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https://indico.cern.ch/event/1381368/timetable/?view=standard#59-cms-hnls-in-the-muon-system

Search for Heavy Neutral Lepton

« Non-zero SM Neutrino mass needs an explanation!

- HNL enables see-saw mechanism
- Connected to other unsolved problems

(Baryon asymmetry, DM candidate, Anomalous g-2 [1],[2],[3],[4],[5])

« HNL that decays in the CMS muon system can lead to hadronic shower

- ldeal to probe lower mass (<10GeV) / longer lifetime O(1m) parameter space
- Consider a single HNL Type-1 See-saw model

HNL
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Muon Detector Shower(MDS)
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https://www.sciencedirect.com/science/article/pii/0370269386911263?via%3Dihub
https://arxiv.org/abs/1711.02865
https://arxiv.org/abs/1807.07938
https://link.springer.com/content/pdf/10.1007/JHEP03(2022)042.pdf?pdf=button
https://arxiv.org/abs/2105.11462

Muon Detector Shower (MDS)

* Teaching a particle detector new tricks

* LLP decays hadronically in the muon system:
Shower is detected as multiple hits in either the CSC or DT chambers

» Steel between muon stations can act as absorbers in a sampling calorimeter
« Shielding of 12-27 interaction length (Background suppression factor ~107)
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https://www.symmetrymagazine.org/article/teaching-a-particle-detector-new-tricks?language_content_entity=und
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Muon Detector Shower (MDS)

< ME2/2 | =

 Sensitive to LLP with longer ¢t ~O(1-10m)
» Good efficiency in both barrel and end-cap

r decay position [cm]

H— S —> dddecay,ct=1—10m
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https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-008/index.html

Muon Detector Shower (MDS) EX0-20-015

* Cluster efficiency can be well parametrized by the hadronic energy and EM energy
of the LLP

- Sensitive to “anything” (quarks, electrons, photons, taus) except muons!
* Independent of LLP mass!
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https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-015/index.html

Searching long-lived HNL with MDS

2% Fermilab
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Analysis Strategy

» Simple event topology:
- Prompt lepton + single MDS cluster

» Consider all decay modes of the HNL
- No penalty of signals due to W/Z branching ratios

L]

Long lived
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HNL signals
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Analysis Strategy

« Simple event topology:
- Prompt lepton + single MDS cluster

» Consider all decay modes of the HNL
- No penalty of signals due to W/Z branching ratios

Lepton side

» Efficient single electron/muon Trigger!

Prompt * Muon: pT> 25(28) GeV
e Electron: pT>30(35) GeV
e MET > 30 GeV

Dispjaced

L]
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Long lived

2% Fermilab

8 Martin Kwok | Search for HNL with muon system



Analysis Strategy CMS simu
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Cluster side

Improve S/B ratio

Veto SM objects that can make cluster
Reject OOT clusters

Cluster size (/V};,) as main discrimination

L]
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Cluster selection

e Reject punchthrough jets:

n 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
* Veto clusters matched to jets (AR < 0.4) _p T MU e my oT ee we me e we e wwo ol
* Reject muon bremsstrahlung shower: = - E S S A .s
e Veto clusters matched to muons (AR < 0.8) | R R— e O T i
* \eto clusters with RecHits in ME-1/1, ME-1/2  ° S S - - 1o 28
e Veto clusters that are matched to RE1/2 hits | — B BULE = e e
* Veto clusters that are matched to E— g o gttt q 1o
MB1segments or RB1 hits Rl e =l B R
e =5Sns<t,; <12ns , E N e
1 2 o : 30 57°
- bt o e
e \eto clusters with > 1 RecHit in MB1 and in 0 (3&\\\\‘-‘-“-‘:?‘42:::::1;11;;:;:::::::::::é:::::ti:::::l:‘Itt:::::;tii::g:iiiii;iiiiiiéiiiiii}iiii?i_;liiiiii;ﬁi?figf?f{ ------ _— 110 ----------- B =] 5.zo(<r)r.‘7)7°
adjacent wheel
e \eto region with no instrumentation (DT
chimney)
° BXcls =0
{& Fermilab

10 Martin Kwok | Search for HNL with muon system



ABCD background estimation

ABCD plane

* After cluster selections, background clusters
and leptons are uncorrelated

- Use ABCD method with NV, ;.. and Agblep

- Signals are back-to-back with cluster with large V, ;.

* Use Out-of-Time(OOT) and
in-time large A¢g(cls, MET)
region as validation of ABCD method region

HNL signals Backgrounds
MET

2= Fermilab
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ABCD background estimation

Ad,,, ABCD plane
* After cluster selections, background clusters d '
and leptons are uncorrelated
- Use ABCD method with N, and A¢,, 2.8

- Signals are back-to-back with cluster with large V, ;.

* Use Out-of-Time(OOT) and : ‘
in-time large A¢(cls, MET) 50 150(DT)/200(CSC) Ny
region as validation of ABCD method region
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Closure test result

* Good agreement for closure tests both in-time/OOT validation regions
* Repeated this test with relaxed cluster selections in W+Jet MC

13

* Also obtained good agreement (with limited statistics)

Event category Validation region A B C D D (pred.)
Muon, DT-MB2 OOT 9 6924 944 [0 12+04
Muon, DT-MB3/MB4 OOT 11 593 86 1 16105
Muon, CSC OOT 103 31074 4044 (9 134+1.3
Electron, DT OOT 14 3301 366 [2 16+04
Electron, CSC OOT 33 13774 1647 |2 4.0+0.7
Muon, DT-MB2 In time 10 5087 467 |2 09+0.3
Muon, DT-MB3/MB4 In time 9 785 107 (2 12+04
Muon, CSC In time 31 7445 532 |1 22+04
Electron, DT In time 8 2446 220 |0 0.74+0.3

Martin Kwok | Search for HNL with muon system
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Z — uu background in muon channel Z = pj background

Sh

In rare cases, Z — uu could create

MDS + u topology
If one of the muons are not reconstructed

* To estimate this background, we
* invert the most stringent veto to define a CR

 measure CR-to-SR transfer factor (T.F.) using

It events
4 = ,u H tt selection
selection
Inverted MB1/
Z = pp CR ME11 veto - \T.F. TF
Z — uu SR MB1/ME11 veto ] /

Zmumu Bkg in CR x T.F = Zmumu Bkg in SR
3¢ Fermilab
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Z — uu background in muon channel Z = pj background

Sh

o Inrare cases, Z — uu could create

MDS + u topology
If one of the muons are not reconstructed

To estimate this background, we
* invert the most stringent veto to define a CR

« measure CR-to-SR transfer factor (T.F.) using
It events

e Validated with MC and data with smaller cluster sizes

W+JCR Z - uu CR T.F. Z — uu SR

Region N l():R A%%CD bkg,D /\%liy u,D C A%& uu,D
CSC 129 45+ 2 84+12 | (48+13)% | 3.9+1.2
DT-MB2 35 122+15 | 228+6.1 | (36 £31)% 82+74
DT-MB3/MB4 6 294+0.7 3.1L£26 2+£1)% |0.06 £ 0.06

Zmumu Bkg in CR x T.F = Zmumu Bkg in SR
3¢ Fermilab
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CMS 41 fo-1 (13 TeV)
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Result

* No significant excess observed
- ~1 sigma fluctuation in electron channel

* Proceed to set limits on HNL coupling v.s. mass plane
EXO-22-017

-1 CMS Experiment at the LHC, CERN
_ 1 38 fb (1 3 TGV) Data recorded: 2018-Aug-25 19:24:18.639048 GMT
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https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-017/index.html

Limits on Majorana HNL

* Flavour independence:

- MDS works for well for HNL mixings with e/mu/taus
- Limits are different largely due to trigger acceptance

CMS 138 fb~! (13 TeV) CMS 138 fb~! (13 TeV) CMS 138 fb~! (13 TeV)

- Observed B +1 std. deviation - Observed B +1 std. deviation - Observed B +1 std. deviation

- - Expected +2 std. deviation - - Expected +2 std. deviation - - Expected +2 std. deviation
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Limits on Majorana HNL

* Flavour independence:

- MDS works for well for HNL mixings with e/mu/taus
- Limits are different largely due to trigger acceptance

* Probes low-mass/small coupling parameter space

- Most stringent limits around 2 - 3 GeV

‘o ,CMS Supplementary 138 fo' (13 TeV)
: Muon HNL
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Mixed-HNL coupling

* Flavour independence opens up
mixed coupling interpretation

Von 2

= 2
Ven|? + [Vun|™ + [Ven 2

fe

Majorana . *

- Constrains the sum of relative
couplings to 1

* Selected several benchmark
at the edge of our sensitivity

Dirac
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CMS

Majorana HNL 4 4
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Can we do better in Run 3?

CMS
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Muon Shower Triggers DP note

* Many CMS run 2 LLP analysis do NOT have S
a dedicated LLP trigger |
- Major CMS Run 3 effort
* New dedicated trigger object implemented * e !
at L1 and HLT A
- MDS object available at HLT! ST o

Event display in 2022 data

Tag showers by hit counting

. Flag the presence of a nominal/tight shower
N 50 -
|

9 CSC chambers 45 CSC chambers
Overview MDS trigger (HMT) logic

per MPC per EMTF sector 12 EMTF sectors 2 bits

2= Fermilab
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https://cds.cern.ch/record/2842376/files/DP2022_062.pdf

Muon Shower Triggers for HNL

* HNL search was less trigger limited due to the presence of a clean lepton
except for hadronic 7!

- New trigger allow us to trigger on the MDS + £ = e/u/7;, at HLT
 MDS suppresses the rate
* Very loose cut on the associated objects
- Enable us to probe long-lived hadronic-7 channel

* Deployed in 2024 run!

HNL : MDS + e/ul/t
e/ul/t Prompt

e Single Lepton trigger thresholds:
e Muon: ~25 GeV

/v e Electron: ~30 GeV
< Displaced e 7,:>100 GeV
7 . (MDS)
HNL W/

3F Fermilab
23 Martin Kwok | High multiplicity trigger



Summary

* Muon Detector Shower(MDS) is a power new tool
- Search with Run-2 data improves previous CMS limits ~2.3x at around 1-3 GeV
- New triggers enable us to probe hadronic tau channel with MDS

- Stay tuned for Run 3 results!

10-4 CMS Supplementary 138 fb" (13 TeV)
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Thank you!
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