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Motivation

o Flavour oscillation of Standard Model (SM) neutrinos

Motivation a,B=(e,pn,7) ‘ ‘

P> At least two SM neutrinos are massive
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Motivation

o Flavour oscillation of Standard Model (SM) neutrinos

Motivation a,fB=(e,u,T) . ‘

P> At least two SM neutrinos are massive

o How to generate the SM neutrinos mass?
» A possible mechanism is the Seesaw Mechanism

» Introduction of Heavy Neutrinos (HNs)
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Motivation

o Flavour oscillation of Standard Model (SM) neutrinos

Motivation a,fB=(e,u,T) . .

P> At least two SM neutrinos are massive

o How to generate the SM neutrinos mass?
» A possible mechanism is the Seesaw Mechanism

» Introduction of Heavy Neutrinos (HNs)

vMSM [1]

» Mechanism for baryogenesis
» Masses of Heavy Neutrinos below the EW scale (O (100GeV))
» Sterile particles: do not couple to the SM gauge bosons
Va HN Vﬁ
Uqa Up
[1] Asaka, T., Blanchet, S., & Shaposhnikov, M. (2005), arxiv:hep-ph/0503065
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Experimental overview
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Backup

o Search for long-lived Heavy Neutrinos in B meson decays with CMS
» Abundant source of SM neutrinos

» Daughters of B meson less boosted than those of W = better acceptance
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o Search for long-lived Heavy Neutrinos in B meson decays with CMS
» Abundant source of SM neutrinos

» Daughters of B meson less boosted than those of W = better acceptance
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CMS experiment

o One of the four experiments at CERN-LHC
» Proton-proton collisions, /s = 13 TeV

o General-purpose detector

CMS Key: Muon
Electron
Charged Hadron (e.g. Pior)
» "“]] — = = - Neutral Hadron (e.g.Neutron)
""" Photon

Transverse slice
through CMS
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Calorimeter
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Transverse slice of the CMS detector
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@ One of the four experiments at CERN-LHC

» Proton-proton collisions, /s = 13 TeV

o General-purpose detector
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Dataset

CMS BParking dataset

o Large dataset of BB pairs

» Data collected in 2018
> O(10'%) BB events
» Total luminosity of 41.6 fb~!

o Set of triggers designed to capture the signatures of a B meson decay

» Single muon trigger

» Low transverse momentum (pr) requirement
(from 7 GeV on)

» Large transverse impact parameter significance
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Dataset

CMS BParking dataset

o Large dataset of BB pairs

» Data collected in 2018
> O(10'%) BB events
» Total luminosity of 41.6 fb~!

o Set of triggers designed to capture the signatures of a B meson decay

» Single muon trigger

» Low transverse momentum (pr) requirement
(from 7 GeV on)

» Large transverse impact parameter significance

= Unprecedented possibility to study B-physics with CMS
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Strategy

e Search for long-lived HNs, produced in B meson decays

» Restrict the search to HNs decaying within the tracker volume (lxy, < 1 m)

Strategy L__I:HF__A’_/

B meson {
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Strategy

e Search for long-lived HNs, produced in B meson decays

» Restrict the search to HNs decaying within the tracker volume (lxy, < 1 m)

o Inclusive B meson decay

B - puvg
B — Duvg
B - 7vg

Strategy By = Kuvg

B meson {

o Inclusive B decay offers a better sensitivity
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Strategy

e Search for long-lived HNs, produced in B meson decays

» Restrict the search to HNs decaying within the tracker volume (lxy, < 1 m)

o Inclusive B meson decay

B=r uvn L
B — Duvg
B - 7vg
ateg HN
Strategy By —» Kpwrp Loy
.
W vy
.
.
,
———4—
B meson X
—_—T{—

o Inclusive B decay offers a better sensitivity

o Perform a bump hunt in the HN mass

spectrum
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o Exclusive HN decay
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Strategy

e Search for long-lived HNs, produced in B meson decays

» Restrict the search to HNs decaying within the tracker volume (lxy, < 1 m)

o Inclusive B meson decay o Exclusive HN decay
B pvm @ I:@e » In this talk: HN — px
B — Duvp
B® - 7y,
Strategy By > 1\':.,,( _ _I:HF_ -
.
W it l/“ vy \\ W
_4_/_/;_ \\\4 }ﬂ-
B meson X
—>—

o Inclusive B decay offers a better sensitivity

o Perform a bump hunt in the HN mass
spectrum

background

o At least one muon fires a BParking trigger
line p invariant mass
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Strategy

Strategy

o Search for long-lived HNs, produced in B meson decays

» Restrict the search to HNs decaying within the tracker volume (lxy, < 1 m)

o Inclusive B meson decay o Exclusive HN decay

> is talk: HN -
B - vy m l=p,e In this talk: HN — u
B — D%
B® - nugp HN
By —» Kwp L oy T
.
S
w v U, U y W
’ AY
// \ U
e 4 e :
B meson X
e

o Inclusive B decay offers a better sensitivity

o Perform a bump hunt in the HN mass
spectrum

background

o At least one muon fires a BParking trigger
line pm invariant mass

o Interpret against mixed flavour scenarios

Anne-Mazarine Lyon



Reconstruction

o Three objects in the final state

» Primary muon
» Displaced muon

» Displaced pion

Reconstruction

Primary muon

Signal candidate

Y
HN candidate ( Displaced muon

Displaced pion
» Displaced pion and muon are fitted to
a common vertex using a kinematic vertex fitter
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Preselection

@ Preselection based on
» Particles kinematics
» Displacement related quantities

» Quality of the Secondary Vertex

Preselection

Primary muon » p, = 1.5 GeV
> <2

Signal candidate

-
HN candidate "

~

> mass < 8 GeV

vyYyVYVYYYY

Anne-Mazarine Lyon

Displaced muon

> SV prob > 0.001

> SV cos2D > 0.99

> SV Ly jern(SV L) Displaced pion
> mass < 6.3 GeV' pr > 0.7 GeV

Il <
d. > 0.005 em

.y > 0.005 cm
d:/err(d:) > 15
dyyferr(dey) > 3
DCA/err(DCA) = 5

vyYyVYYVYY

pr > 1.5 GeV

[nl < 2

d. > 0.0015 cm
day > 0.001 cm

d. fere(ds) > 1
day/err(dey) > 1.5



Preselection

CMS Work in progress

=
5 03 Signal Region, inclusive
5 o
bt | - data-driven background
2 0.25| —— signal - 4.5 GeV, 1 mm
. ]
@ Preselection based on E f —— signal - 3 GeV, 100 mm
g 02 signal - 1 GeV, 1000 mm
» Particles kinematics E
0.15|

» Displacement related quantities

» Quality of the Secondary Vertex

4 5 6 7 8 9 10

. displaced 7 pT [GeV]
Preselection

Primary muon » p; > 1.5 GeV
> nl <2
Signal candidate » P
. >l <2
> mass < 8 GV HN candidate | > Displaced muon : ds > 00015 em
.- dyy > 0.001 cm
> d.jere(ds) > 1
» SV prob = 0.001 > dyy,ferr(dsy) > 1.5
> SV cos2D > 0.99
> SV Loy /err(SV Luy) Displaced pion
> mass < 6.3 GV > pr > 0.7 GV
>l <2
> d. > 0.005 cm
> dyy > 0.005 cm
> d.ferr(d:) > 1.5
> dayferr(day) > 3
>

DCA/err(DCA) > 5
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Preselection

CMS Work in progress

Signal Region, inclusive

~— data-driven background

—— signal - 4.5GeV, 1 mm

—— signal - 3 GeV, 100 mm
signal - 1 GeV, 1000 mm

@ Preselection based on

Normalised to unity
y
1

» Particles kinematics
» Displacement related quantities

» Quality of the Secondary Vertex

1% 2 4 6 8 10 2
. displaced n impact parameter significance on x,
Preselection Pl pact p: 91 y

Primary muon » pr > 1.5 GeV

>l <2
Signal candidate > pr = 1.5 GeV
- >l <2
AREN
. . > d, - 5 e
> mass < 8 GV HN candidate | Displaced muon o
.- > dg, > 0.001 em
> d.ferr(d) > 1
> SV prob > 0.001 > dey/ferr(dey) > 15
> SV cos2D = 0.99
> SV Ly /err(SV Luy) Displaced pion
> mass < 6.3 GeV > pr > 0.7 GV
> nl <2
> d. > 0.005 cm
> dyy > 0.005 cm
» d./err(d:) > 1.5
> dayferr(dsy) > 3
>

DCA/err(DCA) > 5
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Preselection

CMS Work in progress

_ Signal Region, inclusive
data-driven background
—— signal - 45 GeV, 1 mm
—— signal - 3 GeV, 100 mm
signal - 1 GeV, 1000 mm -

@ Preselection based on

Normalised to unity

» Particles kinematics

» Displacement related quantities

» Quality of the Secondary Vertex

To995 1
€05(Opackcpaining)
Preselection

Primary muon » pr > 1.5 GeV
> |y <2
Signal candidate > pr = 1.5 GeV
~ >l <2
AOREN
. . > d. = 5
> mass < 8 GeV HN candidate | Displaced muon d. > 0.0015 cm
.. > dyy > 0.001 cm
P> d.jerr(d.) > 1
» SV prob > 0.001 ¥ dey/err(dey) > 1.5
> SV cos2D > 0.99
> SV Ly ferr(SV Luy) Displaced pion
> mass < 6.3 GeV pr > 0.7 GeV
Inl <2

d. > 0.005 cm

dgy > 0.005 cm
d.ferr(d:) > 1.5
oy ferr(dey) > 3
DCA/err(DCA) > 5
Anne-Mazarine Lyon
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Categorisation

o Categorise the phase space to enhance the sensitivity on different signal

hypotheses
CMS Work in progress
2 o3
5 [ Signal Region, inclusive
H
. . . 5 025 signal - 1 GeV, 1000 mm
1) Categorise in displacement B SR = s
g 02 —— signal - 4.5 GeV, 1 mm
o Enhance sensitivity on signal with 2 B Background - QCD MC
different lifetimes 05|
o Handle to further reduce the o
background at large displacement I
0.05/
Categorisation N e

displaced vertex | [om]
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Categorisation

o Categorise the phase space to enhance the sensitivity on different signal

hypotheses
CMS Work in progress
2 o3
s [ Signal Region, inclusive
H
. . . b=y signal - 1 GeV, 1000 mm
1) Categorise in displacement B SR = s
E 02 —— signal - 4.5 GeV, 1 mm
o Enhance sensitivity on signal with ] B Background - QCD MC
different lifetimes 015
o Handle to further reduce the o
background at large displacement I
0.05/
Categorisation B

displaced vertex | [om]

2) Categorise in relative lepton sign pirac scenario

o Enhance discrimination between @ o @
Dirac and Majorana HNs Opposite Sign (0S)

» Dirac neutrinos: lepton number /. o T
violation forbidden , \
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Categorisation

o Categorise the phase space to enhance the sensitivity on different signal

hypotheses
CMS Work in progress
2 o3
s [ Signal Region, inclusive
H
. . . b=y signal - 1 GeV, 1000 mm
1) Categorise in displacement B SR = s
g 02‘ —— signal - 4.5 GeV, 1 mm
o Enhance sensitivity on signal with ] B Background - QCD MC
different lifetimes 015
o Handle to further reduce the o
background at large displacement I
0.05/
Categorisation : e e e

displaced vertex | [om]

2) Categorise in relative lepton sign  majorana scenario

N Opposite Sign (0S
e Enhance discrimination between ppos! %ngn( ) @
Dirac and Majorana HNs Same Sign (SS)
. . HN
» Dirac neutrinos: lepton number /. o T
violation forbidden 7 \
7 \

» Majorana neutrinos: lepton
number violation allowed
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Categorisation

o Categorise the phase space to enhance the sensitivity on different signal

hypotheses
CMS Work in progress
2 o3
s £ Signal Region, inclusive
H
. . . b signal - 1 GeV, 1000 mm
1) Categorise in displacement gostom R e Ty
g | —— signal - 4.5 GeV, 1 mm
s . . E o
o Enhance sensitivity on signal with ] B Background - QCD MC
different lifetimes 015
o Handle to further reduce the o
background at large displacement I
0.05/
Categorisation d Tl e
displaced vertex | [om]
2) Categorise in relative lepton sign
o Enhance discrimination between
Dirac and Majorana HNs
» Dirac neutrinos: lepton number I ,<=1cm, OS | (1<l <=5)cm, OS | I >5¢m, OS

violation forbidden

» Majorana neutrinos: lepton e, S | (1<l,/<=S)em, SS | \,>Sem, S8

number violation allowed
= 6 categories in total
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Selection

o Selection cutflow optimised
» In each category
» In three different mass regimes

» Based on the significance gain

o The higher the displacement, the more background can be removed

CMS Work in progress CMS Work in progress
2 022= i i = = } .
= Signal Region, Ly<:1°"‘v 0os 5 o8 Signal Region, Ixy>scm, os
f=} o E 'l
bt signal - 1 GeV, 1000 mm 5 07 signal - 1 GeV, 1000 mm
@ = @ r
o = —— signal - 3 GeV, 100 mm @2 L —— signal - 3 GeV, 100 mm
E 0.16_ —— signal - 4.5 GeV, 1 mm E 06— —— signal - 4.5 GeV, 1 mm
Selection 2 014 === Background - QCD MC E] 05t == Background - QCD MC
012— [
01> 0.477
008~ 03—
008" 02
004 £
002= o1
E el
6o 1 2 3 4 5 6 7 8 9 10 1+ 2 3 4 5 6 7 8 9 10
displaced = pT [GeV] displaced = pT [GeV]
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Selection

o Selection cutflow optimised

» In each category
» In three different mass regimes

» Based on the significance gain

o Different masses yield different kinematics

» Largely follows from that the B decays to different channels depending on the
HN mass

Inclusive B decay

B — HNuX
Channel composition for B+
Selection High mass regime s
Medium mass regime E 30- . = BT — HNpD*0
— Bt — HNpDO
g 20 | Bt — HNp
£ Bt — HNpxr?
Z 15 + 0
Low mass regime I | . BT — HN/"/’
1o \
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Selection

o Selection cutflow optimised
» In each category

» In three different mass regimes

» Based on the significance gain

o Median of the significance S computed in the asymptotic approximation

s= 2 (s om(1+3) )

with S and B the number of signal and background events respectively

Discriminating quantities
Selection

> pion pr

» SV displacement significance
(Ixysig)

» min of the muon and pion
transverse impact parameter
significance (dxysig)

» difference of the

COS(Gback—pointing) with 1

CMS Work in progress

—+ 3GeV, 100.0mm
Ly>5cm, OS

£ f
8250 P
g T It
5200~ /
@
£ . f
[ /
8150 /
5 /]
S b /
Si00 f
5 g
& sof
:,‘
K 12 3 4
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Background

o The background mostly comes from QCD processes

» Partially reconstructed B-decays

» Combinatorial background

o Known SM resonances in the mass spectra are vetoed

Background
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Background

o The background mostly comes from QCD processes

» Partially reconstructed B-decays

» Combinatorial background

o Known SM resonances in the mass spectra are vetoed

o Background estimated from a fit to the data
o Functional form of the background unknown

» Can vary in the different mass windows

Background and categories

P> How to assign the systematic uncertainty
on the choice of the function?

Anne-Mazarine Lyon

CMS Work in progress

Events / (0.00126 )

200

oLL I I

ly<=1 em, OS

-4 Data
— Bernstein
— Exponential
— Laurent
— Powerlaw

I I I
144 146 148 15 152 154 156

um invariant mass [GeV]



Background

o The background mostly comes from QCD processes

» Partially reconstructed B-decays

» Combinatorial background

o Known SM resonances in the mass spectra are vetoed

CMS Work in progress

@000’ -+ Data
§ — Bernstein
o Background estimated from a fit to the data Saoof-  bxponential
. 8 — Powerlaw
o Functional form of the background unknown PP i
» Can vary in the different mass windows 400 A
Background and categories
. . . 200 1, <=1 cm, OS
P> How to assign the systematic uncertainty i ’
on the choice of the function? . , ,

L 1 Il 1 L
1.44 1.46 1.48 15 1.52 1.54 1.56
um invariant mass [GeV]

o Use the discrete profiling method

» Consider a set of functions that provide a good description of the background

» Treat the choice of the function as a discrete nuisance parameter (profiled)
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Sensitivity
o Perform a bump hunt in the pm invariant mass spectrum

o In each window, in each category

» Build the signal model, and normalise it

» Fit the background in the sidebands

CMS Work in progress 41617 (13 TeV) CMS Work in progress 41617 (13 TeV) CMS Work in progress 41617 (13 TeV)
S5, mass 1.5GeV S o mass15Gev
Iy<=lem, OS & - (1, <=5)em, 08 S I,>Sem, OS.
3 }/fetau 100 6/mm 3 [ ctau1000mm
. 2 ety z
£ oo I H
D =Tl 2l |t b
£ i a0
o000~ { ‘ﬂ
00} 100
O —— s L SIS N L)
e invarant mass [GeV] uxinvarant mass [GeV] uxinvarant mass [GeV]
Sensitivity
CMS Workinprogress 416" (13 TeV) CMS Workinprogress 416" (13 TeV) CMS Workinprogress 416" (13 TeV)
o g
mass 1.5 GeV S o mass15Gev S, mass15Gev
= S o 1,>Sem, $§
ctau 1000 fym 3 f cau1000mm 5 ©|cau1000mm
H &t
r i I Es
1000 i '
100 10
B 5 i :
ofeed WL 1L
o o TR rare ek g
e e s 5 e e s s
uxinvariant mass [GeV] uxinvariant mass [GeV]

AT
T s
wx invariant mass (GeV]
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Sensitivity

Sensitivity

o Perform a bump hunt in the g7 invariant mass spectrum

o In each window, in each category

» Build the signal model, and normalise it

» Fit the background in the sidebands

CMS Work in progress
2p000r
mass 2 GeV.

£
"
oo

12000

ctau 10.0 mm

10000

41616 (13 TeV)
&,

4
1,<=lem, 05

Tos 21 o
wx invariant mass (GeV]

41610 (13 TeV)

by

Tos 21 o
ux invariant mass [GeV’

Events /(000316 )

Events /(0.00316)

CMS Work in progress

50|
mass 2 GeV.
00|
ctau 100 mm
50| 1
00 L
2508
200]
150 1
100
50

CMS Workin progress

mass 2 GeV.

{ sctau 10,0 mm

TTe 21 2w
i invariant mass [GeV’

4161 (13 TeV)

Tos 21 o
wx invariant mass (GeV]

41610 (13 TeV)
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CMS Work in progress

mass 2 GeV
ctau 10.0 mm

Events/ (000316 )

CMS Workin progress

g
S i mass 2 GeV'
3 °H | ctau100mm
£ )

]

is

2 s 21 o
wx invariant mass (GeV]

AL

S

41617 (13 Tev)

1,>Sem, 08

i

41610 (13 TeV)

1,>5em, S$

205 21 o
i invariant mass [GeV’
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Summary

o First search for long-lived Heavy Neutrinos from B decays with CMS
o Possible thanks to the BB dataset collected in 2018
o Search designed to offer the best sensitivity

» Inclusive B decay

» Bump hunt in the HN mass spectrum

» Categorisation of the phase space
o Interpretation against mixed-flavour coupling scenarios

o Results soon to be public

Summary

» Competitive sensitivity
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Backup

Backup
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Backup

Consider 4 families of functions

o Discrete profiling method

For each family, assess up to which order
N a function should be considered*

Determine which functions
enter the envelope

CMS protminary 1376V

_ _ CMS primnay ey
H i f
X oo o
Bernstein H i
E ial g Saol
ZpRnsais F-Test o Envelope w0 e
Laurent — w - o, Bemstein  order 1
| Bernstein order 2
Powerlaw

200 Bernstein
895096 097 05 095 1 101 102 103 104 105

*Functions of order N+1 can still
enter the envelope

CMS Work in progress CMS Work in progress

13 TeV o 2001368
S & oata-boter_ss L ool
8 — bomt -1 peirin
s 120 —_ lourent
= ot GestFipa o etz
g 100 envelope
g =
&

80
Backup ;-

L L Il 1 Il L 1 1 Il
192 194 196 198 2 202 204 206 2.08
M, (GeV)

-200 -150 -100 50 0 50 100 150 200
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Backup

Backup

e Background sources

CMS Work in progress

=

g 0.04 direct B decay

]

_‘é) 035 - B->D decay

(7]

% - B cascade decay
0.03

E 0 - non B decay

o

20.025 Displaced pion

inclusive
0.02

0.015

0.0

0.005

T T T T[T T[T T [T I T [ TT T[T I T [TTTT]TT

3
pum invariant mass [GeV]
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Backup

Backup

o Reconstruction efficiency

CMS Work in proaress

(30, 100)

un pT [GeV]

(15, 30)

(10, 15)

(7.10)

1.7

©.1)

1,3 @359
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(5,10) (10,15) (15,30) (30, 50) (50, 100)

lyy [cm]
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Efficiency
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