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2.4 MeV 4.8 MeV 0.511 MeV

* Neutrino oscillations suggest U d e
that v have nonzero mass & w e down S| |@ eectron o

1.27 GeV 105.7 MeV

> not naturally included

in the SM C S =

¢ charm S || strange | |G muon o || <&

171.2 GeV 4.2 GeV 1.777 GeV ~0.04 eV

t b T Vs

&  top || bottom | |G tau | |<¢

¢ Left chirality o> Right chirality
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] ] ] 2.4 MeV 4.8 MeV 0.511 MeV .
* Neutrino oscillations suggest U d e
that v, have nonzero mass Y. - B o oo
> not naturally included mGeVC S o
in the SM H
& charm o»||<& strange | |<& muon o
171.2 GeV 4.2 GeV 1.777 GeV
e They can be explained by { b T
minimal extensions to the @ p DffEiboton 9] [& By P
SM (VM SM) ¢ Left chirality o> Right chirality
> additional right-handed sterile neutrinos (V)
> v, masses generated via (low-scale) type-| seesaw mechanism
» N singlets under all SM gauge groups => sterile, only produced
via mixing with active neutrinos v,
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e Can add both Dirac (Mp) and Majorana (Mr) mass terms

_ 1 _
Ay ® INGN, — Y,NL,H — —N“ M. N, + h.c

e |f Mp « MR, neutrino masses are given by

2 2
o~ MD o~ MD in low-scale
Ve Ve o)
Mg M3 seesaw

e Mixing v.-N; Is governed by a parameter Vi ~ Mp/Mr <«
> ve> Nirate ~ [Vil?

-5
My,

-2
e N; lifetime depends on Vi and myi: 7T; ~ ‘ ‘
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 Depending on the nature of these heavy neutral leptons (HNL),
decays can conserve or violate the lepton number

> Dirac: lepton number conserved (LNC)

> Majorana: lepton number conserved (LNC) or violated (LNV)

- LNV/LNC ratio is model dependent

ILNC]|

LNV
W*— W*+
N

N
W- o+ W- 0=
‘- (-

(Dirac or Majorana) (only Majorana)
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e QOther than the origin of SM neutrino masses, models with
sterile heavy neutral leptons (HNL) can explain

> matter-antimatter asymmetry
of the universe (BAU)

- degenerate N> and N3 with small
mass splitting can lead to a
dramatic increase of CP violation

> dark matter

- |f the ||ghteSt HNL Nl haS a 26.8% Dark
mass ~ keV, its lifetime may be

long enough to make a suitable e
dark matter candidate
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e Using K decays, such as
K+ — (N, K* — uun

e E.g. NAG2
(see talk by R. Volpe) arXiv:1502.06541 [hep-ph]
Jun 20, 2018
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my < mp.B

e Using K decays, such as

Explored at colliders
K+ — (N, K* — uun

(e.g. Belle, LHCb) or

E a. NAG2 beam-dump experiments

e EQ. _

(see talk by R. Volpe) (©.9. SHIP) arXiv:1502.06541 [hep-ph]
Jun 20, 2018
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Results from LEP (Z — vN)

Currently explored at the
LHC (ATLAS, CMS)

® MmN < mpDRB

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. NAG2 (e.g. SHiP)
(see talk by R. Volpe) 9. arXiv:1502.06541 [hep-ph]
Jun 20, 2018
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my = mz

LHC can exceed the limits
from electroweak precision
data

myN < mz

e Results from LEP (Z — vN)

e Currently explored at the
LHC (ATLAS, CMS)

my < mp.B

e Using K decays, such as Explored at colliders

K* — ¢N, K* — uur (e.g. Belle, LHCDb) or

E.g. NAG2 beam-dump experiments
(see talk by R. Volpe) (€.9. SHIP)

arXiv:1502.06541 [hep-ph]
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0.1 1 10 100
My (GeV)

e ¢—/N: limits from Ov(3[3
experiments (GERDA)

e 7N : mostly unexplored

arXiv:1502.06541 [hep-ph]

My (GeV)
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Vs HNL productlon at the LHC

e b-hadron decays (low-mass W*)
e.g. B— D{N, B*— {*N

> large cross section, but large background
and low-momentum = hard to trigger

S
> feasible at LHCb, tricky at ATLAS/CMS

o
- but the CMS "data parking” will
allow us to record ~1070 B in 2018!

cl
Z
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Vs HNL productlon at the LHC

e b-hadron decays (low-mass W*)
e.g. B— D{N, B*— {*N

> large cross section, but large background
and low-momentum = hard to trigger

b B u_
> feasible at LHCb, tricky at ATLAS/CMS & "
- but the CMS "data parking” will " '
allow us to record ~1010 B in 2018!
e WM, Z(*) decays ) ut
» 104-10° lower cross sections,

but cleaner experimental signature

> high-momentum lepton, easy to trigger ;
Jun 20, 2018
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B citicon strip <7t
- pixel
B EcaAL
B ucaL
Cherenkov
. muon
* Quasi-hermetic coverage: |y <5
e Trackingupto |y <2.5
* Main components [Radius]
» Silicon tracker: 4mm-1 m
» ECAL: 1.3-1.8m
» HCAL: 1.8-29m
» Muon spectrometer: 4-7 m
Jun 20, 2018

LHCb

J DS S

Forward detector: 2 <y <5
1-2 interactions per bunch crossing

Main components [Dist. from IP]
» Vertex locator (VELO): 4 mm —-50 cm
> Silicon tracker layers: ~2m+ 8-10m

> Muon spectrometer: 15-19m
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- HNL from B hadron decays
S50 LI —— B — e PhYs. Rev. Lett. 112, 131802 (2014) &

e | HCb search for LNV decay B~ — w+u -
> 3 fb! pp data at 7-8 TeV
> HNL mass 250 MeV -5 GeV
> HNL lifetime 0-1000 ps (ct = 30 cm)

- fort <1 ps, a single muu vertex is fitted

- fort > 1 ps, a separate z+u~ vertex is required

Vr——————— T T 7 T
~ | LHCb P i _
E F© mru-u- Invariant mass { e Main backgrounds
o . : :
< > combinatorics
8 . .
= el L AT > B decays to charmonium
g
T

| l5200 l5300 — .5400. — .5500

m(T'up) [MeV]
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10°E L pcb i Rty e Scanning the N mass, upper

--------- 100 ps 1000 ps limits on the branching fraction
B(B~ — mtppr)

L IIIIII|

Upper limit

-
- .

] .
R

e (Constraints on ‘B reinterpreted
as limits on the uN mixing

| I"mpt alnalyss |
1000 2000 3000 4000 5000
Neutrino mass [MeV]
Phys. Rev. Lett. 112, 131802 (2014)

107 | T e & o I G Tt
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10°E  Lucb o o e Scanning the N mass, upper
- 100ps 1000ps 7 limits on the branching fraction
2 107 F | (I V-
5 : iy ALl A T B(B-— wtuu)
e T R T A e (Constraints on B reinterpreted
10° & 5[ el b b R o ~ . .
2 BTompt anaiss as limits on the pN mixing
1000 2000 3000 4000 5000
Neutrino mass [MeV]
Phys. Rev. Lett. 112, 131802 (2014) 0.100
0.001
~ 107°
* Now analyzing 13 TeV data <
2 o7
107°
107"
arXiv:1805.00070 [hep-ph] 0.1 05 1 5 10 50
My[GeV]
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VS HNL from W decays S|gnatures

o Same—5|gn dllepton + 2 jets

> fully reconstruct my peak

>

mostly sensitive to
- high my (jet pt = 30 GeV)

- LNV decays (lower background)

rilepton + missing energy (v)

> no clear my peak

>

can identify e and p down to
few GeV — low my

>

both LNC and LNV decays
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mmemees PHYS. Rev. Lett. 112, 131802 (2014) ¥
HNL with mass 1 GeV-1.2 TeV in trilepton events (e, p)

q
Lepton tracking and identification optimized for
leptons emerging near the interaction point (orompt)

>

drastic efficiency loss for my = 20 GeV
when 1ty becomes important

Jun 20, 2018
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GENT

- Phys. Rev. Lett. 112, 131802 (2014) &

e HNL with mass 1 GeV-1.2 TeV in trilepton events (e, p)

! {1
e |epton tracking and identification optimized for

leptons emerging near the interaction point (orompt)

» drastic efficiency loss for my = 20 GeV
when 1ty becomes important

GeV

o Kinematics and background level vary
significantly with my

>
O
O
-
g--

» e.qg. different lepton energy spectra A
for my > mw or my < mw

80

= data split according to the N
transverse momentum pr of |
the leading lepton (low-mass v |l £
and high-mass categories)

60 80

o+ < o+ %
mass mass
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* |n case of LNV decay, we can have trilepton events with
no opposite-sign, same-flavor pairs (no-OSSF)

» SM background drastically reduced (e.g. Z/y* — (")

CMIS :Supﬁ)lemzentary _ 359 fb'1l(13 TeV) CMIS ISupflJIemlentary __ 359 fb™ (13 TeV)
_.(L) | I _|(L) = | | -
GC) ~ @ Obs. N norm to bkg. -®-10 GeV 7 qc) | @ Obs. N norm to bkg. =@ 10 GeV i
S 60 | -~ 60 GeV 200 GeV I:l TT/T + X ] %OOO | —@— 60 GeV 20-0 GeV 400 GeV |
LLl . L _|:| TT/T +X [ Triboson [JzzH |

B x+y [ Triboson ZZM | WX+ I wz [ Nonpromt e/

_- wz [ Nonprompt e/ ] Total bkg. unc. [ Total bkg. unc. n

-
o
<

w

By
()

<

—
Q)

—
-
-
N
—
w
—
oo
o
N
NS
o
e
=

| no OSSF | 0o} with OSSF -

4000

2000

| | | I | | | I |

0 0
8 15 #:I Stat. pred. U’+ D}otal pred. ync. @ Obs./pred 8 1. 5 E [ stat. pred. unc. |_|__|Total pred. unc. @ Obs./pred.
SRR ¥ X B - % --------------------------- 5 lleeeeesesentody ’. ; "
@ 05 * Y ¢
8 00 100 200 300 8 00 100 200 300
M; (GeV) M; (GeV)
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CMS supplementa ry 35.9b™ (13 TeV)
> e E e s R L R B
@ " & Obs. [l Triboson [ ]zzH X+y
. N O n p ro m pt I e pto n S § 200 :;WZ =1T/T+X ENonprompte/u %Total bkg. unc._:
\ % It enriched !
» tt— 2L+ X and Z/y* — 20 1 150 control region -]

> one mis-identified ¢

(7102) CO8IEl ¢k 1o A8y SAUd

¢ Wy® and Zy® S et ek
8 % 100 260M o \:;;)o
> Prompt y* — 20 decay ory — 2¢ '
conversion in the detector material 3 leo e B Bt
:f:) 800/ -wz [zzH [@EX+y @Ttlbkg ..... __
\ g Xy enriched |
L1 600 control region ]

e W/Z —3fvand 7/ — 40

* Tribosons and other rare processes

0
D 15E [ stat. pred. unc. % + + E
o 1eeeee &I [ -9 ———
= 3
g 0.g: 3
(@) 0 100 200 300
MT (GeV)
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e Data split into several categories, based on various variables

-
-y
<
w
Y/

CMS 3 leptons, > 2 muons 35.9 b (13 TeV) + Observed @
C - I 1 I I L) 1 I L] L) 1 ) ] I L) M
[ EPr9<30 GeV [Pr*’<55 GeV é E Pr*>55 GeV _ é 3 P55 Gev > _ —
(@) Lot Ty F 0 U F g F 2 SN E=Ths ® @
o 3 I__e IRg Vs euu g-8 e Uuu 0] g8 e uUu g Total pred. unc. —~
= 10 L% 2 Sip W § -
o i == > s == > A > o

- o1 E20 [ E [T d
@ 2 L | O = 10 (O =1 C ]
() 1 O E o1l VIO o NE o 3 —k
() 2 ! Si1  >a8 S > S 7 w
?) B 1 v! R IA . Vv Q1 A 4 —l
— L ni G 'n n (O 7 I o0

£ 0Oy o9 £0 o1 £0

- EN o ,EH EN o EN (@)
o 10 =' 2'= = S e. * = Mo
> T . 1 1 —

L 9997 i GWOSEESES. @, 1 1 S N

:’o‘ s’a‘““j :::: ::: ! O
1 DS A ! K

-O §| T T T T T 1 T T T 1 T T T T T ' T T T T ' T T T T Stat pred unC
< gg_ ! ! l: : {
o 2 { { 'y ! , ; Total pred. unc.
~ - [ ) 1 1
L -9-l_1® L L --4-&--{-- - D SR I S . PR -----&--—- -
8 01 El 1 1 1 1 {- % 1 1 l 1 1 % 1 } l 1 1 -?- k 1 : 1 1 1 l : 1 [] Obs'/pred' With
O lcNelololNoNolNoloNololNolNolNoleolNolNoNeolNololNolNololNoNolNollolNololollolNolole stat. obs. unc.
— OO -~ NONHOOOLWOLWMOO , 0000009000090 OO0 9SO
SO OO AN AT T T RN T TR T ANRT T - QAOO T QOO
- - O Ao o NS A O OO DD DODDODD ANOODD AN o A
o 0 o o © O O o o o o
) ) - ~— QN ~— AN ™M ~— QN ~— QN
MI" (GeV) MI". (GeV) M, (GeV) M, (GeV)
low mass high mass
no-OSSF OSSF
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-z 1 = CMS 95% CL upper limits
= - mmmees Expected =
107 & + 2 std. deviation =

1072 |

32 channel: |Ven|? coupling

359 fb' (13 Te

~ b

V

I + 1 std. deviation
— Observed

ik

Observed,

(7102) CO8IEl ¢k 1o A9y SAUd

S N _
107 prompt N — DELPHI prompt =
effect of HNL lifetime decays - DELPHI Iong_lived:
107 — L3 =
PR — ATLAS =
HNL 7=0 5 e oS — —— CMS 8 TeV _
1 O E ) I I | E
w 10 10 10°
m, (GeV)

* First time a single experiment probes such a large my range!

e \Very first results for my > 500 GeV
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b (13 TeV)

35.9f 3

C\l_ | 1 1 1 1T 11 | | 1 | 1 1T 11 I I 1 1 1T 11 I ‘5
— o . . .

z 1 = CMS 95% CL upper limits ? o

= - mmmees Expected - I<_

107 & + 2 std. deviation = 8

S I + 1 std. deviation 0 -

1072 —— Observed :

3 Observed, %

107 ™™ | prompt N S

effect of HNL lifetime decays — DELPHI prompt =

—— DELPHI long-live

| IIIIIIII|QTIIIIIII| [ L1

10 CMS 8T
-------- C — ev
HNL c=o] & I . — ATLAS
10 E_ ] ] | C o 1 1 ] Lo | | 1 L1 E
w 10 10° 10°
m,, (GeV)

* First time a single experiment probes such a large my range!

e \ery first results for my > 500 GeV
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e CMS-PAS-EXO-17-028
L

HNL with mass 20 GeV-1.7 TeV in events with

> 2 same-sign leptons

» 2 jets or 1 (large-cone) jet

e Only LNV decays considered

e All flavor combinations considered: e*e*, p*u*t and e+

> set limits separately on:

,
ol Vi

Jun 20, 2018
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low mass, m(t, 2j) high mass, m(t,J)
35.9 fb’’ (13 TeV) 35.9fb" (13 TeV)
%, 400F- CMS Preliminary ~ $3555 Stat+syst. uncert. %, _ CMS Preliminary 55555 Stat-+syst. uncert.
- ‘ 25— '
O - Data O B ® Data
8 350F - Prompt background 8 - - Prompt background
— = p g — 20 - B p g
.ﬂ 300 Misid. lepton background ; - ! Misid. lepton background
QC) 250 - Mismeas. charge background 'E N Mismeas. charge background
> - O 15—
L 200 =5 my = 40 GeV, |V, [>=10" u>.| - my, = 800 GeV, |V, [>=1
g m, = 60 GeV, |V, [*=10* _ m,, = 1000 GeV, |V, [*=1
150 10—
100 _
50— .
Oiﬁ 11111111111111111111 _ M-L—LM
g E i% + | Stat. Stat.+Syst. | g g i ( lSta{. ]Stealt.+S[y§t.L| !
0.8 0.
i | |
R R T B T R R R R BT R R ; 1000 1500 2000 2500

Lij_, invariant mass (GeV) lj_, invariant mass (GeV)

* The final selection is optimized separately
for each N mass hypothesis
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O
%
35.9 b (13 TeV) 35.9 b (13 TeV) !
N 1 3 ~fd . 1 S E
> = CMS Preliminary z = CMS Preliminary @)
- . o~ u ..
>:‘- - 95% CL upper limit z|> - 95% CL upper limit M
Re * > _ ><
107" zld 10 o
- 1z F ~
- > T 5
1072 = 1072 = (08
10° 107°E
E —— CL_ Observed ~— DELPHI Prompt E —— CL, Observed - CMS 8 TeV
B CL, Expected — B Y CL, Expected
107 -+~ EWPD (30% CL) 1074 E
CL, Expected + 10 - CL, Expected + 10
w— ATLAS 8 TeV
....... CL; Expected+2c CMS 8 TeV . CL; Expected +2 ¢
107° i a1 CMS 13 Tlev Trilepton 1075 = ] l
10° 10° 10° 10°
my, (GeV) my, (GeV)
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e The HNL lifetime increases

. 1074
drastically for small values of
mass and mixing parameter o 107
5 S
a -5 . W same-sign
T, ~ ‘ ‘/if m, o Mols;)?g:]zasced dileptons
X one displaced
r | RN |coton + track(s) .
10 1 2 5 10 20 50 100

My (GeV)

e Developing specific strategies for such
nonprompt particles

» dedicated tracking and identification

> particle reconstruction without inner tracker
(esp. for muons — muon system alone)

» fit of a secondary (displaced) vertex
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* The LHC participates actively in the HNL hunting

» extend the search to ~TeV masses

e Several searches already carried out with 8 TeV data,
new results with 13 TeV data are starting to come out

> HNL from decay of B hadrons and W bosons

> only couplings to v. and v, explored so far

* New developments are underway
» already tackling long-lived HNLs

> searches with t leptons for v, coupling

Jun 20, 2018
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e Ncan coupletoeorporboth: |Ven?2, Vv, |Ven V¥unl

* We consider each coupling separately, setting the other to O

- resulting limits less model-dependent and more conservative

* |n case of LNV decay, we can have trilepton events with
no opposite-sign, same-flavor pairs (no-OSSF)

(7102) CO8IEl ¢k 1o A9y SAUd

> SM background drastically reduced (e.g. Z/y* — ((")

OSSF no-OSSF OSSF
eee | eteTp  €FEU | EFPFU erpFp | pup

IVen2# 0, [Vun2=0
IVen|2=0, |[Vun2#£0

Background level
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Phys. Rev. Lett. 112, 131802 (2014)
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 Four search regions identified
> Low mass: my=20-80 GeV < mw

- =2 jets, select jet pair such that
m(2jet, 20) Is closest to mw

820-21-OX3-SVd-SIND

- Retain also events with 1 jet only
to recover possible inefficiencies

> High mass: my =80 GeV-1.7 TeV > mw

- =2 jets, select jet pair such that
m(2jet) is closest to mw

- =1 large-cone jet, select the one
with invariant mass closest to mw
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