CMS

ETH:zurich

Search for long-lived heavy neutral leptons in
the decays of B mesons at CMS

Anne-Mazarine Lyon(*),

On behalf of the CMS Collaboration

() ETH Ziirich

LLP workshop 2024

4t July 2024




Context

o Heavy neutral leptons (HNLs) predicted in the Type I seesaw mechanism
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Context

o Heavy neutral leptons (HNLs) predicted in the Type I seesaw mechanism
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o Phenomenology based on Bondarenko et al. (2018) (arXiv:1805.08567)
» HNLs are not degenerate in mass = they do not oscillate between themselves

» HNLs interact through the mixing with SM neutrinos

» Four model parameters: mn, Ven, Vun, Vin

> Lifetime 7w ~ my°|[Va|™2  [Wn|? = |Ven|? + | Vun|? + [Vex|?
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Experimental landscape

Collider experiments
Beam dump experiments
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Experimental landscape

Collider experiments

Beam dump experiments

107
. 10
Interpretation 10
ummary 1070 |
st 107"
10—12

107 1 10 0’
mN[GeV]]
J Beacham et al 2020, arxiv:1901.09966

o Search for long-lived HNLs in leptonic and semileptonic decays of B mesons
» Abundant source of SM neutrinos

» Daughters of B meson less boosted than those of W = better acceptance
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Experimental landscape

Collider experiments

Muon coupling dominance:JU* U%:U? = 0:1:0 Beam dump experiments
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o Search for long-lived HNLs in leptonic and semileptonic decays of B mesons
» Abundant source of SM neutrinos

» Daughters of B meson less boosted than those of W = better acceptance
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B-parking data set

@ More information in Andre’s talk and Kiley’s talk
o Large data set of bb pairs (arXiv:2403.16134)
» Data collected in 2018

> O(10') bb events

B-

parking » Total luminosity of 41.6 fb~!

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

P Single muon trigger

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

P> Large transverse impact parameter significance
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https://arxiv.org/abs/2403.16134

B-parking data set

@ More information in Andre’s talk and Kiley’s talk
o Large data set of bb pairs (arXiv:2403.16134)
» Data collected in 2018

> O(10') bb events

B-

parking » Total luminosity of 41.6 fb~!

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

P Single muon trigger

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

P> Large transverse impact parameter significance

= Unprecedented possibility to study B decays at CMS
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Process

o Inclusive B meson decay
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@ Inclusive leptonic and semileptonic decays of B, BY, B, and B, mesons
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Process

o Inclusive B meson decay o Exclusive HNL decay
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@ Inclusive leptonic and semileptonic decays of B, BY, B, and B, mesons

o Perform a bump hunt in the ¢7 invariant mass spectrum

» Masses probed in the range 1 < my < 3 GeV with unprecedented resolution

o
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Process

o Inclusive B meson decay o Exclusive HNL decay
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@ Inclusive leptonic and semileptonic decays of B, BY, B, and B, mesons
o Perform a bump hunt in the ¢7 invariant mass spectrum
» Masses probed in the range 1 < my < 3 GeV with unprecedented resolution
o At least one lepton is a p that fires a B-parking trigger line
> B — usNX, N — 45 7F = dimuon channel
» B - upNX, N » efr¥

4 mixed-flavour channel
» B 5 egNX, N — pu=-nt
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Process

o Inclusive B meson decay o Exclusive HNL decay
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@ Inclusive leptonic and semileptonic decays of B, BY, B, and B, mesons

o Perform a bump hunt in the ¢7 invariant mass spectrum

» Masses probed in the range 1 < my < 3 GeV with unprecedented resolution
o At least one lepton is a p that fires a B-parking trigger line
> B — usNX, N — 45 7F = dimuon channel
» B - upNX, N » efr¥
4 mixed-flavour channel
» B 5 egNX, N — pu=-nt

o Interpret the results against mixed-flavour mixing scenarios

o
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Strategy

Strategy

— Reconstruction — Categorisation — Signal selection —  Background — Signal extraction —p

1. Reconstruct the signal candidates

Lepton from B decay ()

Signal didat:
ienal candicate Displaced lepton (£%)

Displaced pion

» Displaced pion and lepton fitted to a
common vertex using a kinematic vertex fitter

e HNLs constrained to decay within the tracker volume (Lgy < 1 m)

o The efficiency of the signal candidate reconstruction reaches a few percent for
transverse displacement Lz, > 50 cm
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Strategy

Strategy

— Reconstruction — Categorisation — Signal selection —

Background

— Signal extraction —p

2. Categorise the

events to enhance sensitivity on different signal hypotheses

Quantity Label Definition
L;W/GLT” low L;ry/erzy L;.vy/UL“/ <50
medium Lwy/”L_,.,/ 50 < L,,.H/UL_,,” < 150
high Lay/or,, Layy/or,, > 150
Relative lepton sign [o]] {p charge # £ charge
SS {p charge = ¢ charge

(plFrF mass

low ¢plF 7T mass
high ¢p¢E7F mass

(plF T mass < 5.7 GeV
IptEn¥F mass > 5.7 GeV

Flavour channel

dimuon
mixed-flavour

2

lpt = (pe, ep)

= fujL
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Strategy

— Reconstruction — Categorisation — Signal selection —  Background — Signal extraction —p

2. Categorise the events to enhance sensitivity on different signal hypotheses

Quantity Label

Definition

Lay/oL,, low Lay/oL,,
medium Lu:y/(’L_,»,,
high Luy/or

2y

Lay/oL,, <50
50 < Lyy /o, <150
Lay/oL,, > 150

Strategy Relative lepton sign [O]S] £y charge # ¢ charge
SS {p charge = ¢ charge
(plErF mass low ¢plF7F mass | fpfE7T mass < 5.7 GeV
high ¢pfE7F mass | (péEa¥ mass > 5.7 GeV
Flavour channel dimuon Il = pp
mixed-flavour Ll = (pe, ep)

» Emphasizes signals with different
lifetime hypotheses

Anne-Mazarine Lyon




Strategy

— Reconstruction — Categorisation — Signal selection —  Background — Signal extraction —p

2. Categorise the events to enhance sensitivity on different signal hypotheses

Quantity Label Definition
Lay/oL,, low Lay/oL,, Lay/oL,, <50
medium Lwy/”L_,.,, 50 < L_,;H/UL_,,U < 150
high Loy /oL, Lay/or,, > 150
Strategy Relative lepton sign 0S {p charge # £ charge
SS (g charge = ¢ charge
(plErT mass low (T 7T mass | fplTnT mass < 5.7 GeV
high ¢pfE7F mass | (péEa¥ mass > 5.7 GeV
Flavour channel dimuon Il = pp

mixed-flavour Ll = (pe, ep)

» Emphasizes signals with different
lifetime hypotheses

» Discriminate between Majorana and
Dirac scenarios
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Strategy

— Reconstruction — Categorisation — Signal selection —

Background —— Signal extraction —p

2. Categorise the events to enhance sensitivity on different signal hypotheses

Quantity Label Definition
L;,y/oL“/ low L;,-y/er“/ L;,-y/er“/ < 50
medium L, /HL_,,U 50 < L_,;H/UL_,,U < 150
high Lay/or,, Lay/oL,, > 150
Strategy Relative lepton sign 0OS {p charge # £ charge
SS (g charge = ¢ charge
(plErT mass low (T 7T mass | fplTnT mass < 5.7 GeV
high (p¢EnF mass | fplt7F mass > 5.7 GeV
Flavour channel dimuon gl = pp

mixed-flavour

Ll = (pe, ep)

» Emphasizes signals with different
lifetime hypotheses

» Discriminate between Majorana and
Dirac scenarios

» Emphasizes signals originating from
different B meson species
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Strategy

— Reconstruction — Categorisation — Signal selection —  Background — Signal extraction —p

3. Reject the background while preserving the large variety of signal signatures

» The different signal hypotheses (mn, c¢7n) can give rise to significantly different
signatures

Strategy » A multivariate-based selection algorithm is designed such that an optimal signal
to background discrimination is achieved for the various signal hypotheses

» It takes as input highly discriminating kinematic and topological variables

5.2 fb™ (13 TeV) 5.2 fb™ (13 TeV)
S R B A ARARN LS s m aRaE S 2 0,22 [T
€ 03 CcMS Ly/o, >150,08 1 € CcMS L,/o,_ >150,0S
: " = 0.2 ”
<} J_pErF mass < 5.7 GeV | <} [_pErF mass < 5.7 GeV
P i ] § 018 .
2 025 Dimuon channel 8 o1l Dimuon channel
s 5 0160
S % Data £ o4
z 7 — signal - 2.0 GeV, 100.0 mm Z 10H - Signal - 2.0 GeV, 100.0 mm

. .

8 9 10 50 100 150 200 250 300 350 400

p,(m (Gev) a1, ()
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Strategy

— Reconstruction — Categorisation — Signal selection —

Background —— Signal extraction —y

3. Reject the background while preserving the large variety of signal signatures

o Selection algorithm based on parametric

SUetesY Neural Networks (pNNS) (arXiv:1601.07913)

» NNs with extra discrete parameter that
is concatenated to the features

» Allows a single training for different
signal hypotheses

» Maintains good performance for the
intermediate signal points

0.7

o Separate pNN trainings in the different o
analysis categories

o Events are selected if pNN score > 0.99

Anne-Mazarine Lyon
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https://arxiv.org/pdf/1601.07913

Strategy

— Reconstruction — Categorisation — Signal selection —

Background

— Signal extraction —p

4. Model the background

e Background primarily arises from
Strategy
» B cascade decays

» Combinatorial processes
o Parametric fit to the data

o Use the discrete profiling method (arXiv:1408.6865)

» Consider 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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https://arxiv.org/abs/1408.6865

Strategy

— Reconstruction — Categorisation — Signal selection —  Background — Signal extraction —»

5. Extract the signal
100 sketch

Id arbitrary category

Strategy » Extract signal for ~ 60 mass hypotheses in
1 < mn < 3 GeV in step of 20

» When probing an HNL of mass M, extract signal
in a mass window of size +100 centred at M

» Select events using pNN evaluated at mass M oS
18] +— Data
E Lo, > 150,08

4 —— Background prediction
U7 mass < 5.7 GeV

Events / Bin

. 14F- Dimuon channel —— Signal - 1.5 GeV, 500.0mm ]
» Model the background from the mass sidebands ‘2 (fe 179 = (0, 1, 0), Majorana

P> Extract signal with simultaneous maximum
likelihood fits to m(£* 7 F) in each event category
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Results

@ No significant excess from the predicted background is observed in any of the
(7 F invariant mass distributions

41.6 fb™ (13 TeV) 41.6 fb™ (13 TeV)
A L B L B L B c L e e e e R E R
@ "t CMS —— Data 3 @ [ CMS —— Data ]
§%) —— Signal contribution §%) 12 - —— Signal contribution ]
2 Ly/o, >150,0S £ [ Lyo_ >150,08 3]
Results g ’r; <57Gev —— Background contribution q>) C ’7'; <57Gev —— Background contribution ]
i HHTT mass = 5.1 GV ggnal+background fit L 10[- HHTTMasS=STCEV ___ gignatebackground fit
Dimuon channel Total uncertainty [ Dimuon channel Total uncertainty ]
m, = 1.0 GeV, ct = 10000.0 mm 8- m, =25GeV, ¢t =100.0mm
6 J
E RS .
7 J0eTLTerr H_ 11]
P11 el Il ] 3| By
0.92 094 096 098 1 102 104 106 108 %.3 235 24 245 25 255 26 265 27
m(mr) (Gev) m(mr) (Gev)
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Interpretation

1. Upper exclusion limits at 95% CL on |Vi|? are presented for the muon-exclusive
mixing scenario, and for both the Majorana and Dirac hypotheses

41.6 fb~! (13 TeV) 41.6 fb~! (13 TeV)

1072 1072
Majorana Dirac-like
CcMSs CMSs
(re, ry, rs) = (0,1, 0) (Fe, ry, re) = (0, 1, 0)
103
N\
1074
o o
= = \
> > 3
= = A
Interpret 105 u\'\ﬁiﬁi*%\;*
Xx\xux\\ﬁm
- CMs, JHEP (2022) 081
107 Opserved S cms Jarxw(zmz)lasss 1071 Opserved
—— Median expected ATLAS, Phys. Rev. Lett. (2023) 061803 —— Median expected > CMS, JHEP (2022) 081
95% expected > LHCb, Phys. Rev. Lett. (2014) 131802 95% expected - CMS, arXiv:2402.18658
mmm 68%expected > Belle, Phys. Rev. D (2013) 071102 m—68% expected ATLAS, Phys. Rev. Lett. (2023) 061803
1077 1077
0700 125 150 175 200 225 250 275 300 0700 125 150 175 200 225 250 275 300
my (GeV) my (GeV)

o Most stringent limits obtained in the mass range 1 < my < 1.7 GeV at a
collider experiment to date
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Interpretation

2. Additionally, limits on |Viy|? are derived for mixed-flavour mixing scenario

e Mixing scenarios specified by the ratios (re, 7y, rr) defined as
Te = |WN|2/‘VN|27 L= (e: 12 T)

o Three mixed-flavour scenarios are constrained (arXiv:2207.02742)
» (re, Ty, rr) = (0, 1/2,1/2)

» (re, ru, rr) = (1/2,1/2,0)
» (re,ru, rr) = (1/3,1/3,1/3)

41.6 fo~* (13 TeV)

-1
10-2 10-2 41.6 fb~! (13 TeV)
Majorana Dirac-like
CcMSs CcMs
Interpret (Fe, s 1) = (1/3, 1/3, 1/3) (Fe, 1 1) = (1/3, 1/3, 1/3)
10 10-
S S
10°% M 0%
1071 Opserved 107°1 _ Opserved
—— Median expected —— Median expected
95% expected 95% expected
 68% expected - CMS, arXiv:2312.07484 . 68% expected S CMS, arXivi2312.07484
7 -7
10700 125 150 175 200 225 250 275 3.00 10700 125 150 175 200 225 250 275 3.00
my (GeV) my (GeV)

o First limits presented for these scenarios for 1 < my < 2 GeV
Anne-Mazarine Lyon 14
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Interpret

Interpretation
3. Finally, lower exclusion limits on c¢7y are presented for 66 different mixing
scenarios for my = 1, 1.5, and 2 GeV.

o The condition re+ ry+ r-= 1 allows the values to be shown in the form of
ternary plots

cMS 41.6 fb=1 (13 TeV) cMS 41.6 fb=1 (13 TeV)
’ Majorana 10.0 Dirac-like 10.0
0.9 My =1.0GeV
E E
= =}
£ £
= =
1.0 § 10 §
o o
% %
I 2
[ ﬂ)
& &
e} e}
o o
.8091. 00010203040506070.80,91.0'
re 01 o 01

o First time that this type of constraints is presented for my = 1 and 2 GeV
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Summary

Summary

A search for long-lived heavy neutral leptons has been performed at CMS in the
decays of B mesons

Possible thanks to the collection of the B-parking data set, containing ©(101°)
bb events

Signal masses in the range 1 < my < 3 GeV were probed with unprecedented
resolution

No significant excess over the background prediction was observed

Exclusion limits on |Vi|? and cry were derived for various mixing scenarios and
for both the Majorana and Dirac hypothesis

» Most stringent limits to date at a collider experiment for masses
1 <mn <1.7 GeV

» First limits for the mixed-flavour mixing scenarios for masses 1 < mn < 2 GeV

The results have been published two days ago in JHEP
(10.1007/JHEP06(2024)183, arXiv:2403.04584)
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Summary

Summary

A search for long-lived heavy neutral leptons has been performed at CMS in the
decays of B mesons

Possible thanks to the collection of the B-parking data set, containing ©(101°)
bb events

Signal masses in the range 1 < my < 3 GeV were probed with unprecedented
resolution

No significant excess over the background prediction was observed

Exclusion limits on |Vi|? and cry were derived for various mixing scenarios and
for both the Majorana and Dirac hypothesis

» Most stringent limits to date at a collider experiment for masses
1 <mn <1.7 GeV

» First limits for the mixed-flavour mixing scenarios for masses 1 < mn < 2 GeV

The results have been published two days ago in JHEP
(10.1007/JHEP06(2024)183, arXiv:2403.04584)

Thank you!
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Backup

Backup
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Backup

Backup

e List of systematic uncertainties

Source Value (%)
Signal shape 15
ot 15
f. 24
Signal selection 5-20
Limited simulated signal sample size <15
Matching 5
Tracking efficiency 5
Trigger scale factors 5
Muon identification scale factors 1
Electron identification scale factors 3
Total <42
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