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Heavy neutral leptons (HNLs)

—~a S i e
> SM neutrinos are weird! L;:m_{ Nature 607 (2022) 60"
— tiny mass? flavor oscillations? Higgs interactions? £
> extending neutrino sector of SM wls §
— postulate heavy neutral leptonic particles: 10’ ------- i
* Dirac HNL (particle + antiparticle) K 1%; T 122@ g
* Majorana HNL (own antiparticle) gos o o om )
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— can mix with SM lepton sector a Particle mass (GeV)
— see-saw mechanism

dim.-5 effective extension in EFT T i % el t}' ! ? ° bH :

: u charm 0 uon | 4e Higgs :

> L] [l g : =4.8 MeV/c? =95 MeV/c? =4.18 GeV/c* [ :
cim expl.aln varllou.s observed phenomena -0 ® i
neutrino oscillations v o | o dom | svemse || votom | | pnotn i

— dark matter candidate .‘ @ 9.0 ® @ &

~ baryon asymmetry R !

— anomalous muon g-2 77 . @ 0.9 @|Z
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Experimental landscape

— rich set of searches at various
experiments ongoing & planned:
* collider & fixed-target
nuclear decays
atmospheric/solar neutrinos
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— accessible production/decay mode

depends on HNL mass

* below Kaon mass can use decays
K* — (*N, K* — pur (e.g. NAB2)

* below B or D meson masses
B+, DF r* — (*N, DY = ¢*7FN
(e.g. Belle, LHCDb)

* below W, Z boson masses: Z — Nv

* above W, Z boson masses decay
to onshell bosons dominant

W* = ¢(*N, N - (*W¥ 07z, vH

M. Komm - HNL searches with EMS

Muon coupling dominance: U?: UZ:U; = 0:1:0 J. Phys. G: Nucl. Part. Phys. 50 020501, 2023

10°

107 |
low mass\bo}mds \
1 0—3 s N
\ —_—
™ DELPHI
\ 7
107 N
NuTeV
PIENUN % 8
1 0—5 ’ /Oli' e,:f& N
/)/r_/ t?;x‘
5 Cue, CMS
—6 % 1gis -
]_ 0 O¢ .Dof /
(200 \ A l 3
Con \ ";6\) \ 19
—7 PIONEER % \ Y, SHADQWS, 5x10 ~ pot
1 O ‘-"O,O N\ o, b, » 1-spectrofnbter (dotted)
BBN 5 x ~ f‘\,“QU 2-spectroeters (solid)
8 3} ~ eJ-C ), x !
1 O e, NA62, K decays ok ~ Po7 i
~e_ - filled t K Sy .
0 o1 e (510 po - | SHiP2x10" pot
-0 | B - solid: without B, Lo
1 0 B \ \ - dotted: with B, (upper limit)
"'-..._ |Ilypcrl<‘\
10710 "ol \
SeeSa.“] . s
e B T T P
10 1 L el 1 L el S T B S R T L1 1 131111
7 5
10 10 1 10
my[GeV]

'8, /AW T = Slide 3



https://cms.cern/news/two-ends-seesaw

Searches for

prompt HNLs
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https://cms.cern/news/two-ends-seesaw

Heavy composite Majorana neutrino s sz wm

composite model where leptons & quarks

_, .
have substructure at energy scale A q s . ¢
E < A — effective gauge & contact interactions W
— investigate eeqq or ppqq final states
— same- or opposite-sign lepton pairs
PP gn lepton p " N, . N,

pr > 150 (100) GeV & isolated
large radius jet: pr > 190 GeV
(encapsulates qq from HNL decay)

_ 2
Bier = \%\ No"@,W,)PLl+he Lo =Sl goip g Ny, Pt +he
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H N I_S & Weinberg OperatOr in VBF Phys. Rev. Lett. 131 (2023) 011803

_ . . . . q roq q
Weinberg operator (dim-5 Wilson coefficient) 1 \\ql/ u = 1
’ W W

C{! - 0t > + N +
k= % [@-Ty][Lo- ®] myp = Cs"0?/A e N : fr "
+ + . . WQl\ (? Y Ve, gi
— focus on "~ events via vector boson fusion //&i\’ //‘&i\_)_ >
— access to TeV HNLs; complementary to s-channel « T ¢

— 2 muons ( pp > 30 GeV) & 2 forward jets (pp > 30 GeV) + prerm—rrrrere SR 22

— VBF selection with |An;;| > 2.5, m;; > 750 GeV

— non prompt background estimated from
muon isolation sideband (fake-rate method)
— limit on Weinberg operator translated into  APP— _
limit on m,,,, > 10.8 (12.8) GeV [obs (exp)] ) I 4 et ]
C g ’ N 68% expected ]
_— . . [ P 95% expected ]
limits on typel Majorana HNLs determined A - GMS same-sign diepion -
ey CMS trilepton
— exceed LHC energy through use of VBF events! [ 1] == PAL120(2018)221801
10 III1|lfl)0 — IIII1Ilfl)3 — ”“1I(I)4
my (GeV)
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Right-handed W boson & HNLs

left-right symmetric model (LRSM):
adds (Wz,Z') & (Ne, Ny, N;) to SM

— Wgx boson couple to right-handed HNLs

eeqq or puuqq final states with

leading (subleading) lepton pr > 60(53) GeV

2 resolved jets pl. > 40 GeV or
1 boosted large radius jet pp > 200 GeV
background estimated from simulation
sensitive observable: myg;; or my;

my (TeV)

limits for mx = mw,/2:
* electrons: mw;/2 > 4.7 (5.2) TeV
® muons; mw,/2 > 5.0 (5.2) TeV

electron channel excess most significant
at (mwy,mn) = (6.0,0.8) TeV
= 2.95 (2.78)c [local (global)]

JHEP 04 (2022) 047
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Z' boson decay to HNL pairs

LRSM model with heavy Z' boson

OS or SS ee or uu events ( p5 > 65—75 GeV)
up to 4 resolved jets (pt > 40 GeV)

3 signal regions depending on number of
large radius jets (pt > 300 GeV)

HNL & Z' masses reconstructed from
lepton+jets through kinematic considerations
background estimated from simulation

RSl

138 fb” (13 TeV)

limits for my = myz/ /4 : @2500
* electrons: myz > 3.59 (3.90) TeV £ 2000
* muons: my > 4.10 (3.86) TeV —

electron channel excess most significant

at (mz/,mN) — (46,01) TeV

[ =mie Combined (exp.)

1000}

500}

= 3.32 (2.28)0 [local (global)]

..... L L B B B B B B Y

CMS

ee channel _.*

Combined (exp. = s.d.)

Combined (obs.)
SR1 (obs.)
—— SR2 (obs.)

SR3 (obs.)

o
.
K

3000

1000 2000 4000 5

m,. (GeV

o

0

~

M. Komm - HNL searches with EMS

1500

500

Events/bin

arXiv:2307.06959 [hep-ex]
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Non-resonant multileptons

— generic search for BSM events with 3-4 leptons + jets
— interpretations: Typelll seesaw; doublet & singlet
vector-like leptons; leptoquarks d

— electrons/muons: pr > 10 GeV

hadronic taus: pr > 20 GeV !
— jets: pr > 30 GeV (b-tagged)

— 7 signal categories based on Np(e/u) & Np(7)

— further classification based on scalar momentum sums,
charge/flavor combinations, jet multiplicity
& kinematic properties — model-independent
(used for background-only compatibility test)

— BDTs trained to enhance sensitivity for a specific model
(used to derive limits)

Phys. Rev. D 105 (2022) 112007

Typelll seesaw
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Non-resonant multileptons (2)

— background-only goodness of fit
test on Ly + p2'ss distributions
= p=67T%
(good compatibility also for
other binning schemes)

— limits on type-Ill seesaw for
flavor-democratic couplings
my > 980 (1060) GeV [obs(exp)]

Events / 200 GeV

Obs/Exp

G (pb)

Phys. Rev. D 105 (2022) 112007
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1075—"&""""'|' ' | L R
E MS } Data Rare Conv. — ¥[B,=B,=B,, 1000 GeV] x 30
1% E Fundamental Ly+p["* Table [2L1T,1L2T] ttv MisiD [ vv ncertainty
o L
10 % B11B2 1B3 1B4 1B5 1B6 187 1B8 1B9 1B10 1B11 1B12 ic1 ic2 1c3 ica Ics
10 P o | I P ' | ' Lo |
E 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
10° [ 1 1 1 | 1 1 1 1 [ 1 1 1 1 1 1
E I - : i | Lo P i e e |
107 : L | - 1 1 " e [N 1 it 1 = | 1 | 1 [ ™
E oues | 1 1 | IR | 1 1 1 1 1 ngen 1 1 [ CN ! [l
0 T gy g L =y rqu: ! ##% L S
T T e e O O O i T
.|.||.|||.|.||.
15 E 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
B %+:*|:.JL.Iih+:a+|r|h+l o e | :*:+:.+:”|;
ost 0 Phop Tl e e L oo n g
I IR N | PR | IR IR NI 1 |50, P T R 1, | I 1| E
0 58 61 65 71 79 87 94 98 103 114
Bins
138 o' (13 TeV) 138 b (13 TeV) 1200
;\ T | 2 O ] LI \\lllf! \\; —
E | | g Q >
. CMS - Observed >
10° e Type-lll seesaw: B, = B, = B; § 0.9 serve 1150 g
107 [ P - Type-llllsee.sa}w 1100 -é
55 - 3 95% CL exclusion limits =
1oL 5% CL upper limits 2 o«
E —e— Observed E n
e N, 0000 Median expected é g
I 68% expected 3
107 = 95% expected =
102 & %
| E
10° | =
I ]
1074 & I-’BDT o
faa ] s uelisolanslepplassleqd

200 400 600 800 1000 1200 1400

my (GeV)

M. Komm - HNL searches with EMS



https://cms.cern/news/using-artificial-intelligence-search-new-exotic-particles

Searches for
long-lived HNLs
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Long-lived HNL in 3 lepton event s 07 2022 o3

138 tb" (13 TeV)
T T

T T T T T T T T
¢ Data DB leptons I SB leptons

— HNL-lepton coupling can be arbitrary small E 0 CMS  ceomer o i

—5 -2 : 8 \ t T \ 4k \
To X mN ‘VNQ’ — |Ong-|lved fOf' ~GeV mass 10 HiH m(£e) 4 m(ee) HH ﬁw(f’f) P omee) HH ?n(ff) )

_ . . 102 \\\\.\\\ <4 GeVi>4GeV . <4GeVi>4GeV “ <4 GeVi>4GeV
HNL can travel macroscopic distances away S S
. . . 10 SN
from production vertex — unique signature 1 N
— focus on pp = W — ¢N, N — v (£ € {e,p)) 1o e | R e -
. _8 25 I I I ! I ISKal. un:;. I E I ITOKal l.IHIC. I ! I
1 prompt lepton (pt > 25—32 GeV) L T Ly T o '
* 2 displaced leptons (pp > 5—7 GeV) g o3 m.|m.|v|£lm|m. S N E— S
forming a secondary vertex . to TEEgr o 2 Fsg S (jm)
_ . . . prompt L
background with 1 or 2 misidentified leptons . G AT o, e B
estimated from data (fake-rate method) - "\,"'-..‘ J gt 37 ’\_‘-,& =
10°% N ! ’ <+uee DELPHI ﬁ?gﬁfc'ed = 10° \ —— ggti:: Zir::;::ed =
_ . . . . . § "».E\ — . CMS 31 prompt (2016) 7 =« CMS 3l prompt (2016) ;
limits derived on Majorana & Dirac HNLs 1

using displacement of vertex & dilepton mass ) . S
— for mnx = 10 GeV can exclude » -
* 9.1 x 1077 < [Vxe? < 1.7 x 107

_7 9 4 glyg Majorana é 107L Dirac i
* 3.6 x 1077 < [Viy,|* < 23 % 10

displaced m, (GeV) m,, (GeV)
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Long-lived HNL in 2 lepton events

(ee,eu,ue,up) +jets, 138fb" (13 TeV)

2 lepton (electron or muon) events FAbareptasiivi B o
— = eptons, resolved |* 4~ I SR, OS leptons, boosted | 1 4
Pp — W — le, N — ggqq P 109?S-F-‘Y-c|3nsaj|orp;na HNL(Jdog)J EW/:jeis 1 2 10°F ---Majorpatna HNL (xtm?i Ew+ets -
. % 107i mn =10 GeV, cto=1mm 1 Z/y* +jets B § P mn =10 GeV, cto=1mm DZ/",:‘-!TJGIS E
— orthogonal to search in 3 lepton events o @visies 7 gj 10 By e ]
10°F Emultuel ] 10° E'U et ]
~ jets pr > 20—30 GeV (boosted = Zinside)  10fTT i 8, o UpTT hay
10? “““ = 10? |
- SpeCIaI neural network based dlsplaced Jet -10’1;: 1 N 1 HH ] -10’1:‘”51””}11115151wmum}mmm}im m‘:
. . . B 150 * 178 150 =
tagger trained on jet constituent features & esererer et N} e
-_— H H © 0.5j 7 © 0'5,_ d . -
domain adaptation uses data from CONtrol & ™y 8 Wl
region = good modeling of output scores ") P
CMS Preliminary 138 fb" (13 TeV) 108;“5 Preliminary 138 fb™ (13 TeV)
— . . guioeél_l\\\ll\ll\\\l\\l\\\ll\ %\ rrrrr o1 ror o T
events categorized in lepton flavor/charge 3 £ . 220 BITED o m
. . . . §10? m, =10 GeV, c1y =1 mm Unc. 8106 my =10 GeV, c1y = 1 mm Unc.
combinations & significance of dy (¢2) P os s 210
_ . . 5107 Faiis .3<dj;f<1ol EweeST . i3 .3<d§';’<1o. i1 S 10t
background estimated from data in @ T T

tagger & my.; sideband (ABCD method)




Long-lived HNL in 2 lepton events (2)  ewsmsooa

. . veN V'V N_1 0:0 1381b" (13 TeV) Ven': VMN Vey =0:1: 0 138fb™ (13 Tev) veN Vi Vo = 1:1: 1 138fb (13 Tev)

p ro be for a rbltra ry Cou pl In g to N_% cMSs Prellmmary ‘ o OMS, diolaed. m_i Cms Prenmmary = ol dpcen N_€ CcMs Pfellmlnary ‘ E
> 10>1 Dirac HNL productlon JHEP 07 (2022) 081 E 10»] Dirac HNL producllon JHEP 07 (2022) 081 > O>1 Dirac HNL producllon ]

H - 95% CL upper limits 95% CL upper limits ] 1 95% CL upper limits .3

all 3 Iepton generatlons by 2L T Experied (modan pure b T e pure j o -—omre  democratic ]
ighti ignal simulati 'O°f mmomatame  electron ] U M Eremiese muon 3 =107 mm bpeed e e
reweighting signal simulation e, o . : i

1oy e ey e ey e

best limit for mnx = 10 GeV 10
V> <5 (4) x 1077 =
[Dirac (Majorana)] 107 PR s RO |
my (GeV) my (GeV)
. . imi -1 CMS Prelimina 138 fb! (13 TeV)
probe HNL scenarios in St e T
: H mn = 4.5Ge L : . B ct=1.0mm e
relative coupling plane for e 8 /% 0. 10 g - : 0 &
fixed mass or lifetime N - Jio £
pure tau coupling to "2 2
be investigated 0" g &
pure 0.3 0.7
electron o024 0.8

R e NaE Ea Rt R an R n Ea R o RaRa s e R na R a

1 09 0.8 07 06 05 0.4 03 02 01 0 pure 1 09 08 07 06 05 04 03 02 01 0
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Type | HNLs in muon system

—_ . CMS Preliminary 137 fb~' (13 TeV)
idea: HNL decays in CMS muon system (4 < r < 7 m) 8 ]
— focus on pp -+ W — /N, N —muon system hit cluster b e b

(no reconstruction of 2™ lepton from HNL decay) et et 1

9; g

— 1 electron or muon: pr > 25—35 GeV of ]

— veto jets overlapping with muon clusters 3 ZZ&&&&% ]

— events categorized in lepton flavor & muon subsystem | S rurararerersrer———————————————
CsC DT CSC MB2 MB34

— nonprompt background estimated from data
using A¢(¢, cluster) & Ny sSideband (ABCD)

CMS Preliminary 137 o' (13 TeV)
L L DL
Dirac Tau HNL

100 _ — Observed
e Expected

limits derived for 1 < my < 4 GeV N - geviaﬁon_'
* best electron: 8.6 x 107°% < |[Vxe|? (@26 GeV) | ]

|VrN|2

® best muon: 4.6 x 1076 < |y, > (@28 GeV) 7}

1081 =

— limits with arbitrary coupling to ol
all 3 lepton generations R ‘mg[ng,]
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HNL results by CMS at glance

> 95% CL limits on HNL mass for various scenarios

UMSM, [VafR = 1.0, |V = 1.0

Type-lll Seasaw Heavy Fermions, Flaver Democratic
Type-lll Seesaw Heavy Fermions, Be= 1.0, B, = B, = 0.0
Type-lll Seesaw Heavy Fermions, B,= 1.0, Be = B, = 0.0
Type-lll Seesaw Heavy Fermions, B, = 1.0, By = B, = 0.0

Multilepton

LASM Wy (a5 ), My, < My, [ = 200Gev)
LRSM W (a7 ), My, = 0 5My,
LASM W3 (), My, <My [ = 200Gev)
LASM W (). My, = 0.5M,,

g LRSM Zs (M), Mz, < 0.5My [ = 100Ge)

.‘g. LRSM Zs (M), My, = 02505,

e LRSM Za (], Mz, < 0.5My [ = 100GeV)
LRSM Zs (), My, = 0 250,
‘Compasite Fermions N, My, <Al = 13TeV)
Compasite Fermions Ny, My, < A= 13TeV)

u
25 LRSM W (), M, = 0.BMw,
E; LRSM Wi (1), My, = 0.2Mw,

Displaced Majorana HNL, [Woy|? = 1.0% 10—
Displaced Majorana HNL, |V|* = 1.0 x 10—
Displacad Dirac HNL, [Vyy? = 1.0% 10-%
Displaced Dirac HNL, Vuf? = 1.0% 20
Displaced Majorana HNL, Ve = 1.0% 0=
Displaced Majorana HNL, |V = 1.0 x 10—
Displaced Dirac HNL, [Wew|* = 1.0% 10
Displaced Dirac HNL, |V = 1.0% 10~
Displaced Majorana HNL, |Ven|? = 5.0% 1075
Displaced Majorana HNL, |V = 5.0 x 10~
Displated Majorana HNL, |Voyf? = 1.0% 10—
Displaced Dirac HNL, Vo = 5.0% 20
Displaced Dirac HNL, Vo =5.0% 20
Displacad Dirac HNL, Vo = 1.0 % 20~

Displaced

B Type | Seesaw VBF SSWW, |Vl = 1.0

CMS Preliminary August 2023

Y O4=120TeV 180202965 1B06.10905 (3p; = 1j +2p)

M 100-0B0 GeV Z202.0B676 (34, =44 Lu+3f,2v+ 20,37+ 10, 1r+ 20,21+ 1)

M 100550 GeV| 2202.0B676 (3f, 241, Ly + 34,27+ 20, 37+ 1 Ly+ 20, 2r+ 10}

M OI-1.065TeV 2202.0BG76 (34, 244, 11+ 34, 21+ 24, 37+ 1L Ly 20, 2+ 18}

M ‘ 100-BS0GEV Z202.0B676 (34, 4L Lr+ 3L, 2v+ 24, 31+ 1p, 1r+ 20, 21+ 1)

M WQ I=HTTEV| 2112.03949 (2e +2§)

M ‘o D1-48TeV 211203949 (2e+ 2j)

M D=5TeV)| 2112.03949 (2p+2j)

Y DL -SATeW| 2112.03948 2p+2j)

Y 01-279TeV| 2307.06950 (2e, =4j)

Y 1356 TeV| 2307.06953 (e, =4j)

Y OI—43BTeV 2307.06959 2y =4j)

- D141 TeV 2307.06958 2, 24j)

M 056 Tey 221003082 (2f+12j)

M OS=EITEV 221003082 (2 + 2j)

M 1-352TeV 1B11.00806 (27+2j)

M 1-375TeV 1B11.00B06 (2v+2j)

M A3IG=1252 GaV!  22010557E (2e+ 18}

M IET=13ZHGEV]  2201.05578 (2p+14)

M ASE=IATIGEY] 220105576 (2e + 1)

M FEIZTHGIGEY| 220105578 (Zp+ L)

'l ZO-11GEV |  CMS-PAS-EXO-21-013 (Le, = 1j) 6

M m-],z‘q'eev CMS-PAS-EXD-21-013 (1p, =1j) e

M 3-122GeV| CMS-PAS-EXO-21-013(le, =1j) G

M 2T-IZBGEV] CMSPASEX0-21-013 (A =1j) \a

Ll 13-2.6GeV CMS-PAS-EX0-22-D17 (e + MDS) Y 99

M 13-27Gev CMS PAS-EXO-22-017 (4 + MDS) 6\

M| 125-09 GeV CMS5-PAS-EXD-22-017 8/ + MDS)

M 145-2.9 GeV CM5-PAS-EXO-22-017 (e + MDS)

M 1.45-31 GeV CMS-PAS-EXD-22-017 [ + MDS)

M 1.3-21GeV CMS-PAS-EX0-22-017 (e/p + MDS}

M i i i DIS=Z3ITEV] 2206.08556 (24 + 2j)
L 1 L 1

10-? 10~ 10-! 10° 10t

Selection of ohserved exclusion limits at 5% C.L (theory uncertainties are not included).

Mass Scale [TeV]

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV#Heavy Neutral Lepton_summary_plo

mm - HNL searches with EMS

36 fb~*
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Z' boson decay to HNL pairs: SR axiy2307.06958(ep-o
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