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The life of a particle
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Then why

* Do we assume that new particles have to die young?

@ATLAS

EXPERIMENT
http://atlas.ch

HIGGS BOSON H

The HIGGS BOSON is

the theoretical particle of

the Higgs mechanism,
which physicists believe
will reveal how all
matter in the
universe gets its
mass. On J\lly 4,
2012, the CMS and
Atlas collaborations
at CERN announced a
5-sigma level of
certainly that the
Higgs Boson had
~  been detected

with a mass of

0000000000000
LIGHT HEAVY

HIGGS BOSON

sPARTICLEZ(' 0

Run: 204769
Event: 71902630

Date: 2012-06-10
Time: 13:24:31 CEST
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Long-lived particles

* There could be new particles with lifetimes long enough to

travel some distance inside the detector before decaying
* Long enough to have distinct experimental signatures

 There are many reasons why they would live long:

» Small couplings, large mediator masses, or approximated

symmetries

* Long-lived particles are

* A feature of virtually all proposed frameworks for BSM
physics

* Their presence is strongly motivated
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Motivation | Top-down Theory IR LLP Scenario

RPV SUSY
GMSB
mini-split SUSY _

Stealth SUSY 2"833/[;{1:;—;"1;;8&” state at
AXi.nOS —— LHC ﬂfat is or decays to LLP)
Sgoldstinos

Naturalness

Neutral Naturalness — - . ‘ .
Composite Higgs mm—— Hidden Valley
Relaxion confining

Asymmetric DM =————— ALPr=zzzzrs
Freeze-In DM = !
SIMP/ELDER

Dark Matter Co-Decay

JP Hidden sectors
IIP Higgs portal (new particle could hide surprises)
IIIP Hidden “Dark” sectors (explaining Dark Matter)

NCUtrmao . ey

long-lived scalars decays

Masses with Higgs portal # )
from ERS .- fosss st . arXiv:1901.04040

Discrete Symmetries

LLP are a Hallmark of Hidden sectors, with non-SM matter and
forces, that can be connected to the SM via very small effective
couplings called portals
Hidden sectors could explain big questions of the SM 1n a way that
1s compatible with the current lack of new particles
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https://arxiv.org/abs/1901.04040

In a panorama

* In which searches for new physics in ATLAS and CMS are
systematically coming back empty

LLP are
looking like a
very attractive
alternative

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

July 2019 Vs =13TeV
Model Signature  [£dt (b Mass limit Reference
3, 4% Oep  26jets  EP 361 1.55 m(¥})<100 GeV 1712.02332
» mono-jet  1-3jets  EMS 361 0.71 m(G)-m())=5 GeV 1711.03301
% 28, 3—43%] Oe.p 26jets  EP™ 361 | & m(E)<200 GeV 1712.02332
g z Forbidden 0.951.6 m(F})=900 GeV 1712.02332
Bz el Seu 4jets 31 |& 1.85 1706.03731
° ee,pup 2jets  EMS 361 | & 1.2 1805.11381
B @ zowwzi Qe T-1jels EP™ 361 |% m(¥}) <400 GeV 1708.02794
3 SSeu 6 jets 139 |2z 1.15 m(z)-m(¥1)=200 GeV ATLAS-CONF-2019-015
&
= gz gl 0-1e.p 3b  EP™ 798 |2 m(¥})<200 GeV ATLAS-CONF-2018-041
SSe.u 6 jets 139 |z 1.25 m(z)-m(¥})=300 GeV ATLAS-CONF-2019-015
byby, by—b¥} ¥} Multiple 36.1 by Forbidden 0.9 m(¥})=300GeV, BR(bY})=1 1708.09266, 1711.03301
Multiple 36.1 by Forbidden 0.58-0.82 m(¥))=300 GeV, BR(b¥!)=BR(:)=0.5 1708.09266
Multiple 139 by Forbidden 0.74 200 GeV, m(¥1)=300 GeV, BR(1¥})=1 ATLAS-CONF-2019-015
o by Bi—bt) - bt Oe.p 6b  EPS 139 B Forbidden 0.23-1.35 Am(E),7%)=130 GeV, m(¥%)=100 GeV SUSY-2018-31
E § by 0.23-0.48 Am(¥3,¥))=130 GeV, m(¥})=0 GeV SUSY-2018-31
§.§ i1y, > Wb, or i) 0-2ep 0-2jets-2b Ef™ 361 | 1.0 m()=1 GeV 1506.08616, 1709.04183, 1711.11520
5 f\i o WhED 1ep 3jets/th EP 139 i 0.44-0.59 m(¥})=400 GeV ATLAS-CONF-2019-017
o 1 1 1 T
§§ iy, 171 by, 717G Tretent 2jets/1h ENS 361 [ 116 m(71)=800 GeV 1803.10178
T i el /8¢, ek Oept 2c EPs 361 | 0.85 m(i))=0GeV 1805.01649
G i 0.46 (F))=50 GeV 1805.01649
Oepu mono-jet  Ef' 361 i 0.43 m(i, &)-m(X})=5GeV 1711.03301
iy, i +h 12ep 4b Eps 361 | h 0.32-0.88 m(¥))=0GeV, m(7,)-m(¥})= 180 GeV 1706.03986
hoi +Z 3en 1b Epis 139 A Forbidden 0.86 m(¥})=360GeV, m(7,)-m(¥})= 40 GeV ATLAS-CONF-2019-016
XA via WZ 23ep E““‘“ 36.1 )g‘/)g; 0.6 . _“m()?‘()=o 1403.5294, 1806.02293
ee.pp >1 B ae | 0.205 m(¥})-m(¥)=5 GeV ATLAS-CONF-2019-014
XX viaww 2ep EPs 139 | & 0.42 m(E)=0 ATLAS-CONF-2019-008
X );g via Wh 0-1epu 2b2y E',“i“ 139 Xi/¥;  Forbidden 0.74 m(¥})=70 GeV | ATLAS-CONF-2019-019, ATLAS-CONF-2019-XYZ
XX vialy/v 2ep EPs 139 | i 1.0 m(7,7)=0.5(m(¥; J+m(¥)) ATLAS-CONF-2019-008
T
WS 7, 100k 27 Eps 139 | T [, FRL) IN0M6:0:8] 0.12-0.39 m(})=0 ATLAS-CONF-2019-018
frlig, I-60) 2epn 0jets E““‘“ 139 i 0.7 m(t))=0 ATLAS-CONF-2019-008
2ep >1 Epis 139 i 0.256 m(fy-m(¥})=10 GeV ATLAS-CONF-2019-014
HH, A-hG G Oeu >3b  EPS 361 it 0.13-0.23 0.29-0.88 BR(Y] — hG)=1 1806.04030
4epn Ojets  EP™  36.1 i X BR(Y — ZG)=1 1804,03602
@ Direct ¥ X prod., long-lived ¥{ Disapp. trk  1jet  EP™ 361 | Pure Wino 1712.02118
2 3 % Pure Higgsino ATL-PHYS-PUB-2017-019
X  stable z R-hadron Multiple 36.1 i3 1902.01636,1808.04095
S g Metastable z R-hadron, g—ggt! Multiple 36.1 m(¥})=100 GeV' 1710.04901,1808.04095
LFV pp—¥: + X, Vr—ep/et/ut eperut 3.2 23112011, Ain/133/233=0.07 1607.08079
0T 10 - wwjzeeeevy dep Ojets  EP™  36.1 m(E)=100 GeV. 1804.03602
22,2490, ¥ - qqq 4-5 large-R jets 36.1 Large 47, 1804.03568
E Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
7, i), ¥ - tbs Multiple 36.1 m(E})=200 GeV, bino-like ATLAS-CONF-2018-003
iy, —bs 2jets+2b 36.7 1710.07171
iy, gt 2 2h 36.1 BR(7, —be/byu)>20% 1710.05544
1 v 136 BR(7 —41)=100%, cosf=1 ATLAS-CONF-2019-006
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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ATLAS Long-lived Particle Searches* - 95% CL Exclusion

Status: July 2019

They are nothing new

ATLAS Preliminary
fL dt =(18.4—-36.1) b1 y5=8,13 TeV

Model Signature  [£dt[b] Llfetlme limit Reference
RPV x? — eev/euv/uuv  displaced lepton pair 203 xi’ Iiie;ime' ' m —— % ) s =13TeV, m(;(?)—l| olT;v' 1504.05162
GGMy? - ZG displaced vtx + jets 20.3 x‘l‘ lifetime m(g)=1.1TeV, m(y?)= 1.0 TeV 1504.05162
GGMy? — ZG displaced dimuon 329 |} lifetime 0.029-18.0 m m(g)=1.1TeV, m(y})= 1.0 TeV 1808.03057
GMSB non-pointing or delayed y 20.3 | x{ lifetime . o08s4m SPSB with A= 200 TeV 1409.5542
AMSB pp — xixl.x{x;  disappearing track 203 | xj lifetime _ m(yt)= 450 GeV 1310.3675
AMSB pp — xix3.xTx;  disappearing track 36.1 | ] lifetime 0.057-1.53 m m(y)= 450 GeV 1712.02118
AMSB pp = xix? xix1 large pixel dE/dx 18.4 | xj lifetime _ m(yt)= 450 GeV 1506.05332
Stealth SUSY 2 MS vertices 36.1 S lifetime 0.1-519 m B(g — 5g)= 0.1, m()= 500 GeV| 1811.07370
Split SUSY large pixel dE/dx 36.1 g lifetime >09m m(g)=1.8 TeV, m(y})= 100 GeV 1808.04095
Split SUSY displaced vix + E{!‘i§§ 328 g lifetime 0.03-13.2m m(g)=1.8TeV, m(y2)= 100 GeV 1710.04901
Split SUSY 0£,2-6jets +L=.’r”iss 36.1 g lifetime 0.0-21m m(g)= 1.8 TeV, m(y2)= 100 GeV | ATLAS-CONF-2018-003
H-ss low-EMF trk-less jets, MS vix36.1 | s lifetime 0.18-120m m(s)=25GeV 1902.03094
FRVZ H — 2y, + X 2 e—, u—jets 203  |[FANEHRE o-3 mm m(ya)= 400 MeV 1511.05542
FRVZ H — 2y, + X 2 e, u—, m—jets 361 | yq lifetime 1.5-284 mm m(y4)= 400 MeV CERN-EP-2019-140
FRVZH — 4ys + X 2 e—, p—, m—jets 36.1 va lifetime 3.7-178 mm m(yq)= 400 MeV CERN-EP-2019-140
H- Z,Z, displaced dimuon 329 2,4 lifetime 0.009-24.0 m m(Zy)= 40 GeV 1808.03057
H— ZZ4 2 e, u + low-EMF trackless jet36.1 2,4 lifetime 0.21-52m m(Zy)= 10 GeV 1811.02542
VH with H — ss — bbbb 1 - 2£ + multi-b-jets 36.1 s lifetime ~ 0-3 mm B(H — ss)=1, m(s)= 60 GeV 1806.07355
®(200 GeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.41-51.5m o x B=1pb, m(s)= 50 GeV 1902.03094
(600 GeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.04-21.5m o x B=1pb, m(s)= 50 GeV 1902.03094
d(1TeV) = ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.06-52.4m o x B=1pb, m(s)= 150 GeV| 1902.03094
HV Z'(1 TeV) — q,q, 2 ID/MS vertices 20.3 | slifetime o x B=1pb, m(s)= 50 GeV 1504.03634
HV Z'(2 TeV) - q,qy 2 ID/MS vertices 20.3 s lifetime ) oxB=1 Plb- m(s)= 50 GeV 1504.03634

0.01 100 cT [m]
- Vs=13TeV
0.01 0.1 1 10 100

*Only a selection of the available lifetime limits is shown.

7 [ns]



But our detectors

Higgs boson: ~10% s
Key: Z boson- ~10~% s
Eiectron Top quark: ~107%% s

Charged Haron (e.g. Pion)
- — — - Neutral Haron (e.g. Neutron)
Photon

b-quark: ~10712 s

(@A ‘ T\\’\ ;‘J.Ifl‘m
Silicon/ HHH?%%
AT

tracker

4
Electromagnetic

; )}ul] calorimeter ////////
Hagron Superconducting
[ calorimeter Shlencid .
Transverse slice Iron rgtrtln;\r)‘ yoke r|]nter§persed
through CMS with Muon chambers
I T T T T T T I
Om Im 2m 3m 4m 5m 6m m
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* Are designed
and optimized
for very short-
lived particles
that pop in and
out of existence
VERY quickly

* And decay to
~stable

products very
fast



Long-lived particles are not like that

_ diségppearing ﬂr
displaced kinked tracks \
multitrack vertices :
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----- (converted) photons
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: emerging jets
lepton-jets, or

lepton pairs

\ | trackless,
| low-EMF jets

multitrack vertices in the
muon spectrometer

quasi-stable

Figures by Heather Russell
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https://hrussell.web.cern.ch/hrussell/

Paradigm shift

Disappearing

G\ Kinked tracks

Use case i -

Displaced
vertices/tracks

Emerging jets

Tracker

* Looking for LLPs STILL represents a paradigm shift from the
usual approach to hunting for new physics

« Implies exploiting the detectors in ways they were not designed for

Rebeca Gonzalez Suarez (UU) - 5/1/20



Roadblocks

* Need for specialized algorithms
 Dedicated Track and Vertex reconstruction

 Though they have very low background
« instrumental effects, still not well-modelled 1in the simulation

* The clearest challenge:

TRIGGER

!
5 ’ - 3 2 B
. .
-~
2
=
:
h -

Rebeca Gonzalez Suarez (UU) - 5/1/20 11



In the HL-LHC

* Neither track reconstruction or trigger are going to get any
easlier

ATLAS

EXPERIMENT

HL-LHC tt event in ATLAS ITK
at <pu>=200

Rebeca Gonzalez Suarez (UU) - 5/1/20
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Hardware Tracking for Trigger

* Charged particle reconstruction in
high-pileup conditions —
challenge to tackle

* To use of information from the
tracking as early as possible in
the trigger selection

* Central to the future ATLAS
TDAQ

* Also present in the CMS
Phase-II upgrade

The plan for ATLAS is a hardware-based system (HTT) based on
custom AM ASICs for pattern recognition and FPGAs for track
reconstruction/fitting — on-demand, fast tracking done in hardware

Rebeca Gonzalez Suarez (Uppsala University)
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LLP at the HTT

e Our goal 1s to make sure that LLLP with characteristic tracker
signatures are taken into account for trigger purposes in ATLAS
at the HL-LHC

 For this we need to make the HTT aware of them

Pattern Recognition mezzanine

-
-
-
-
-
-
-
-

e IIIIZI 1 1 1¢

The HTT

Tt
M L

Alessandra will tell you all about it!
check out her talk

Pattern bank

Rebeca Gonzalez Suarez (UU) - 5/1/20
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https://indico.nbi.ku.dk/event/1259/timetable/?view=standard
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Displaced tracks

° Many interesting tracker Charged, detector-stable particle

signatures that we would like to . _
1dentify at trigger level Disaphearing track

.
o
o
-
o
LY
*

* In this paper we start with the Displaced vertex
simplest e e AT

* Displaced muons ad <

Displaced u tracks generated with a particle gun in Pythia
Transverse coordinates of the position of the track vertex: 0—350mm

Rebeca Gonzalez Suarez (UU) - 5/1/20 16



Custom simulation

e (Generic tracker similar to that used in ATLAS and
CMS 1s modelled with Geant4

 Same geometry as in arXiv:1709.01034

1200 T T T T T T LI I | | T T T

E L =10 § | |
'~ 1000— . N 5 pixel layers, in red,
I / i and 5 strip double
800 . // ’ | n=2.0" layers, in blue, in the
- v - : barrel (7/7 in the
600 — / P — endcaps)
B / el i
L / e _
400—— — .
- - ~_n=3.0-
200/ lHJ[/] I L/ - = Study restricted to a
‘ﬂ% e : single region, using
A T YT [T NN N TN Y TS NS S R A AN N T N N MR .
% 500 1000 1500 2000 2500 3000 only its outermost
2 [mm] layers
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https://arxiv.org/abs/1709.01034

Hit selection

e Two hardware-based hit collection methods:

* One based on the Hough transform
* Can be implemented un GPU/FPGAs
« Used in computer vision applications

* Can be constructed for any curve that can be described
with a few parameters

* One based on pattern matching

« Baseline HTT, done in ASICs

* Reserving 10% and 20% patterns trained with
displaced muons from a prompt muon pattern bank

Rebeca Gonzalez Suarez (UU) - 5/1/20
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Hough transform

Efficiency of finding hits for the displaced-vertex sample
The efficiency increases overall with respect to the default when tuned for
displaced, though it is still hard to finding tracks with low pr and high d,

— 80 > — 80 1 =
= &) = 3)
£ 09§ E 0.9 S
= 0.8 § =5 0.8 é’
) 0.7wW = 0.7 W
> -
= 0.6 = 0.6
0.5 0.5

0.4
0.3

4

o o
w B

0.2 0.2
0.1 0.1
L1 1 Lol 1 I Ollllll 1 Lol O
I o 10 10’ Hough t f
Hough transform Truth p_[GeV] Truth p_[GeV] ougf. I anj for m
configured for cogllgtlre dor
prompt (default) Isplace
. Applied to
Applied to displaced
displaced isplace
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Pattern matching

Prompt muons banks 90% prompt, 19% displaced 80% prompt ZQ% displaced

Used in displaced Used in displaced Used in displaced
S Superstrip width E, 0.9;— Clusters on track E .E’ 0_9;— Clusters on track E
S 04f ] 208 ——26 1 S o8t ——26 E
£ i —— 32 E : e >7 1 £ : > 7 E
w I . 16 1 Wo07F >8 3 W o0.7: —'—;8 3
0.3 . 0.6f N 1 06" = E
: ] 050 SSW 16 E 0.5E SSW 16 3
0.2 . 1 04 E I S — -
L. ] 0.3;— e T T —; 0.3+ 3
0.1:—_.- e —: 0.2;__._ —; 0_22_ _i
[ i 0.1 . . E ot.~ T 7

Qb QEs e T E——————
10 10° 10 10? 0 10 102

Truth p_[GeV] Truth p_[GeV] Truth p_ [GeV]

T

The efficiency rises to ~30% with 10% and close to 40% with 20%

(SSW: superstrip width, proxy of the “resolution” of a pattern in a bank
We use 16 for this exercise)

Rebeca Gonzalez Suarez (UU) - 5/1/20 20



Efficien

' T | TTTT | TTrrrT I LU | TTTT | UL I LU
I Superstrip width 1

0.3+ ]
_+ -
[ *+ ]

+

0.2; *+++ ]
L, +, ]

0.4 e, "o, sttt
L . “*+“ S RIT =g ++++++ +*
_I 111 | 1111 | 1111 I 1111 | 1111 | 1111 I 1111

Prompt muons banks
Used in displaced

50 100 150 200 250 300 350
Truth d,, [mm]

The efficiency stays

well above 20% for all

values of dy while

maintaining above

99% efficiency for
prompt tracks
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:fi) L
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0.98——+ e —
10 10?
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Used in displaced

—h
T

Truth P, [GeV]
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Efficiency

Efficiency

Pattern matching

90% prompt, 10% displaced

80% prompt 20% displaced

Used in displaced

_.L

SR L L B UL IR LI RULILS
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E e >7 E
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r > ]
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Summary

LLP are cool but we could be missing them, especially at trigger level

Preliminary study: promising performance of dedicated trigger
strategies for long-lived particles at the HL-LHC

 With small additional resources, the sensitivity to these signals
can be 1improved

Both methods will increase the load on the data acquisition system
because of additional hits from minimum bias

* This effect can be kept small if only events of interest are kept,
how this can be done is left for a future study

We propose that resources are reserved in the design of the future
tracker triggers for the HL-LHC

Rebeca Gonzalez Suarez (UU) - 5/1/20
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