CMS 138 fb~' (13 TeV
CMS _ 138 fb1 (13 TeV) _ ( %
_ cappling @ E Majorana HNL 0o 1 714 3
Majorana HNL 0 1 £ cT = 1 mm 12
my =4.5GeV 1 102 & ] S
3} =410 -‘E
10 E 1g =
5 S
GB) “““ 6 o
______ 2 _I
- 4 O
107" L\g 2
10—2 ig ____________ 2 8
0.9 0.1
0.9
1 0

"""""""""""""""""" 0 0102030405060708091

01 02 0.3 04 05 oe 07 08 09 1 Pure ¢
e
fe electron
Pure t_au coupling
coupling

26


http://dx.doi.org/10.1007/JHEP03(2024)105

Event selection criteria £, €SV

N(prompt ¢;) =1 m(£.€,) >10GeV
N(nonprompt ¢,) =1 A¢(€1,€2) >0.4
N(jets) =1 m(uEu) ¢ [85,95] GeV
" AR(£,,jet) < 0.7

27



Event selection criteria £, €SV

N(prompt £;) =1 m(£,4,) >10GeV
N (nonprompt £,) =1 A¢(€1,£2) > 0.4
N(jets) = 1 m(utuF) ¢ [85,95] GeV
it AR(¢,,jet) < 0.7
1=
138 fb™' (13 TeV e
2107 —m——— V( s 3 P N
c iboson op Y E e o
2 SN’S by B W+ets @QCD ® H (61, SV) “M(W)
08 L Braiminany - HNLS - HNL10 i Stat. unc-S E b
signal normalized to background 3 50- Search regions
5[ & Mgh mass _ D C defined in A, and
10 :
: 18- Nijets) =1 PEN score, m(SV)
10° _ 0 0.2 x 1
10° ] ¢ Train a Particle Flow Network to distinguish
AAAAAAAAAAAAAA signal from background

* Great discrimonation power
* BUT! How to predict the background ?
* How to validate the PFN performance ?

0 0.2 04 0.6 0.8 1
PFN score 28



138 fb (13 TeV)

T T T T T T T T T T
-og —CMS Pre/lmlnary + Data . Pred. @ Stat unc CR SS_
) ee e
Lﬁ 100 < <2 GeV . >2 GeV | <2 GeV ; >2GeV | <2GeV ; >2GeV | <2 GeV u; >2 GeV_
50 psp ' —
;2
3 i '
o
1
8 o5
8 _ 'mmABCDunc. ' !mmEStatunc. N B o
0 57470510 04470510 04 470 570 04 4-10 >10 04 4-10 510 0—4 410 510 0—4 470 510 0-4 410 >10
Agp [em]
138 fb (13 Tev)
T T T T T T T T T T T T T T
2 - CMS Preliminary 1Data BPred. i Statunc. CR, SS
o e ee
2 6 Gev| <6Gev “36Gev| <6Gev ° 6Gev | <6Gev " 6 Gev ]
20 B i i E —]
10 : i i —]
, _
5 2
O 15
o
< 1
8 os
S mmABCDunc| | | I Stat unc. s
0T 75 55 0-1 >T 01 75 55 01 >1 01 75 55 01 75 >5 01 75 55 01 75 55
Aop [cm]

-

o 138fb7(13TeV)
n ..
€ 10 CMS Preliminary
L%’ L, low mass
10° Dat 0 +—
e Daia mm K -7
10
10°
10?
10

I Stat unc.

Data / Pred.

0 0.2 0.4 06 08 1
PFEN score

Njet > 1 and K_short
events for validation
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Data / Pred.

Events

Data / Pred.

40

20

_ I 138 o (13 TeV)
_CMS Prellmlnary+ Data .Pred - HNL3 - HNL5 %Stat UnC SR SS—

ee
<2 GeV Ht >2GeV | <2 GeV >2GeV | <2GeV ; >2GeV | <2 GeV . >2 GeV_

X
XXX
XXX

(XXX

JOSEK

- ABCD unc. [ - Stat unc. +

0-4 4—10 >10 0-4 4—10>10 0—44—10 >10 0-4 4—10 >10 0—4 4—10 >10 0—4 4—10 >10 0-4 4—10 >10 0—4 4—10 >10
Agp [em]

: 138 fb (13 TeV)

CMS P,e,,m,,,a,ymata .Pred ~ HNL6 —-HNL10%3tat unc. SR, ss
| <6 GeV .>6 GeV| <6 GeV .>6 GeV| <6 GeV e

ue
>6 GeV <6 GeV >6 GeV_

B Stat unc.
0175 >5 0-1 >1 01 +5 55 01 =1 01 15 >50—11—5 >5 0-1 15 >5 01 +5 >5

Asp [cm]

Low mass m(SV)< 6 GeV

Low mass M(SV)> 6 GeV
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.r_é_—_l\ Triggering Muon Detector Shower (MDS) Accepted by PRD

)

lepton | arXiv:2402.18658 |

Shower
S in muon
system

Displaced vertex in muon
system, 4-10m from the PV

138 fbo~! (13 TeV)
I

* Lifetime sensitivity range of 0.1-10 m 2.6 CMS AN ]
= [
* masses ranging from 1 to approximately IR gziigmund —
3.5 GeV. F - oy R
L. L. 121 Non-muon-induced ]
* sensitive to HNL mixing to all three | 4 my=2GeV,cto=1m
. o s
generations of leptons ;
- 5555555549 |
* Veto events with jets with significant o -
signals in the inner detector suppresses 3 T b SR B ]
SM background by 107 of T | | | l .
Electron Electron Muon Muon Muon
CSC DT CSC MB2 MB34

* Background contributions
o Non muon-induced (e.g. prompt lepton from W + soft hadron from PU)
o Muon-induced (e.g. Z — uu event + u bremsstrahlung) 31



|VNe|2

HNL search in Muon detector

Muon detector shower-based analysis allow to have good

sensitivity on long lived HNL = excellent results on |V, |? limit
for light HNL

« Most stringent limits to date in |V,|? in the 2.1-3.0 GeV mass
range

2
* Most stringent limits to date in |V,,|” in the 1.9-3.3 GeV mass

138 fb~! (13 TeV)

I 1 std. deviation
+2 std. deviation

T ]
Tau HNL
Majorana _

range
CMS 138 fb=! (13 TeV) CMS 138 fb-! (13 TeV) Eﬂnsc)b —
- Observed B +1 std. deviation »w» Observed I +1 std. deviation serve
- - Expected +2 std. deviation - - Expected +2 std. deviation | _ ‘E>$pelcted ‘
N s N (et T rrr gt e T =2 B
Electron HNL | 2 Muon HNL 15
Majorana = Majorana |~ 10-2f
104 = 10~ E _
103f
10-5} . 10-5} . .
1074
08 L b 06 b o
1.0 1.5 2.0 2.5 3.0 3.5 4.0 1.0 1.5 2.0 2.5 3.0 3.5 4.0 1.0 1.5
my [GeV] my [GeV]

20

25
my [GeV]
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Events / Bin

1800

1600
1400
1200
1000
800
600
400
200

HNL search in B decays

* Long awaited result... Submitted to JHEP

e B-Parking dataset from 2018 arXiv:2403.04584

e ~10 billion B mesons

« 2 SS/OS dilptons (ee, uu, ey, ue) +
 pr(e,u) >53GeV

- Sensitivity at low mass and 1072 < ¢y < 10*mm

10° 41607 (13 TeV) 41.6 o™ (13 TeV)
il T I T T [ T T T T [ T T T T | T T T T ] E 20 T 1 1 11 LI L Y N N I I I I I B B B N et
- CMS Dimuon channel 7 @ CMS ]
= . — 18— —e— Data -]
— %4 Data.l ) ] "g - Ly/o, >150, 08 — Back 4 oredicti .
=5 &K Region excluded by veto on D° — K7r__ L% 16:— 4 i mass < 5.7 GeV ackground preaiction e
- Signal - 1.0 GeV, 1000.0 mm (x 350) - ol P — Signal - 1.5 GeV, 500.0 mm -
- _ - 14 |~ Dimuon channel .
C — Signal - 2.0 GeV, 100.0 mm (x 2500) _J - (Fe I 1) = (0, 1, 0), Majorana -
- (Fes Iy 1) = (0, 1, 0), Majorana . 12 - E
B ] 10— e
/ 7 ] 6 =

o 7 . C .
/;// < ] 4 ]
% //;/ % 7 > - Crel| [¢ ]
7777 b : 2F L ‘ .
'/?2/// / :/;/ //// — o * .I [} hibrdhod [¢e78 1,1 L AJ'; l* : :_.,1:'”"”."”!"“"{ Iil TH
/[%4//// 7% // % 3 14 145 15 155 1.6

1 2.5

m(u*r®) (GeV)

—
o

2

voo

m(u*r™) (GeV
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41.6 fbo~! (13 TeV)

—— Observed

—— Maedian expected
95% expected

Il 68% expected

Majorana

(re, ry, rz) = (0, 1, 0)

P A SRR

S CMS, JHEP (2022) 081
S CMS, arXiv:2402.18658
- ATLAS, Phys. Rev. Lett. (2023) 061803
S LHCb, Phys. Rev. Lett. (2014) 131802
> Belle, Phys. Rev. D (2013) 071102

175 2.00 225 250 2.75

mpy (GEV)

CMS 41.6 fb~1 (13 TeV)

1.0 Majorana 10.0

0.9 my = 1.0 GeV

€
E
=
F1.0
[ ©
()
2
?
o]
(e}
0.00.10.20.3040.50.60.70.80.91.0
le 0.1

Most stringent limits on |V |? in the 1-1.7 GeV mass range at
collider experiments

2
Best sensitivity reached for |Vu| thanks to excellent muon

identification efficiency
Extended previous CMS limits up to a factor 2 in the 1-2 GeV

mass region
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Weinberg operator Dim 5

Experimental signature:
* Same-sign muons + VBF jets
e Complementary to DY HNL
production—> larger x-section at high
mass

Backgrounds:

* Main: WZ and non-prompt leptons
estimated using CRs.

» Others: WW, ZZ, tZq, ttW, ttZ, and VVV



ATLAS

EXPERIMENT

o e \ S - U

Same-Signh uu

Weinberg operator Dim 5

Q1 %

CJ\;/ | Q//!

PRL 131 (2023)

Same-sign muons + VBF jets
Complementary to DY HNL
production—> larger x-section at high
mass

Experimental signature:

Backgrounds:

* Main: WZ and non-prompt leptons
estimated using CRs.

» Others: WW, ZZ, tZq, ttW, ttZ, and VVV
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http://dx.doi.org/10.1103/PhysRevLett.131.011803

T T
W=
+
Viny o 4
N
‘/2 2 N § ) Fg:
W=
g2 %

2 2
o X Vvale

Weinberg operator Dim 5

Experimental signature:

Q1 q; . .
. 1 * Same-sign muons + VBF jets
A — * Complementary to DY HNL
T production-> larger x-section at high
A
(5o mass
W=
| . , Backgrounds:
2 s« |c2¢ /4| % « Main: WZ and non-prompt leptons

Search variable H /p+ (1)

estimated using CRs.

» Others: WW, ZZ, tZq, ttW, ttZ, and VVV

138 tb~! (13 TeV)

c L L L L L L S L L A DL B

S12of  CMS .
% [

Lﬁ 100__Heavy Majorana neutrino SR Weinberg operator SR b-tagged CR WZ CR WzZb CR ]

80 _ Ady > 2 rad. Ady<2rad. || pTiss <50 GeV priss 5 50 GeV _:

60} + .

- ONNNY ]

NN + AN AN 1

40~ NN { SN } 7]

B | [N | 7

- * \\¥ — \t\\j\\ \+ ReNN \\*\\\\*\ ]

20 I e g = ; .

i = ] \\__I ] \+\\\+\ . N * \+\\ ]

C‘?‘-{--l—-i—- [ ey t ] ) Sl A [ A [N Y NN (NN [ B +

51 | LIS L I E N L N E N B L N N B N H N B B B 13

£l 10k ¢ 4 4 + 3

S5 1.0 + A ¢ * +ob t ¢ "ARAARS S A goodocd t } + g

x 0-5E I T N N | [ I AN N (NN AN N (NN NN (NN SN SN SN NN MU i

A Nig q;@ 5 Qf?/ q/fb ) Q’,\?D\(?fb 'b’b o Qﬂx q/fb fb’(o o Qf?/ q;‘b (bfo L Qf?/ q/fb Q)?J H Qf?/ (v‘o i

Data

Bkg. unc.
Nonprompt
W=W=
Wz

ttV + tZq
Other

t-channel my
my =750 GeV (x0.1)

t-channel my
my=1.5 TeV (x0.1)

t - channel my
myn=5.0 TeV (x0.3)

Weinberg op.
ct" =1,A=200 TeV (x6000)

37



1T .
Type-1 Seesaw Weinberg operator Dim 5
Q1 71 Q1
W=
V}.“\r [ ] > prlh
N
V(‘g}\" y 5 p:zt
//%t\
" o < ViyVin " "
o 1
S
* First search for Majorana HNL at
masses up to 23 TeV, most stringent 0.1}
limits beyond 650 GeV
* First test of Weinberg operator at
collider: exclude effective Majorana oo
neutrino mass (€£¢ ~|m,,|) up to
obs(exp)10.8(12.8) GeV
1073

CMS

PRL 131 (2023)

138 fb~' (13 TeV

T T T rrrT I I
CMS 95% CL upper limit 71
. 1
Trilepton channel 17
13 TeV, 35.9 fb™ 17
PRL 120(2018)221801,’,’

/,

J/
I’ CMS 95% CL upper limit

Same-sign dilepton channel

,’,' 13 TeV, 35.9 fo!
K 'l JHEP 01(2019)122

- . 7 1 —-
/, A 95% CL upper limit -

o ,/ Observed

," \,' / —— Expected
1 - I 68% expected |

i 95% expected
AT N sl

my [GeV]


http://dx.doi.org/10.1103/PhysRevLett.131.011803

P W

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2024-095
CMS 2024/05/29

CMS-EXO-23-006

Review of searches for vector-like quarks, vector-like
leptons, and heavy neutral leptons in proton-proton
collisions at /s = 13 TeV at the CMS experiment

The CMS Collaboration®

Abstract

The LHC has provided an unprecedented amount of proton-proton collision data,
bringing forth exciting opportunities to address fundamental open questions in par-
ticle physics. These questions can potentially be answered by performing searches for
very rare processes predicted by models that attempt to extend the standard model of
particle physics. The data collected by the CMS experiment in 2015-2018 at a center-
of-mass energy of 13 TeV help to test the standard model at the highest precision ever
and potentially discover new physics. An interesting opportunity is presented by
the possibility of new fermions with masses ranging from the MeV to the TeV scale.
Such new particles appear in many possible extensions of the standard model and are
well motivated theoretically. They may explain the appearance of three generations
of leptons and quarks, the mass hierarchy across the generations, and the nonzero
neutrino masses. In this report, the status of searches targeting vector-like quarks,
vector-like leptons, and heavy neutral leptons at the CMS experiment is discussed.
A complete overview of final states is provided together with their complementarity
and partial combination. The discovery potential for several of these searches at the
High-Luminosity LHC is also discussed.

arXiv:2405.17605v1 [hep-ex] 27 May 2024

Submitted to Physics Reports 39



CMS 35.9-138 fb~-1(13 TeV)

N il | | III|II| | | ||II|I| | | IIIIIII T 1 I|I||I| ]
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107'E 3
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_al IN Prompt 12 + 2 displaced £ ]
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(prompt 3¢ provides most stringent limits over wide mass range)

(displaced 20 particularly important for long-lived scenarios with 10-20 Gev)




Left-Right Symmetric models, Wg

q

2

Experimental signature: EXO-20-002
Two high pT same flavor leptons ( ee, uu)

* Dirac&Majorana

* Fully reconstruct My,

* boosted/resolved jets

* for low My boosted jet includes the lepton
e Search observables:

m(£jj ) m(£)),
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Events / bin

10°

10°

10*

10°

102

Lepton flavors

EX0-20-002

Experimental signature:
Two high pT same flavor leptons ( ee, uu)

* Dirac&Majorana

* Fully reconstruct My,

* boosted/resolved jets

» for low My boosted jet includes the lepton

* Search observables:

SF | ™ m(£4jj) m(L)),
DF ; 5 f
: : © Flavor CR
(em) : : :
60 150 400 (200)
mu (GGV) 138fb (13 Te 138 o (13 TeV)
L B I “‘é < R 7 c 1T T T L I
CMS Stat. @ syst. uncert. = f 1o CMS \A W Stat. @syst uncert. | O CMS W Stat. @syst uncert. E
ee —¢— Data ] * e+i-Jet —$— Data 3 2 10k ee ——4— Data _
Resolved DY CR Zsjets = T Boosted flavor CR B v 1 € Resolved SR N tt+W 3
_fi E [ _fi B [ Z+jets ]
Post-fit . B > Post-fit . S Post-fit
B v TR Z+jets = 10 B Nonprompt -
- [ Nonprompt E [ Nonprompt E I Other backgrounds 3
s [ other backgrounds a’ [ other backgrounds | e 5(m,, , m) = (6.0, 0.8) TeV =
= E 10? = E
L ] E Iy 7
—— - 0] 2 ™ YN ) =]
10 —

m(£4jj) TeV

m(£Ljj) TeV



my (TeV)

Left-Right Symmetric models, Wg

EXO-

¥

SIS —

20-002

e No significant excess is observed

e But slight excess in ee channel: highest local(global)
significance of 2.95¢(2.780) for (mw,, my) = (6.0,0.8) TeV

o At my = mw, /2, excluded myw, up to 4.7(e) and 5.0(n) TeV
o At my = 0.2 TeV, excluded my, up to 4.8(e) and 5.4(u) TeV
o Boosted category provides big improvement with low my

138 fb™ (13 TeV) 138 fb™" (13 TeV)

RN AN RN LR AN R LR R T RN AN RN LR RS R LR R T
S Combined (exp.) CMS o Combined (exp.) CMS

g)

—~
LU %
L - L
5—-'-' Combined (exp. + s.d.) ee channel =2 t 5—---' Combined (exp. + s.d.) Hu channel
L g L
[ —— Combined (obs.) S EZ [ —— Combined (obs.)
- 1 e -
4= Resolved (obs.) l: 4= Resolved (obs.)
- c -
- — Boosted (obs.) 2 - — Boosted (obs.)
- O -
[ —__ CMS13TeV } 10! 2 [ ___CMS13TeV ;
3 (resolved, 36 fb™) » 3 (resolved, 36 fb™)
- S -
— o —
= 102§ -
2 = 2
B £ B
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I
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S
10¢ o
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o

107"

1072
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Electron channel

q

Vs = 13 TeV, 139 fb™", All limits at 95% CL

; 7 -
O - ATLAS Resolved 36 fb o
— C JHEP 01 (2019) 016 ATLAS Preliminary
i 6 I ATLAS Boosted 80 fb’ . .
— L Phys.Lett.B 798 (2019) 134942 Majorana scenario
o R CMS Combined 138 fb”

< - JHEP 04 (2022) 047
E 5 I S Boosted Expected (1 Gexp)

C - Resolved Expected (10, )

4 - Boosted Observed
[ —— — Resolved Observed .. ——
TN AT RN RTINS S ey Mot L ook iy ‘~ |‘”|‘\*| IR NI Y AT

m(W ) [TeV]

e Similar search by ATLAS

Left-Right Symmetric models, Wg

%AI LAS

EAFERIMENI

* More rigurous search regions for boosted &
resolved scenarios
A(m) = m(Wg) — m(N)
m(£Ljj ) m(£]), m(££]), m(jj )
* No significant excess (only 1.6 o)

Muon channel

Vs =13 TeV, 139 fb™", All limits at 95% CL

* Exceeds the sensitivity of CMS in particular for large A(m)

e For m(N) < 50 Gev, N becomes long lived (M.Nemevek et. al, arXiv:1801.05813 )

; 7r
o - ATLAS Resolved 36 fo o
— C JHEP 01 (2019) 016 ATLAS Preliminary
—_— 6 C ATLAS Boosted 80 fb . .
— N Phys.Lett.B 798 (2019) 134942 Majorana scenario
o L CMS Combined 138 fb”
< - JHEP 04 (2022) 047
E 5 I Lo Boosted Expected (1 Gexp)
C - Resolved Expected (x10,, )
4 _— Boosted Observed
C = — Resolved Observed Y
el R
L1 [N NI IR SRRV e s SN 7 L
m (WR) [TeV]
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Left-Right Symmetric models, Z’

\
PAS- EXO 20 006

o LRSM model with Z' (400 GeV - 4.4 TeV) decaying to

-~ 1 right-handed neutrinos (100 GeV - my/ /2)
q R - : :
q e OS and SS lepton pair(ee or uu) + jets
A Ny /E — categories for 0,1 and 2+ large-radius jets(AK8)
------- ot — cover boosted and resolved scenarios
N
. ¢ g @ reconstruct My
Wi -, e No significant excess is observed
q
CMS 138 fb™ (13 TeV) CMS 138 fb (13 TeV)
"UE) ee I I I DYJetsI I I DYJe‘tsI :
g’ 104 2AK8 [ ttoar I ttbar E
L Post-fit Nonprompt Nonprompt E
I other I Other
103 L Stat.+syst. uncert. SRR Stat.+syst. uncert. ?;
—e— Observed —e— Observed E

....... (mz s mN) = (4000, 200) (GeV)

....... (m,,, m,) = (4000, 200) (GeV)

oooooooooooooooooooooooooooooooooooooooooooooooooooooo

:
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Left-Right Symmetric models, Z’

NT AR
PAS-EXO-20-006

o LRSM model with Z/ (400 GeV - 4.4 TeV) decaying to

q . .
-~ right-handed neutrinos (100 GeV - my /2)
q R - : :
q e OS and SS lepton pair(ee or uu) + jets
A Ny /= — categories for 0,1 and 2+ large-radius jets(AK8)
------- ot — cover boosted and resolved scenarios
N,
. ¢ g @ reconstruct My
i - e No significant excess is observed
q
o For my = my /4, exclude my up to 3.87 TeV (e and p)
e Most stringent limits to date in m,, vs my plane
— 25005MS e eSS T (13 eV, Ful Run2) — 2500CMS P e S D (13 TeV, Ful Run2)
% I Combined (exp) " ] % I Combined (exp) . ]
S I Combined (exp. + s.d.) = } S} I Combined (exp. + s.d.) = }
EZ 2000 N Combined (obs) " . - EZ 2000 N Combined (obs) " " -
; OAKB(0bs) . mo=m./2 [ 0AKS (obs.) .mN cms2 ]
1500 — 1AK8 (obs.) — 1500 ~— 1AKS (obs.) —
I 2AK8 (obs.) " e ] C K ]
1000f- €05 *+SS 2 - 1000 -
500:_ ‘‘‘‘‘‘‘‘‘ _: 500:_ ‘‘‘‘‘‘‘‘‘ _:
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extra triplet of heavy fermionic fields
which couple to EW gauge bosons

: +
* S-channel production of NYL*
* Two leptons with same or opposite charge
 2jets and large missing Ep
Main search observables: — 10° e
Q EIIIIIIIIIIIIIlIIIIIIIIIIIlIIIIIE
w . S = - ATLAS ----Expected 95% CL limit 7
T 7F ATLAS $Data  @ADboson | £ 8- ATLAS = 4Dam  [Diboson c C {s=13TeV, 139 fb™ [ Expected limit + 1o i
Q F{s= , " % Total t 3] F = ! % Total t 3 -9 ’ .
e T Bl & RN T Haee] B [ Bxpectedimit 120 -
5= ZL‘J%H - a0 Gev = 6; L - e E $ 102k — Observed 95% CL limit _|
£ — N L) - 1000 GoV 5— / ::%g:?ggoeg;/v E % E —Typoe-lillseesaw §
- 3 45— - e C B(N,L" »>e,u,t)=1/3 7
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-33/

Search for Type-lll Seesaw

137 10" (13 TeV)

> w T T T T T
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* S-channel production of N°L*

* Multi-leptons, lower backgrounds
e ~40 exclusive search regions

Ly = sum{p;,epw"}
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https://arxiv.org/abs/1911.04968

Total integrated luminosity (fb—!)

Summary & Outlook

Heavy Neutral Leptons are well motivated and has a rich

set of experimental probe

Run Il data is exhausted for low hanging parameter space

* A few analyses still in the pipeline with Runll data

2022 (pp 13.6 TeV)
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BN LHC Delivered: 41.97 fb~! |
[1 CMS Recorded: 38.48 fb!

* Run 3 will improve further on
| existing techniques, new
triggers and new analyses...
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7

Search for heavy neutral leptons in W*—p*pjet decays

Eur. Phys. J. C 81 (2021) 248

= Prompt HNL decays, allowing for Majorana.

= Background normalised via W— puv and Z— bb

= Constrained to prompt in order to suppress heavy-flavour
background.
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Both experiments extend
the reach towards low
couplings
Some differences in
sensitivity =2 expected!
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