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Workshop

- Focused workshop (2 20 attendees), held 20-22 Nov. 2019
at the Higgs Centre of Theoretical Physics, co-funded by
ERC Grant and the Higgs Centre (Indico page)

- Dedicated to theoretical work on, and experimental
challenges facing, collider searches for long-lived particles
(LLPs) coupling to 3rd generation fermions, emphasis on Ts

- Mainly aimed at theorists, with experimental input from
Edinburgh group and a few invited speakers

- Sinéad reported on the workshop at the recent LHC LLP
Community Workshop in Ghent


https://indico.ph.ed.ac.uk/event/59
https://indico.cern.ch/event/849129
https://indico.cern.ch/event/849129

Context

- LLPs are well-motivated

- theoretically, as a broad set of new physics models (e.g.
dark sector, heavy neutral leptons) give rise to long-lived
signatures, and

- experimentally, as prompt searches at ATLAS/CMS have
not yielded signs of new physics, but we might be “blind”
to unconventional processes e.g. involving LLPs



Context

- Much attention (experimentally and theoretically) devoted to
LLP decays to 1st and 2nd generation fermions

- Less so to 3 generation, though it has special reasons to be
a significant part of the LLP story

- Sinéad’s team in Edinburgh are working on her ERC project
(OPEN3GEN), started in 2019, to develop experimental
sensitivity to LLPs decaying to Ts in ATLAS

- Part of that project is to host theorists at 3 workshops over
the 5 year project, to discuss ideas and model benchmarks



Co nteXt Jose Zurita

Why is the 3rd gen special?
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® |t is a must for signal characterization, even if we find NP
before in |st/2nd gen, e.g: DV(U,H), DV+MET, etc...

José Zurita 5



https://indico.ph.ed.ac.uk/event/59/contributions/785/

Aims of workshop

1. ldentify existing benchmark theoretical models for LLPs
decaying to 3 generation particles that LHC experiments
(and others) should target

2. ldentify areas which are ripe for further work in theory
and/or phenomenological studies

3. Foster a community who will meet twice more during the
lifetime of Sinéad’s ERC grant to discuss the theoretical
Issues in the search for LLPs decaying to 3 generation



Outline

. Overview of five theory talks motivating searches for LLPs
coupling to 3rd generation fermions

. Complementary, signature-focused search approach
. Experimental challenges

. Model independence



Point 1

Theory talks searches for LLPs
coupling to 3rd generation



1.1 - LLPs as DM co-annihilation partners  «ezuki sakuzas

Co-annihilation

X : Dark Matter (DM): = singlet

T) : Co-Annihilation Partner (CAP): — coloured or weakly charged

X
Iom
LD gyy - xn(SM) SM

- Co-annihilation partner
(CAP) e.g. weakly charged
as “stau” (T) coupling to
SM T and DM candidate

Experimental Signatures

LD gy - X1 (SM)

 For small gowm, the interaction between DM and SM becomes very weak.

 The sensitivities for direct and indirect detections are very low.

* The production rate for direct DM production at the LHC is also very small.

« Since CAP is charged under the SM gauge group, the production rate for CAP is
unsuppressed at the LHC.
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https://indico.ph.ed.ac.uk/event/59/contributions/791/

1.1 - LLPs as DM co-annihilation partners  «ezuki sakuzas

Lifetime in tau-philic models
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- For T-philic CAPs (n) with |mn - my| < m+, CAP is long-lived
- Pair-produced CAPs each decay to T + DM (“invisible”) 10


https://indico.ph.ed.ac.uk/event/59/contributions/791/

1.2 - LLPs as dark scalars

Dark scalars

LD —NH[?¢ - yxiquﬁJ

Scalar inherits Higgs couplings through mixing:
f\hO§E¢ b~ rvojm f>s
77 i
Yy sin 6

Fermion couplings are flavor-hierarchical:

Susanne Westhoff

- Dark scalar inherits Higgs’ Yukawa-type couplings, gsg ~ ms

- Favours 3rd gen. fermions, T for light (2m+ < ms < 2my) scalar

11


https://indico.ph.ed.ac.uk/event/59/contributions/798

1.2 - LLPs as dark scalars

Signatures of long-lived dark scalars
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Filimonova, Schaefer, Westhoff 2019 11

- Long-lived dark scalar: small Higgs mixing, 0

E——

- Low direct production rates at pp experiments 12


https://indico.ph.ed.ac.uk/event/59/contributions/798

1.3 - LLPs as heavy neutral leptons

Signature

Search strategy

> trigger on first lepton
» search for secondary vertex

Muon chamber [Bobrovskyi et al. 2011; CMS 2015]

» muon chamber reaches farther than
tracker

» long lived particles can be search for using
only muon chambers

Displaced vertex reconstruction

at least 2 tracks

invariant mass of 5 GeV

(in order to suppress nuclear interactions
backgrounds)

particles must transverse at least half of
the tracker

or the complete muon chamber

Jan Hajer

Properties

Lifetime

1074 P

10—5 E\\

Decay width for M > 5 GeV

GE | 2ps5
Iy~ 119 % o FLUIMP

- Neutrino-like interactions; prompt ¢ + displaced /v + W/Z

- For low masses, couplings HNLs can achieve large lifetimes

13



https://indico.ph.ed.ac.uk/event/59/contributions/790

1.3 - LLPs as heavy neutral leptons

Maximal exclusion reach
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- e/u-mixing HNL well-constrained by ATLAS/CMS

- Currently quite limited sensitivity to U2 — potential!

Jan Hajer

14


https://indico.ph.ed.ac.uk/event/59/contributions/790

1.4 - LLPs as FIMP mediators Nishita Desai

Motivation for FIMPs (like WIMPs)
comes mainly from Dark Matter

Modern picture: For the same model, size of coupling
determines the mechanism of achieving the right relic density.

Direct annihilation to SM > No LLPs

LLPs due to spectrum
compression

LLPs due to
compression and/or
small coupling

LLPs due to
> small coupling

Co-annihilation (e.g. with “staus”)

Conversion-driven freezout (aka co-scattering) ——»

Thermal Freeze-out

Freeze-in

- Feebly interacting massive particles (FIMPs) as DM candidate
characterised by tiny couplings to SM 15


https://indico.ph.ed.ac.uk/event/59/contributions/794

1.4 - LLPs as FIMP mediators Nishita Desai

LLP signatures for this model

----- neutral displaced W BSM
— Charged dilepton M lepton

-~ any charge W quark

photon
disappearing
track

W anything

displaced
lepton

( --------
' We studied cases
TR ) 1 T (1) F carries charged lepton Q wos.
N2 (2) F carries quark (u/d) Q wos.
displaced 4 ; ". 3’ "o,. disrp])laced
ij . o t . . .
e = il uwa Also possible: RH neutrino-like Q.nos
: v but this s same as nvisible
displaced V displaced Not pictured:
vertex . - out of time decays

18

- Next-to-minimal FIMP model requires mediator (F) with SM
guantum nos. (cf. Sakurai), small FIMP coupling = LLP 16


https://indico.ph.ed.ac.uk/event/59/contributions/794

1.4 - LLPs as FIMP mediators Nishita Desai

Comments on things to be studied further

1. On theory side, straight-forward to extend to tau/b/top.

2. Known problems with displaced tau/b — extra
secondary (tertiary?) vertices

3. Displaced tops possibly easier because jets/leptons from
W will give DV and DL signatures. But harder to do re-
interpretation because efficiencies only on truth-level
particles.

4. Need to have symmetric ee/pu(/TT) regions for full
coverage of model.

- Models, current displaced lepton searches focused on e/u

- Possible and important to extent coverage to 3rd generation

17


https://indico.ph.ed.ac.uk/event/59/contributions/794

-+ LLPs to bs and analysis recasting

Next-to-minimal Supersymmetry with Gauge Mediation predicts
neutral long-lived particles in decay chains ending in b-quarks

A 125 GeV higgs constraints SUSY model building.
Light sparticle spectrum possible in non-minimal models. ‘hidden SUSY break-) [ messenger ) |
In this talk the focus is the DGS Model: ing sector ((X)) e e

" observable sector
(MSSM/NMSSM
fields)

WxmMmssm = ASH Hy + 253

— D&DsD 1T =T
Wem = X E : (K“i (I)z' (I)i T K; (I)i (I)i ) Only 4 free parameters !

i—1,2
Wpas = S (Ep®7 @7 + &r®] ©3) )‘7 ﬁl, 67 M

NMSSM +Gauge Mediation-+Direct Singlet
Messenger Couplings = DGS Model

Delgado, Giudice, Slavich

In the DGS model, a new contributions to the Higgs mass appears  #llanach, Badziak, Hugonie, Ziegler

This leads to a very light singlet-like pseudo scalar(~20 GeV) and a ~100 GeV
singlino NLSP

Proposed SUSY model results in displaced signatures due to
light pseudo-scalar NLSP favouring later generations


https://indico.ph.ed.ac.uk/event/59/contributions/797

-+ LLPs to bs and analysis recasting

Improvements in the available experimental information makes the DV search

validation much straightforward!

Limits Looking MUCH alike for Les Houches 2018 !
Cottin, N. Desai, J. Heisig and A. Lessa ([1803.10379]

g — ATLAS
= split S[_IS(}( simplified model - = Recasted
=) 9 — 9ax3 . . . . .
S G O : LLP GitHub with these Reint tat
S 12 oy oing Open : itHub wi ese Reinterpretations !
3 m = 100 GeV
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o n ommunity [nitiative
O
;C._)‘ 101 F @ github.com
é: Fondo Na... Free Macr... @ @& PrenotaO... @ SISTEMA...  Cittadina...
4;7‘ Branch: master v Create new file =~ Upload files Find file History
E 100 | recastingCodes / DisplacedVertices / ATLAS-SUSY-2014-02_GCottin /
g & andlessa Added first recasting code
= recast
=
Plots Added first recasting code & andiessaAdded i
3
10%—5 - pythiaCode Added first recasting code -
1.6 F Plots
,.O_. 14} DS_Store Added first recasting code ‘
= 12} pythi
E 1.0k README.md Added first recasting code
0.8 |
Ui%_ 5 lOIAl l(‘)(] README.md

ATLAS Displaced Vertex plus jets 8 TeV Recast ATLAS Displaced Vertex 13 TeV Recast

Authors:
Authors:

This repository holds the main code for recasting the 13 TeV ATLAS search for displaced vertices pl

Giovanna Cottin momenta (ATLAS-SUSY-2016-08) using the parametrized efficiencies for event and displaced verte:

This repository holds the main code for recasting the 8 TeV ATLAS search for displaced vertices in association with e |
sssssssssssss

(arXiv:1504.05162). See also ATLAS-SUSY-2014-02. It includes a simple displaced vertex reconstruction algorithm based

on a functional form for tracking efficiency.

This code was validated in:

« https://arxiv.org/abs/1606.03099

Better public analysis info. (e.g. parametrised signature effs.)
making reinterpretations much easier — see GitHub repo


https://indico.ph.ed.ac.uk/event/59/contributions/797

Point 2

Complementary, sighature-
focused search approach



LHC LLP White Paperx

2 - Signature-focused searches Jared Evans

All the ways | know to get a 7 (without LFU)

Normal Decays Odd Decays cRaZy DeCaYs

j;b < e XE=sTE+Br e X0t 1 Fr e X0 = Ty (I)K)

p
>ﬁ< « X0 =7t o X0 — 7E(~ o XFTE+ 5 rEWT
p

x X ® o X0 — rEWTFH o X* - 71%Z/h o XT — 1%y
p>§w e X — 7%q(Qq) o XTF (/1) e X — 1rab...
T x Easy to get 100% BR  Hard to get 100% BR Require baroque UV
Vé """ <X Simple models Complicated models Very complicated

High motivation Pretty ad hoc Completely made up

Displaced 7s

- Useful to factorise LLP production from decays

- Several simple, well-motivated LLP decays to Ts 21


https://indico.ph.ed.ac.uk/event/59/contributions/787/
https://arxiv.org/abs/1903.04497

2 - Signature-focused searches Jared Evans

e Displaced rs are a challenging (but necessary place) to find BSM
o XU o WHrT, X0 = 77—, and X* — 7F + E7 are well motivated
e Other models (of varying quality) exist

e Sensitivity to 75 can be improved in the CMS e* T search

e Add SF/ bins e Add SS/ bins (CR contamination)
e Add 7, bins e Allow extra /s

e Lowered pt thresholds e Relax isolation in high dy bins

e Extend dp > 2 cm e Add high pr . bins (didn’t discuss)

e These highlight the value of considering multiple benchmarks
e Motivated h — aa — (777 )(7"7 ) is a big gap at LHC

e A lot of work still needs to be done on displaced 7s!

Displaced 7s

- Construct benchmark models from these “LEGO blocks”

- Current LHC searches have limited sensitivity to many of these 22


https://indico.ph.ed.ac.uk/event/59/contributions/787/

Point 3

Experimental challenges



Guillermo Hamity

3 - Experimental challenges John Stupak

Tau Reconstruction/Identification
(ATLAS)

®  Taureconstruction seed from TopoCluster Jets

(robust against multiple interaction background,
a.k.a., pileup)

Resulting tau candidates
emey  Primarily faked by QCD jets

10°

ATLAS simulation 201

| Pythia 6.425
| dijet event °
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TR &5, Handles to control BKG
oM Tau Candidates have collimated
- EEi 7™ R energy and tracking
T s Define core/isolation regions
related tracking/calo variables
Core/lIsolation
Current implementation regions - 0 -

Jet Track Tau lD R.
Seed Classification BDT/RNN :

- Trigger + offline ID for displaced T decays to hadrons

- ML-based algs. trained on prompt Z/y; applied “out-of-domain” 24


https://indico.ph.ed.ac.uk/event/59/contributions/789
https://indico.ph.ed.ac.uk/event/59/contributions/786

Point 4

Model independence



4 - Model iIndependence Jon Butterworth

Issues with complex variables &
algorithms

« BDTs, Machine Learning &c
« Can they be referred back to a model
independent particle-level object? e.q.
— Efficiency = (truth pass) AND (reco pass)
(truth pass)
- How do we (can we) evaluate “truth pass”?
- How model independently can we do that?

* NB: In principle, there can be “truth level”
backgrounds.

Nov 2019

- Use of “black box” methods (NNs) complicates reinterpretation

- Still, possible to parametrise efficiency for particle-level objects 2¢


https://indico.ph.ed.ac.uk/event/59/contributions/800/

4 - Model iIndependence Jon Butterworth

Factorising effiencies?

Signature

« Event selection efficiency Ficiencies
— Can be independent of LLP decay ]
— Will be dependent on LLP production P
model 1. //</
« Tau efficiency (vs dO, pyetc) 3L Object efficiencies
— Can be independent of LLP production ﬁ
model (within some fiducial kinematic | ’
region) | |
« Final-state particle efficiency (vs dO, Production Decay
P etc) |
— Won’t tell you about event efficiency Simplified Model eficiencies

— Can be used to build efficiencies for
many models; ideal for reinterpretation?
arXiv:1903.04497

Nov 2019

- Factorising LLP benchmark prod. and decay —> same for effs.

- Good for reinterpretation; requires mutual independence 27


https://indico.ph.ed.ac.uk/event/59/contributions/800/

Summary

- Several models predict LLPs that favour decays to the 3
generation. We explored several, some of which

- need extensions to 3rd generation — work to be done

- include 3rd generation as “just another fermion”

- have 3 generation preference embedded (generally
because of Yukawa-like structures)

- Well-motivated, unexplored H — aa to be followed-up

- Benchmarks established; model-independent methods
explored

28



ATLAS prompt T ID: ATL-PHYS-PUB-2019-033

c 10T I L I I I I
O - -
_g - ATLAS Simulation Preliminary A
Outlook 2 L )
_ é i i
Core challenge: triggerand ID & 102t -
algs. designed for prompt Ts > ot (mrong) :
10 e Working points (1-prong)
E RNN (3-prong)
In the group, have thoroughly . mﬁm coren

characterised performance of 00102 03 04 05 06 07 08 08 1
ATLAS T triggers and ID algorithms for displaced Ts ™"

efficiency

had-vis

- Have identified how to extend these to LLPs

Therefore, will be working on:
- Improving track reconstruction and classification
- Re-optimising existing, track-based T ID algorithms
- Developing new, calorimeter-focused T ID algorithms

Currently having datasets reprocessed that will enable us to

re-train T ID and trigger -


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-033

