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Introduction

Searching for CLFV t—3pu decays is feasible at hadron colliders

Huge number of T produced at the LHC

T—3p has a clean signature (as opposed to 3e, yue, py)

LHC experiments have good capability of muon detection and vertex reconstruction
World best limit: Belle ~ 2.1x10"° @ 90% CL ["] Phys.Lett.B 687 (2010) 139

Process number of T leptons (L=100 fb™") Sources of T
pp — cC+ ...

D — v 1.2 x 1013 (95% Ds, 5% D) - Heavy Flavor (HF) semi-leptonic decay:
pp —bb+ .. large cross section; low pr, high

B— tv+.. 4.5 x 10'? (44% B*, 45% B°,11% B?, 0% BX) pseudorapidity (n); high background

B — D(tv) + ... 1.9 x 102 (98% Ds, 2% D¥) _ ,
W =t 20 % 10° W decay: relatively small cross section;
pp = Z+ .. > TT+... 38x10%(60 < m(t7) < 120 GeV) high pt; low background

["] 90% CL limits are quoted throughout this talk



1409.8548
JHEP 02 (2015) 121

HF channel - LHCDb
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HF channel - LHCDb

One of the best categories in 7 TeV data

L OTE | | 3
65 event categories (30 @ 7TeV + 35 @ E 6F =
8TeV) based on M(3body) and M(PID) v SE LHCb =
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W channel - ATLAS

Run | data: 8 TeV;L = 20 fb
Number of W—T produced is 2.4 x IO8

Six different multi-muon triggers, and one dimuon + MET trigger

Event selection:

Three “high-quality” muons

Loose selection (vertex and kinematics) to obtain a data
sideband sample to train BDT (about 4000 events)

R e N PO
= £ 2% Sonal oose) : Signal characteristics:
S 'L . S ot 158 TeV, 203 fb" _ ? |
~ .3 * pt(8u) ~ 20-50 GeV
£ r Mass resolutiori
S 1071 39 MeV - Common vertex, displaced wrt the primary vertex
L =
F - Boosted topology (muon dR ~ 0.07)
_O_—O——O—_o_—O—_O_—O— 0—0—0—_ 000 . ) .
T - Missing transverse momentum opposite to 3pu
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- Transverse mass of the system consistent with m(W)
- Little hadronic activity
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W channel - ATLAS

1601.03567
Eur. Phys. J. C (2016) 76:232

Signal region after final selections (including BDT cut)

Background estimation: 0.19
Observed: 0

Total signal acceptance x efficiency = 2.3%

. Upper limit on B(T—3p): 3.8 x 107 (expected: 3.9 x 107
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HF channel - CMS

. 2016 data: 13TeV:L =33 fb"

+ Trigger: 2 muons of pt > 3 GeV, plus
another track, sharing a displaced
vertex

- So it collects T—3p signal and at

the same time Ds— Q11— (2u)TT
events, which are used to validate
and correct signal MC

- Select 3p candidates

+Train BDT to separate signal (MC)
from background (data sidebands)

+The most discriminating ones
being vertex chi2, pointing-angle,
vertex displacement, etc
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HF channel - CMS

- Overall signal acceptance x efficiency ~ 10
- Six event categories in total

- 3 categories based on mass resolution
(12 MeV, 19 MeV and 25 MeV

respectively, dictated by inner tracker
detector)

» 2 sub-category based on BDT scores
- Simultaneous fit of m(3u) of 6 categories

* Events yields in the 3 higher BDT score
categories

- 20 signal (assuming B(T—3u)= 107)
- ~200 data events

*  The observed (expected) upper limit on
Br(T—3u) is 9.2 x 108 (10.0 x 10-8)
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Events/ 10 MeV

W channel and combination - CMS

2016 data: 13 TeV;L = 33 fb-I

Use the same trigger as the HF channel (2 muons of pt > 3 GeV,
plus another track, sharing a displaced vertex)

2007.05658

The most powerful variables to reject background are the typical
W —=I+nu observables - prt, transverse mass, isolation

The same is true in the ATLAS analysis
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Observed (expected) upper limit on
Br(T—3p) is 20 x 108 (13 x 10-8)

CMS HF and W channel combination:

Observed (expected) upper limit on
Br(T—3u) is 8.0 x 108 (6.9 x 10-8)



Sidenotes

HF channel

LHCb has much larger acceptance, compared to CMS, as D and B mesons are boosted;
also better mass resolution

S/B ~ 0.05-0.15 (assuming B(T—3p)= IO'7), with LHCDb slightly better

LHCb paper mentions “3 real muon” irreducible background, Ds—=n(puy)uyv, being
important

W channel

The CMS analysis uses a dedicated low threshold trigger (which is believed to be the
plan for ATLAS future analysis on this channel), but the gain by doing so is not big

S/B ~ 3 for both CMS and ATLAS analyses (assuming B(T—3pu)= IO'7)
Almost zero background - the search sensitivity grows faster than sqrt(N)

S/B ratio is more than a factor 20 worse in HF channel than in W channel

10



ATL-PHYS-PUB-2018-032

HL-LHC projection - ATLAS

. 3000 fb at 14TeV

*  Both W channel and HF channel projections are
based on W channel published result (“datacard”
level projection)

* Assuming no deterioration due to high pile-up
* W channel:
 Intermediate scenario: lower trigger thresholc

* Improved scenario: upgraded inner tracker
detector

* HF channel
*  Acceptance and efficiency based on MC

Background estimation: High/Medium/Low
background levels are taken as a factor of
10/3/1 as that in W channel analysis

Fraction of events / 10 MeV

L A DAL DL BN I B
~ ATLAS Preliminary

 Projection from run-1 data 7
- fatL-3000fb s =14Tev oo HL-LHC ccDs—t(— 3u)v |

0.2~ HF-channel

0.25 —— HL-LHC bbDs—t(-> 3u)v

—— run-2 bbDs—1(— 3u)v |

----- run-2 ccDs—1(— 3u)v

c =26.7 MeV

015:_ HL-LHC _:
F G, =366 MoV 1 25% better mass
01 -] resolution after inner
0051 = - tracker upgrade
05501700 1750 1800 1850 1000
my, [MeV]
W channel
Scenario Ax€e[D] Ngr 90% CL UL on BR(t — 3u) [107]
Run 1 result 2.31 0.19 276
Non-improved 2.31 50.71 13.52
Intermediate 5.01 50.71 6.23
Improved 5.01 40.06 5.36
HF channel
Scenario Axe[%]  Ny-  90%CLULonBR(r — 3u) [107]
High background 0.88 507.05 6.40
Medium background 0.88 152.12 2.31
Low background 0.88 50.71 1.03
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CMS Muon Phase-2 Upgrade TDR
CERN-LHCC-2017-012

HL-LHC projection - CMS
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. 0° 843" 786° 731° 67.7° 625° 575  528°  484°  44.3° 40.4° 36.8° .
3000 fb' at 14TeV EEE TS N R S
_— T T 7 7 7 7 v — — o
E [ i / pts,. 12 33

A S R R S S S S A A7 mests

m H : ¥ E o ‘..’

13 305
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- Based on full simulation of signal and QCD
background *
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- CMS detector upgrade most relevant for N
T— 3y search
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- Track-trigger capability for tracks with .
pr > 2 GeV Adding new GEM detectors

+ Higher trigger bandwidth (100 kHz — more layers o
750 kHz) - extended pseudorapidity (n) coverage
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HL-LHC projection - CMS

CMS Muon Phase-2 Upgrade TDR

CERN-LHCC-2017-012

inner tracker)

signal selection efficiency, but not

dramatic

A factor of 2 gain due to n-
coverage extension from 2.4 to 2.8

The gained events have a worse tri-
muon mass resolution (dictated by

Multivariate likelihood is built, using
mostly event topology variables

 CMS Pnase-2 Simulation

30000, 14TeV, 0 PU

___CMS Phase-2 Simulation 3000 fkl)": 14TeV,0 PU

£0.016

High pile-up has a visible effect on

2]
] Sooraf - -
50000 > = <0014~ Mass resolutionvsn .
C C -
250001 0.012f R
: 0.01 -
20000} E -
C 0.008[— .
15000 c
| ‘ 0.006j il
10000 — C et
0.004 . .
r e . - —.‘—0—
5000 |—'— 0.002—
0: : — 1 L 0: L1 1 PR ST T S N S N P S S N N 1
0.5 1 15 2 2.5 0 0.5 1 15 2 2.5
Inl of the most forward muon Il of the most forward muon
g oM Phese2 Simuistion 3000 f, 14 TeV, 200 PU 0 oS Phace2 Simuation 900017 14 TeV, 200 PU
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10° e peaK 3 peak
E 10° & =
E
E
- r
107 107 _
; g
I {
10 10
:‘-Il\lll__\|I‘AIIAII|‘AIIA_\_L‘|II13 Ell Ll L/ |Illl|‘ Illlll ‘II|III \Ill:
155 16 165 1.7 175 18 1.8 19 195 2 155 16 165 1.7 175 18 1.85 19 195 2

Category 1 Category 2

Number of background events 24 x10° 2.6 x10°
Number of signal events 4 580 3640
Trimuon mass resolution 18 MeV 31 MeV
B(t — 3pu) limit per event category 4.3 x10~7 7.0 x 10~
B(t — 3u) 90%C.L. limit 3.7 x 1077

B(t — 3u) for 3c-evidence 6.7 x 107

B(t — 3u) for 50-observation 1.1 x10°8

m,, (GeV) my, (GeV)

Two event categories based on whether
muons in n [2.4, 2.8] are used

"Category 2" has worse mass resolution,
while the S/B ratio is not much worse
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Summary

Both D, B meson decays and W decays have been exploited for the T—3p
search, by LHCb, ALTAS and CMS

Published result Channel Dataset HL,'LI_!C
projection
LHCb 4.6 x 108 HF 3 fb170r 8 TeV
ATLAS 38 x 108 W 20 fb' 8 TeV a few 10-°
CMS 8.0x 108 W+HF 33fb113 TeV a few 10-°

HL-LHC is a prolific source of tau-leptons (6 x 10'%)

_LHC experiment analyses are not limited by the number of taus, but rather by
now well to separate signal and background

Belle-Il projection for 50 ab™' B(T—3u) < 4 x10°'° [PoSFPCP2015 (2015) 049]

Breakthrough in analysis techniques is required for LHC experiments in
order to compete
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LHCb trigger

The trigger |13| consists of a hardware stage, based on information from the calorimeter
and muon systems, followed by a software stage, which applies a full event reconstruction.
Candidate events are first required to pass the hardware trigger, which selects muons with
a transverse momentum pr > 1.48 GeV/c in the 7 TeV data or pr > 1.76 GeV/c in the 8 TeV
data. In the software trigger, at least one of the final-state particles is required to have
both pr > 0.8 GeV/c and TP > 100 um with respect to all of the primary pp interaction
vertices (PVs) in the event. Finally, the tracks of two or more of the final-state particles
are required to form a vertex that is significantly displaced from the PVs.

ATLAS trigger

To maximise the signal acceptance times efficiency, events are required to pass at least one of seven
triggers. These are six multi-muon triggers and one dimuon plus Efr“iss trigger. The software-based trigger
thresholds used for the muons range from 4 to 18 GeV in transverse momentum while the E7™* threshold
1s 30 GeV. The trigger efficiency for simulated signal events within the muon-trigger acceptance (three
generator-level muons with pr > 2.5 GeV and || < 2.4) is ~ 31% for the combination of all triggers
used in the analysis. To evaluate the trigger performance in the region where the muons have a small

16



v

K*(In flight decay to p)
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The Ds rate is measured using the control channel

The control channel Ds— QTT— (2u)TT

x10° 332! 13 TeV x10° 332! 13 TeV
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Ds— 1T channel was also used to
Valid B/D fractions predicted by
PYTHIA
Compare mass scale and
resolution in data/MC
Some BDT analysis validation
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