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ATLAS Displaced Vertex
Search for Heavy Neutral Leptons (HNL)

e Signal model

e Discriminating variable: HNL mass
e Background estimation

* Results
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Heavy Neutral Leptons

The Standard Model (SM)
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eBest-known description of fundamental
particles and their interactions (except gravity)

«Neutrino oscillations suggest m,, > 0

eNon-zero neutrino mass is not included in SM
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SM Extension with 3 HNLs
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e|ntroduce right-nanded states known as
heavy neutral leptons (HNL)

* [ype-| seesaw mechanism explains
ight neutrino masses
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Viotivation For HNLS — ATLA

1. Origin of neutrino masses i
* Type-| seesaw mechanism: m, =~ %ijleT

lllustration by Sandbox Studio
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Motivation For HNLS ATLAS

EXPERIMENT
L
{

1. Origin of neutrino masses _ s

. ve o
* Type-l seesaw mechanism: m, ~ ijNlYT &//A

lllustration by Sandbox Studio

2. Matter-antimatter asymmetry of the universe

* [ncrease in charge-parity violation as a result of neutrino
osclllations in the early universe
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Viotivation For HNLS , ATLA
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1. Origin of neutrino masses _ o % gg
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lllustration by Sandbox Studio

2. Matter-antimatter asymmetry of the universe

* [ncrease in charge-parity violation as a result of neutrino
osclllations in the early universe

3. Dark matter candidate

* Models with at least three HNLs can
incorporate a keV-scale sterile neutrino
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Experimentally Relevant Observables

I
| Us| I
W
| Ul
Is Vy

EXPE

*HNLs experience “weak-like" interactions
controlled by dimensionless mixing angles (| U, \2)
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=Xperimental Picture
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Decays too quickly

o 1077 /]
SRTE -
= 10 o/
10~ E
107 :
107 ———— Target the long-lived
107’ P ' region of phase
1078 : space accessible at
109 . Too few decays in collider experiments!
10 . the detector volume
_ : E Muon coupling dominance: .
107" CeSaw e U% ULU2=0:1:0
10—]2 1 L ] ] 1 1 i Lo —r—l L1 11 1_
107! 1 10 10°
: mN[GeV]E]
myg = 0.49 GeV mp = 5.3 GeV m, =91 GeV

Dominique Trischuk

La Thuile 2022 —Young Scientist: Forum 4



Displaced Heavy Neutral Leptons

Experimental HNL Signature:

— Prompt lepton (used for -

rigger)

— Displaced vertex (DV) w
charge leptons

th 2 opposite

prompt
lepton

/
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displaced
leptons

Six signal regions (SR):
U'UU, H_Uea U_eey e_ee! e_eU! e'UU
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HNL Mixing Scenarios

Mixing scenario benchmarks:

1.Muon-only mixing (| Uﬂ \2) Mored

atg!

2 Electron-only mixing (| Ue |2) m

eRealistic scenario: Two quasi-degenerate HNLs (2Q
3 Inverted hierarchy (IH) mixing (| U|*) (20

4 .Normal hierarchy (NH) mixing (| U\z) m

*Simple model: One HNL with single-flavour mixing (1SFH)

DH)

ktvvo Mixing benchmarks proposed by the LLP community
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“Realistic” multi-flavour mixing models
consistent with neutrino oscillations data

x,=|U,|*/|U|?

a=u.e,t
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Discriminating Variable: HNL mass ATLA

EXPERIMENT

el — (M M Y
HNL mass: m;;\; = (plﬁ +ply +pyy)

*Energy-momentum conservation is
used to reconstruct the HNL mass (nyn )
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Backgrounds ATLAS

e Dedicated event selections used to remove non-

» Random crossing probability is independent of €

the lepton charge L%Dzo qqﬁwuﬁ
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random backagrounds (e.q. heavy-flavour decays Q TLAS Prellmlnar
S (€.9. heavy Y9 a0k 15T Tae —— Opposisign (0S
. . N [ Validation Reaqi
* Dominant background: random lepton crossings ~30e SB’SS'O” i Same-sign (SS)

10
e Study data events in validation region (VR) that
contains events with no prompt leptons

; |iI|IIII|IIII|IIII7/IIII
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Good agreement between vertices with two charged
Random Lepton Crossing | Ieptons with the oppos[te—3|gn (O_S) and same-sign (SS)
+ prompt lepton iIndicates random crossings dominate the background.

Dominique Trischuk La Thuile 2022 —Young Scientist: Forum 4



Background Estimate ATLAS

eData-driven object shuffling method is used to
estimate the background from random lepton crossings
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F1t Moagel ATLAS (g

*(Global fit for the signal strength, background yields and nuisance parameters is performed

107 —

w : | ! ! | ! ! | ! ! | ! ! | !

S - ATLAS Preliminary 4 Data :

T {2 LVs=13TeV, L=139 fb~! == HNL Signal MC
- Majorana, 2QDH (IH), 10 GeV, 10 mm Background

777 Uncertainty simulated signal samples

data events
(OS DVs)

/ § free-floating normalization

(6 separate factors; one for each channel)
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W77 ////////////////////// /////%
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Significance
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Signal Region (SR): munL < 20 GeV Used to constrain the
Control Region (CR): 20 GeV < munL < 50 GeV /background in the SR!
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Results

o[t results are consistent with no significant excesses in any of the six channels
% No new physics! @

Run fit
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L imits For Muon-Only Mixing
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https://arxiv.org/abs/1905.09787
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Exclusion Limits Summary ATLAS
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e[ imits span a challenging long-lived region of phase space
°|nterpretations assuming various mixing scenarios provide constraints for theoretical predictions
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Summary ATLA

EXPERIMENT

ATLAS Displaced Vertex
Search for Heavy Neutral Leptons

*No evidence for new physics

*Brand new results for electron-only and multi-
flavour mixing scenarios

*|mproved limits In muon-only mixing scenarios
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ANL Proauction and Decay ATLAS (g

EXPERIME
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Signal Channels ATLAS
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Backgrounds ATLAS

Non-random Backgrounds

e Dedicated selections use to remove hon-random

1. 2.

uF backgrounds
» €.g. minimum requirements on the invariant mass of
ot J/.‘I/l} the DV (mpy) to reject heavy-flavour decays
+
K

Material : .
e Dominant background: random lepton crossings

Layer

Material Interaction Metastable Particle Decay
+ prompt lepton *+ prompt lepton Random Background
3. 4. Z decay >
F
H j %
o
Cosmic ,B
Muon
x
K
Cosmic Muon Z%—1l decay Random Lepton Crossing
+ prompt lepton + third lepton + prompt lepton
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Limit Summary Plots ATLAS &

EXPERIMENT

— 10—2 - | | | | | | - P 10—2 - | | | | | |
;2: - ATLAS Preliminary 2QDH (NH): >§: - ATLAS Preliminary 2QDH (NH): :
3 - Dirac T |U[X0.06,048,046) | 3 - Majorana — |UJ*(0.06,0.48,0.46) 1
2 10-3 L 2QDH (IH): 1 2103k 2QDH (IH): )
~ =\ U[2(0.33,0.33,0.33) 1 & -\ U[%(0.33,0.33,0.33) 3
> — == 1SFH:|UP(1,0,00 ] = ~== 1SFH:|U|*(1,0,0) -
,'L 10~4 L —-= 1SFH: |U|*(0,1,0) ,'L 104 L —-= 1SFH: |U|*(0,1,0)
S S
S 107 { 107} _:
S S
=107} . 7 T 107°¢ -:
\“'""H.?,:_‘:—-’ .> ------ 7*,._."..._... y/
[VE=13TeV,L =139 fb"! SRR VE=1BTeV,L=1390071 e
10 2 4 6 3 10 12 14 16 10 2 4 6 3 10 12 14 16
m.y [GeV] m_y [GeV]
Dirac-limit: 100% lepton number Majorana-limit: 50% LNC / 50% lepton
conserving (LNC) number violating (LNV)

Dominique Trischuk La Thuile 2022 —Young Scientist: Forum 4



Single-Flavour Mixing Limits

EXPERIMENT
Dirac-limit Majorana-limit
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L imits For Muon-Only Mixing

oLimits on| U|2 as a function of my, extracted at the 95% confidence level:

Mpy and rpy cuts to remove metastable decays also
removes sensitivity to short-lived low mass HNLs

°‘§ - ATLAS Preliminary —— 0bs95%CL
= - Majorana, 1SFH (u) —== exp 95% CL
10—3 2 B +i1c0 s

: +20 ]

107 E -

Too few decays in the
detector volume 10-7

/s=13TeV,L=139 fb!

2 4 6 8 10 12 ll4 16
m_y [GeV]
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EXPERIMENT

Comparison with CMS Limits ATLA

CMS-EXO-20-009

138 1b ' (13 TeV)

I | | T 1 | T T | T | T | L | L | T T | L
é_‘c S T :)Ilzztie;xeeipected _E
-\ - I 68% expected 7
i 95% expected i

- DELPHI prompt

DELPHI displaced E
: —  CMS 3l prompt (2016) ]
e 10_2 F 1 i T | I 1 1 ;— —;
Ny - ATLAS Preliminary 2QDH (NH): - E
3 - Majorana [U]%(0.06,0.48,0.46) B E
51031 2QDH (IH):
1oy aaaa ) B |
& U](0.33,0.33,0.33) - )
= ~—= 1SFH: |[UP(1,0,0)
| I - ]
104 L —-= 1SFH: |U|*(0,1,0) —  Majorana =
:I | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 | | L1 1 | L1 I:
2

6 8 10 12 14 18
m,, (GeV)

0

138 fb' (13 TeV)

II|IIIIII|III|III|III|III|II|
- Observed
= = = = Median expected
I 68% expected
95% expected
- DELPHI prompt
DELPHI displaced
— . CMS 3| prompt (2016)

,L“'llllll [ |||||L|/
.
- / ' 7]
.
N .
'
1“—‘
s
l“
\“ '
.
.

UARRUMENIZAD
S

(
[—
S

&

|

o
LI
L]
-----
----------

[S—
3
|
(9

4 6 8 10 12 14 16

Similar story for Dirac models.

Majorana
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HNL Decays AT

Lepton number conserving (LNC) Lepton number conserving (LNV)
s la
l_ Am/ l+
1 - .
| N I N & Ly
* Depending on the nature of the HNL,
lepton number violating decays are W W
possible
ATLAS h considers both: " "
®
searcn considaers ot (8) LNC (b) LNV

» “Dirac-limit”; 100% LNC
» “Majorana-limit” 50% LNC / 50% LNV - 5 1u W7

\ // 5 /
Limits are provided for both scenarios. ‘7. N
lg/ﬁﬁ

R

Different angular distributions!
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Analysis Selections

Level

Selection

Value

Pre-selection

Event cleaning
Primary vertex
Trigger

Trigger-matched lepton

Filter

Prompt lepton

Trigger matched lepton
Displaced lepton-only vertex
Number of tracks in DV

Fiducial volume

Standard ATLAS event cleaning
At least one with pt > 500 MeV
At least one single muon
or electron trigger
At least one Medium (1)
or LHMedium (e) lepton with pr > 27 GeV
At least one HNL filter
At least one
At least one
At least one
2
4 mm < Lzy < 300 mm

SR selection

DV charge
Prompt + disp. [ charge

DV type

Tri-lepton mass

HNL mass

Cosmic muon veto
Material veto
Heavy-flavour decay veto

Z mass veto

Opposite-sign tracks
Opposite-sign leptons
(For 1SFH models with only LNC decays)
ee, ey or pup vertex
40 GeV < my; < 90 GeV
munt < 20 GeV
vV (Zn)2 + (m — Ag)2 > 0.05
Applied for ee DVs only
my, > 5.5 GeV (up DVs) or
My -Lzy cut (ee or ey DVs)
my < 80 GeV or my;; > 100 GeV,
for same-flavour opposite-sign leptons

ATLAS

EXPERIMENT

UBC
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Heavy-rlavour Decay Background Veto ATLAS

o Exploit DV mass (mpy) and DV radius (rpy) correlations e uu DVs :
» Data events studied in the validation region (VR) » My > 3.5 GeV Heaw-flavour veto

°* ey and ee DVs:

* Re-gain sensitivity to low DV mass HNLs » mpy > 5.5 GeV | if rpy < 32 mm

» M and ee decays removed using mpy — I'py correlation selection 7 GeV
i i — My > — oy + 7 GeV, if 32 mm < 1y < 107 mm
» Larger reconstruction efﬂmencly .for MM DVs means that the mipy, — rpy » Mpyv 150 mm PV DV
correlation selection is not sufficient to remove remove heavy-tlavour » mpy > 2 GeV | if rpy > 107 mm
uu decays
ee DVs eu DVs pp DVs
= 10g— | o = 10w —mm30 o — 10w o
% - . ' ATLAS Prellmlnary : = % ' ATLAS Prellmlnary . = % E ATLAS Prellmlnary E =
oS /s =13 TeV, 139 fb™ 0 (s=13Tev,139f" I . = (5 9% = .:- \s=13TeV, 139 fb" -
—  8Hm Validation Region = 2 — g . Validation Region = 2 — gt 0 Validation Reglon E >
2 _E "n ee DVs = & 2 eu DVs . & = }' . “ uun DVs = &
e 7 ? Heavy-Flavor Decay H —20 & e 7 Heavy-Flavor Decay  —20 & e 7 o .r L Heavy-Flavor Decay 4 —20 £
6:-. Background Veto E © 5 Background Veto E o 6 Background Veto E o
= " 1415 3 1 115 3 - 5 15 3
5 — E 5 . E 5F M — E
4 3 10 g 4 34 10 g 4 3 10 g
3 = @ 3 . E 2 3 E 2
- O - O 3 O
2 15 G 2 - S 1° B 2 15 3
I 8 1 I 8 1 8
1 S Q o o
P i 8 2 o Y0 O N P o " 1 o s 0 O N swwen N e
0 50 100 150 200 250 300 0O 50 100 150 200 250 300 0 50 100 150 200 250 300
rpy [Mm] rpy [Mm] rpy [Mm]
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