Exotics Searches at Colliders

Sinéad Farrington
University of Edinburgh




Exotics Searches at Colliders
Why and How?

Sinéad Farrington
University of Edinburgh




When did Exotics Searches begin?

S. Farrington, University of Edinburgh



When did Exotics Searches begin?

Everything was an exotics search for a while
Back to the beginning:

- Electron, muon discovery, neutrino
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The Quark Model (1964)

* Alongside search and discovery ran efforts to organise
the discovered particles into underlying patterns
- Some false dawns, then the quark model representation
- Based on 3 quarks (up, down, strange)
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The GIM Mechanism (1970)

* (Glashow, llliopoulos, Maiani)

* Questioned why there were no FCNC
- Several false dawns also (23 predictions for R ratio!)

GIM mechanism suggested that the facts could be explained if a
fourth quark existed (no experimental evidence at the time)
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Time of Exploration and Surprises (1970s)

JR—

» Jhy discovery (November revolution, F *h;;ro'”s Ay
1974) 2 1000 E .* \ E

. SPEAR (e+e- at SLAC), ASG (fixed ¢ ol / \N ]
target at Brookhaven) ; o, i .

- Searching higher CoM energies in an 10 fi;-—l-i,;' e —;l

open-minded way, scanning across 100
energies, measuring R ratio
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Building up the Standard Model

* Tau discovery (e+e-, 1975)
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And then the bosons were found

 These were searches for particles needed to complete
the Standard Model (but this was not known for sure!)
- Not “exotics”?
- (The Higgs boson was the last such case, 2012)

Z boson (ppbar,1983)

 SM particle content was then complete except for top
quark (1995), tau neutrino (2000), Higgs (2012)

S. Farrington, University of Edinburgh



Exotics Searches post-1980

 LEP/SLC/Tevatron/LHC (as well as non-collider facilities)
pursued an exotics program over the following decades

From CDF Proposal (1981):

The discovery of any one of these
objects would alter our concepts of physics in a fundamental

way and would change the direction of the field, just as did
the discovery of the  a few years ago.

While Nature may well be even more imaginative when it
comes to populating this new territory, we can still use

current theoretical ideas for examples_]df the types of

phenomena possible. For instance, ideas on dynamical symmetry
breaking of the weak interaction lead to complex spectra of new
particles possessing a new property of nature called
technicolor.

Centauros, lepton and quark substructure, heavy quasi-stable particles

SUSY not mentioned explicitly (Dynamic Symmetry Breaking is)

S. Farrington, University of Edinburgh 10



Supersymmetry

 SUSY stabilises the Higgs mass r Pamd% 3

- Solves fine tuning

- Provides dark matter candidate Q
(lightest supersymmetric particle) .
* Searches tend to involve long \

decay-chain signatures, low
momentum particles, large missing
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Exotics Searches post-1980

 LEP/SLC/Tevatron/LHC (as well as non-collider facilities)
pursued an exotics program over the following decades

From “Physics at LEP” (1986)

LEP will offer experi-

entalists a new opportunity to find supersymmetric particles if they exist, or
t least improve dramatically the present limits on their masses.

is useful if the Higgs boson is elementary. An alternative

Supersymmetry
is to make it composite, made of constituents bound together by some new inter-
technicolour |[10]

actions which become strong at an energy scale A - 1 TeV. In this
scenario, one expects to encounter many new technimesons and technibaryons with

masses ~ 1 TeV.

* Precision measurements, toponium, New heavy leptons/quarks,
technicolour

S. Farrington, University of Edinburgh
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Exotics Searches post-1980

 LEP/SLC/Tevatron/LHC (as well as non-collider facilities)
pursued an exotics program over the following decades

From ATLAS
Letter of Intent (1992)

As a second benchmark one may use the search for

particles of the Minimal supersymmetric extension of |
the Standard Model (MSSM). In addition to signa-

tures simiiar to the ones for the 5M Higgs, one needs
sensitivity to processes like:

A—71tr” —euplusv’s
— ¢#% plus hadrons plus v’s;
i+ - riy
— 2 jets.

In particular JIT searches from the rcaction tt —
HE¥bWTb, are strongly enhanced by b-quark tagging
as are {-quark studies in general. These processes
are expected to have observable cross-sections even
at lower luminosities (10%* em=2s1).

OthE-—: benchmark processes like Sppersym-
metry [(SUSY ) |and cffects of| quark compositenesy in-
clude r signatures the missing transverse en-
ergy (E7***) from undetected lightest stable SUSY
particles (LSP) and deviations in the jet cross-section
from the QCD expectations for very high pp jets re-
spectively.

13
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Exotics Searches post-1980

 LEP/SLC/Tevatron/LHC (as well as non-collider facilities)
pursued an exotics program over the following decades

From CDF Run Il
Technical Design Report (1996)

At the Tevatron+Main Injector, CDF II will search
for new objects at and above the electroweak scale.
There is at present a great deal of theoretical activity

focussed on new phenomena in _this regime. with pre-

dictions from models invoking supersymmetry, tech-
nicolor,land new U(1) symmetries. The magnitude of

the top quark mass and speculation about an excess

in the top cross-section have led to other theoretical
predictions about phenomena well within our reach in

Run II, such as

topcolor

. Search strategies for these

S. Farrington, University of Edinburgh
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And now?

 What do we mean by exotics searches now - why do we
think that there is still New Physics to find?

Can safely argue that pre-1980 was a time of great exploration
but it turns out in retrospect to have all been building towards the
same conclusion — the Standard Model

S. Farrington, University of Edinburgh
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Standard Model Shortcomings

« Standard Model: best-tested theory

e Bu

Describes the fundamental particles
and the interactions among them

t...

26 free parameters (compelling?)
Higgs mass appears to be unnaturally fine-tuned
Not possible to unify with gravity
Dark Matter/Energy
Effective theory? (c.f. Classical mechanics
=>» Special Relativity)

* Candidate overarching theories imply

‘N

ew Physics’
New fundamental particles
New fundamental interactions among them
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Exotics Searches

e Search for those new fundamental particles and
interactions

Often those searches are ~targeted at specific candidate
theories

The choice of candidate changes over time

- Archaeology on the proposal documents illustrates an open-
mindedness throughout the decades and an awareness of
“theoretical biases”

* But much more than that: exploration as a goal in itself

A full exploitation of the LHC is open-mindedly to ask the
guestion “what happens when hadrons collide”

Model-independence is a good goal
- Signature-based searches

S. Farrington, University of Edinburgh
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Eur. Phys. J. C 77 (2017) 765
Model Independen“cey

Events / GeV

Data / SM

An example of good practice:
Set up a search to be i
sensitive to e.g. WIMPs )

Measure detector-corrected observables e.g. di-jet mass
- These are re-interpretable

Can still set limits in a model of choice as well:
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How to search in practice?

* Prerequisite: Design a detector with sensitivity

25m

..............

............... Pixel detector

&

Tile calorimeters

) LAr hadronic end-cap and
forward calorimeters

Toroid magnets LAr eleciromagnetic calorimeters

Muon chambers Solenoid magnet | Transifion radiation fracker
Semiconductor fracker

S. Farrington, University of Edinburgh
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How to search in practice?
* ATLAS is a General Purpose Detector (GPD)

- Most of the generic

goals serve exotic e
searches well: P————— -y
measuring |
mass/momentum/charg
e/energy/lifetime of |
particles \\
\ -
/I \-\‘. \‘\
25m Q\ & \\ \
\ 74 r\! NN
\ N NN
‘\ \ Tile ;?Jlorimeters
\ LAr hadronic end-cap anc
. \ y / / / W, forward calorimeters
\.\ . \ / ’ \| Pixel defector \
o ' ’ Torold magnets /,’ \| LAr elecfromcgnéﬁc calorimeters

Muon chambers Solenoid magnet | Transition radiafion fracker

Semiconductor fracker
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How to search in practice?

* Some notable special design criteria for exotics given

some classes of models e.g.

* high momentum muons’ 44m
charge identification J— —-—— - ~
(motivated by Z' or W’ | :
search) Seaerain-. =
. . \" I’ * L3 o J';ﬂ 7
» Missing energy %{ By et
measurement as a SUSY s B BRI RS
. . - e NN
and Extra Dimensions / eSS AN
signature (implies “4pi /| WP NN
y I / 9/ Vo \:.\ 2\.\ -.\‘:\\\\.\\.\\\\\\\
coverage’) ;. { o s ae) 3,\\; e\,;\\\'\ Bl
» Low transverse momentum; NN T R d QRN AN
: ‘ ; \ / \ . 94 é_“!'\;\%\ﬁ L | NARIN
triggers for SUSY pecay | ‘ e NG 1N
. =\ AN . R
chains (among other “SM’ \ S ’g% - A\ N\ Tile calorimeters
phySiCS) \ \\ \L’\‘f\":' : \ LAr hadronic end-cap anc
\ \r \ \ N\ forward calorimeters
\.‘ 7 B . \ || Pixel detector ‘

/
\/~~ Toroid magnets /

Muon chambers solenoid magnet | Transifion radiation fracker

Semiconductor tracker

\ LAr electromagnetic calorimeters

S. Farrington, University of Edinburgh
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New Physics Search: Mass axis

* Typically search for a mass resonance #

Mass(O,,0,)

Higher energy =>» Access higher mass states
Higher luminosity =» Access rarer production processes

* This has worked: ...J/y, Y, Z, Higgs, ...

But no evidence for resonances Beyond the Standard Model

Ruled out phase-space: e.g. mass(Z'=> t+t7) is > 2.4 TeV

This provides legacy constraints and there is a lot of discovery phase space still to
explore.

S. Farrington, University of Edinburgh 22



Z’ searches

Phys. Lett. B 796 (2019) 68

* Balance theory/experiment (signature) motivations
 For example, Z' search
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Z’ searches

o4 % B [fb]

10

T IIIIIII|

—— Observed limit at I'/m = 10%
-------- Expected limit at I'/m = 10%

T I T T T T
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Go “exclusive”: Require a b-jet (or veto b)

* Data are subsets of the Z' search: production with a b

quark and production with explicitly no b-quark

- Move to exclusive searches could reveal peaks where the
inclusive distributions do not see them
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ATLAS Exotics reach (so far)

ATLAS Exotics Searches” - 95% CL Upper Exclusion Limits

ATLAS Preliminary

*Only a selection of the available mass limits on new states or ph

tSmall-radius (large-radius) jets are denoted by the letter j (J).

0:1TeV

1 TeV

10

lIO'eV

Status: May 2019 [Ldt=(3.2-139) b Vs=8,13TeV
Model ty Jetst ET™ [rdtm™] Limit Reference
T T —TT T T T — T T T —T
ADD Gkk + g/q Oe,pu 1-4j Yes 36.1 Mp 7.7 TeV n=2 1711.03301
&2  ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
.S  ADDQBH - 2] - 37.0 M, 89TeV n=6 1703.09127
&2 ADDBH high 3 pr >leyu >2j - 32 | My 8.2 TeV n=6,Mp = 3TeV, rot BH 1606.02265
“E’ ADD BH multijet - >3] - 3.6 M 9.55TeV n=6, Mp=3TeV,rotBH 1512.02586
S RS1 Gkx — vy 2y - - 36.7 Gyk mass 4.1 TeV k/Mp =0.1 1707.04147
© Bulk RS Gkx —» WW /ZZ multi-channel 36.1 Gkk mass 2.3TeV k/Mp =10 1808.02380
g Bulk RS Gxx — WW — qqqq Oe,u 2J - 139 Gk mass 1.6 TeV k/Mp =10 ATLAS-CONF-2019-003
w Bulk RS gkk — tt Tep =1b,>1J2) Yes 36.1 gkk Mmass 3.8 TeV r/m=15% 1804.10823
2UED/ RPP ey 22b23) Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AMY - tt) =1 1803.09678
SSM Z’ — (t 2epu - - 139 | 'Z' mass 5.1 TeV 1903.06248
» SSM Z" -t 27 - - 36.1 Z' mass 2.42 TeV 1709.07242
g Leptophobic Z” — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
@  Leptophobic 2’ — tt leu 21b>1J2) Yes  36.1 Z’ mass 3.0 TeV r/m=1% 1804.10823
-8 SSM W’ — ¢v Tenu - Yes 139 W’ mass 6.0 TeV CERN-EP-2019-100
S SSMW 51y 17 - Yes 361 | W mass 3.7 TeV 1801.06992
g HVT V' - WZ — qqqq modelB O e, u 2J - 139 V’ mass 3.6 TeV gv=3 ATLAS-CONF-2019-003
(0] HVT V/ - WH/ZH model B multi-channel 36.1 V' mass 2.93 TeV gv=3 1712.06518
LRSM Wg — tb multi-channel 36.1 Wr mass 3.25 TeV 1807.10473
LRSM Wk — uNg 2pu 1J - 80 W mass 5.0 TeV m(Ng) =0.5TeV, g1 = gr 1904.12679
— Cl qqqq - 2j - 37.0 A 21.8TeV 1 1703.09127
O  Clttgq 2epu - - 361 |A 400 TeV 17, 1707.02424
Cl tttt >tep 21b21j Yes 36.1 A 2.57 TeV [Cat| = 4m 1811.02305
Axial-vector mediator (Dirac DM) Oepu 1-4j Yes 36.1 Mmed 1.55 TeV £,=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
S Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 (=3 1.67 TeV g=1.0, m(y) = 1 GeV 1711.03301
Q  VWyy EFT (Dirac DM) Oe,p 14,€1)  Yes 32 | M, 700 GeV m(y) < 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM)  0-1e,u  1b,0-1J Yes 36.1 my 3.4 TeV y=0.4,1=0.2, m(x) =10 GeV 1812.09743
Scalar LQ 1t gen 12e >2j Yes 36.1 LQ mass 1.4 TeV B=1 1902.00377
(e Scalar LQ 2"¢ gen 1,2 >2j Yes 36.1 LQ mass 1.56 TeV =1 1902.00377
= ScalarLQ 3" gen 27 2b - 36.1 LQ; mass 1.03 TeV B(LQY — br) =1 1902.08103
Scalar LQ 3™ gen 0-1e,u 2b Yes 36.1 LQg mass 970 GeV B(LQY - tr) =0 1902.08103
VLQ TT — Ht/Zt/Wb+ X  multi-channel 361 | Tmass 1.37 TeV SU(2) doublet 1808.02343
s@ VLQBB- WyZb+ X multi-channel 36.1 | Bmass 1.34 TeV SU(2) doublet 1808.02343
& VLQTs3TsslTss » Wit X 2(SS)28eu>1b>1] Yes 361 [ Tsamass 1.64 TeV B(Ts3 — We)=1, c(Tojs W)= 1 1807.11883
5‘:’ g_ VLQY - Wb+ X Teu >1b,>1] Yes 36.1 Y mass 1.85 TeV B(Y = Whb)=1, cg(Wh)=1 1812.07343
VLQ B = Hb+ X Oeu,2y 21Db,21j Yes 79.8 B mass 1.21 TeV kg=0.5 ATLAS-CONF-2018-024
VLQ QQ — WqWgq Teu >4 Yes 20.3 1509.04261
«» Excitedquark g* — qg - 2j - 139 q* mass 6.7 TeV only u* and d*, A = m(q") ATLAS-CONF-2019-007
B g Excited quark g* — qy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q") 1709.10440
E '€ Excited quark b* — bg - 1b,1]j - 36.1 b* mass 2.6 TeV 1805.09299
U} ¢ Excited lepton ¢* 3e,u - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* Beut - - 20.3 A=16TeV 1411.2921
Type Ill Seesaw leu >2]j Yes  79.8 | N®mass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2 TeV m(Wg)=4.1TeV, g, = gr 1809.11105
S Higgs triplet H** — ¢¢ 234eu(SS) - - 36.1 H** mass 870 GeV DY production 1710.09748
Sy Higgs triplet H** — (1 3eut - - 20.3 DY production, B(H;* — (r) =1 1411.2921
o Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |g| = 5e 1812.03673
Magnetic monopoles - - = 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
Vs =13 TeV Vs =13 TeV | L e . e —— . E—
partial data full data 1071 Mass scale [TeV]
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Precision Measurements as a “search”

* Another way to search is to make precision
measurements of already-discovered particles

- This happened with W, Z, Higgs, b... you name it
- e.g. Wmass

S B ATLA|S = mW=80.3|701r0.019 Gev ]

O 80.51 Bl m=17284+070 GeV ]

Eg - B my = 125.09 £ 0.24 GeV
80.451—

f 68/95% CL of m, and m, ]

80.4F

80.35

N - 68/95% CL of Electroweak ]

B Fit w/o m, and m, b

~ (Eur. Phys. J. C 74 (2014) 3046)

r o 7
80.25 165 170 175 180 185

m, [GeV]

Eur. Phys. J. C 78 (2018) 110

S. Farrington, University of Edinburgh
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The Higgs

*The Higgs search was not assured to turn up a H(125)
*That search now yields searches
*For rare decays of the H(125)

*While the search for an extended Higgs sector
continues

Combined with a move towards precise and differential
measurements tests the SM

Ample room for something to turn up, this is the only
fundamental scalar we know of, explore it.

S. Farrington, University of Edinburgh 28



New Physics Search: Mass axis

* Typically search for a mass resonance #

Mass(O,,0,)

S. Farrington, University of Edinburgh 23



Alternative Axis: Lifetime

Single LLP production 0, HPE bong e
LLP O,

S. Farrington, University of Edinburgh
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Alternative Axis: Lifetime

| | LLP = Long Lived
Single LLP production 0, Portaln
LLP O,
oF
LLP /,/'Tnvisible

OR
Double LLP production

. " " /
invisible .,

S. Farrington, University of Edinburgh 31



Why Long Lived Particles?

Foresight in CDF proposal in 1981

sufficiently
vertices.

Other

long

to

new particles may
allow the observation

have lifetimes
of their decay

S. Farrington, University of Edinburgh
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Why Long Lived Particles?

* Familiar case: b-hadrons
* Long-lived because 7
G is small (= W mass is large c.f. Q2) @ - O
Off-diagonal CKM matrix elements ’ N
.

are small

* New Physics could be long-lived for the same reasons:

Massive propagators, small couplings

Lack of phase space

- Inability to decay by a faster route
* |t makes sense to search for these at the LHC to explore

the full range of new physics that we can be sensitive to
It is part of a full exploitation of the LHC, many theories as

benchmarks
S. Farrington, University of Edinburgh
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Standard Model Particle Lifetimes

Particle Mass m [MeV]

Prog.Part.Nucl.Phys. 106 (2019) 210-255

Detector-Stable

1 Detector-Prompt £ £ £
= = o
° @H T o~ I
[ b [
105—5 @ (&) 0 (¥
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0 D=/D
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Proper Lifetime 1 [s]

What else could
be on this plane?

S. Farrington, University of Edinburgh
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Theory Motivations ~ 19%°%7°%

Motivation | Top-down Theory IR LLP Scenario

RPV SUSY
GMSB
ini-split SUSY

. (direct production of BSM state at
Axinos LHC that is or decays to LLP)

Sgoldstinos — Simplified

Neutral Natm‘alnessmm . .
Composite Higgs mmmmmm— Hidden Valley s, M Od e I S

Relaxion Confining

Naturalness

Asymmetric DM s——— ALP=====2
Freeze-In DM

Co-Detay mmm— ST
Dark Matter Co-Decay SM+S m—

Co-Annihilation
Dynamical DM

WIMP Baryogenesis
Baryogenesis Exotic Baryon Oscillations
Leptogenesis exotic Higgs
decays

SM+V (+S)==fly_ e¥otic Z
decays

Minimal RH Neutrino HN L —

s SUC
. with SU(2)r Wzl exotic Hadron
Neutrino long-lived scalars — . decays
Masses with Higgs portal —_— ‘
from ERS== L s
Discrete Symmetnes

(The short answer is that many theories motivate LLPs, let’s look
at a few examples of how it has been realised so far.)

S. Farrington, University of Edinburgh
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Experimental Considerations

e The hardware and software of ATLAS and CMS were
designed with broad goals in mind

- But long lived particle sensitivity was not a major design criterion

S. Farrington, University of Edinburgh
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How do we detect LLPs at the LHC

* Bespoke reconstruction algorithms layered on top of
standard ones, dedicated triggers in some cases
- Sensitivity comes from a patchwork of methods

diséppearing ?

displaced kinked tracks \
multitrack vertices | Y
’ b non-pointing
\\\\\ \ /... (converted) photons
k,.>-"'::‘ - ';:--\- S
'/ NG
displaced leptons, : "‘ emerging jets
lepton-jets, or
lepton pairs '
|

/

\ trackless,
. low-EMF jets

multitrack vertices in the
muon spectrometer

/// \ Heather Russell

guasi-stable
charged particles

S. Farrington, University of Edinburgh
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Current Coverage (ATLAS)

ATLAS Long-lived Particle Searches* - 95% CL Exclusion

Status: July 2019

ATLAS Preliminary
[Ldt=(184-36.1)fb1V5=8,13TeV

Model Signature  [£dt[b™] Lifetime limit Reference
— T T — T T — T — T T — T
RPV 8 — eev/euv/uuv  displaced lepton pair 20.3 )((1] lifetime m(g)=1.3TeV, m(x?)=1.0 TeV 1504.05162
GGMx? - ZG displaced vix + jets 20.3 X‘]’ lifetime m(g)=1.1TeV, m(x3)=1.0 TeV 1504.05162
GGM 3 - zG displaced dimuon 329 X‘; lifetime 0.029-18.0 m m(g)=1.1TeV, m(x?)= 1.0 TeV 1808.03057
GMSB non-pointing or delayed y 20.3 [ x} lifetime . o0085am SPS8 with A= 200 TeV. 1409.5542
AMSB pp — xix%,xtx;  disappearing track 20.3 |7 lifetime . o02230m m(x})= 450 GeV 1310.3675
> -
9 AMSB pp — xix%.xTx;  disappearingtrack 361 | A7 lifetime 0.057-1.53 m m(x;)= 450 GeV 1712.02118
n
AMSB pp = xixS. xTxi large pixel dE/dx 18.4 )(;’ lifetime _ m(xE)= 450 GeV 1506.05332
Stealth SUSY 2 MS vertices 36.1 § 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 >0.9m m(g)=1.8TeV, m(x?)= 100 GeV 1808.04095
Split SUSY displaced vix + E 32.8 § lifetime 0.03-13.2m m(g)=1.8TeV, m(x?)= 100 GeV 1710.04901
Split SUSY 00,2-6jets +EM= 361 | glifetime 0.0-21m m(g)=1.8TeV, m(x?)= 100 GeV | ATLAS-CONF-2018-003
H-ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.18-120 m m(s)= 25 GeV 1902.03094
©  FRVZH o274+ X 2 e—, u—jets 203  |FAEHRE 0-3 mm m(yg)= 400 MeV 1511.05542
o
‘H FRVZH - 2ys + X 2 e—, u—, n—jets 36.1 4 lifetime 1.5-284 mm m(yq)= 400 MeV CERN-EP-2019-140
o
a FRVZH — 4y, + X 2 e—, u—, m—jets 36.1 v4d lifetime 3.7-178 mm m(yq)= 400 MeV CERN-EP-2019-140
>
L HoZzZ displaced dimuon  32.9 | Zq lifetime 0.009-24.0m  m(Z,)—40GeV 1808.03057
H—ZZy 2 e, u + low-EMF trackless jet 36.1 Z4 lifetime 0.21-5.2m 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
5 (200 GeV) — s s low-EMF trk-less jets, MS vix 36.1 s lifetime 0.41-51.5m o xB=1pb, m(s)= 50 GeV 1902.03094
«
8 (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
®(1TeV) - ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.06-52.4 m o xB=1 pb, m(s)= 150 GeV 1902.03094
HV Z'(1 TeV) = qugy 2 ID/MS vertices 20.3 | s lifetime o X B=1pb, m(s)= 50 GeV 1504.03634
~
)
g HV Z'(2 TeV) - qvqv 2 ID/MS vertices 20.3 s lifetime o X B=1pb, m(s)= 50 GeV 1504.03634
Lol L ol Lo
0.01 0.1 1 10 100
ct [m]
- ‘l_ =1eTe
) ) e 0.01 0.1 1 10 100
*Only a selection of the available lifetime limits is shown.
O 1 1 1 O ! [nS]
L !

S. Farrington, University of Edinburgh



Displaced Jets (Low EM fraction)

* Look at decays that happen outside the EM calorimeter

* Search motivated by long-lived scalars p f
- LLP decays in the hadronic calorimeter >}gs_°s:;;,=4 f

- No associated tracks AN f

f

- Specialised trigger (shape and location of calo dezp))osits)

- Backgrounds
- Jets of neutral hadrons
- Beam-induced backgrounds

—
=N

|||||||||||||l|||||I|||||||||||||||||||||||||||||
N ) ) (m, ,m)=(600,150) GeV ]
TATLAS Simulation (m:,m )=(200,50) GeV -
2 Vs=13TeV —*— (m_m)=(12525) GeV ]

Efficiency
o

| filled markers: high-ET CalRatio trigger |
| open markers: low-E_CalRatio trigger | ]

i
i l ‘
|

—

08 g oy 2 B
0.63— g é é é -
B
0.23—
0511 85 555

Eur. Phys. J. C 79 (2019) 481 Truth L, [m]

S. Farrington, University of Edinburgh 39



—> §§

95% CL Upper Limiton B,

Displaced Jets (Low EM Fraction)

Scalar mass 125 GeV

105 L L) l"llll L) Ll ll"lll l"
ATLAS \s=13TeV
10 m,=125GeV, m, =25GeV
3 —— CRlimit [10.8 fb"'] — Obs.
10 —— MS1+MS2 limit [36.1 fb"] === Exp. £ 1o
102 —— CR+(MS1+MS2) limit
—100% B,, , ..
........ 10% B,, _, ..
100 e,
1 <
10—1 ............................
10—2 ...........................................................
107
10 4 1 saaaal

107 1 10 10°
s proper decay length [m]

Scalar mass 600 GeV

Ll LA A "Ill'l Al Ll T rrry
ATLAS Vs =13 TeV

m,, = 600 GeV, m_ = 150 GeV

—— CRIimit[33.0fb"'] —— Obs.

—— MS2 limit [36.1 fb™'] ==== Exp.* 10

—— CR+MS2 limit

—
o
=

4 e
o o
n w
Tl

—
o

.
°.

o
o

-
-~ 3
“ssanf

95% CL Upper Limitono x B, , .. [pb]

— —h
S
w

PR A | ra s a sl
‘ 1 10 10°
s proper decay length [m]

—
<

S. Farrington, University of Edinburgh
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Current Coverage for LLP to tau

 Current efforts leave huge unexplored phase space (plot a couple of years
old but the picture has changed little for taus)

1000
500

[
wn O
o O

[
o

)]

OPAL Limat

) J. Evans & J. Shelton
Hsce HEE EEE JHEP 1604 (2016) 056
«« HH Nl

100 125 150 175 200 225 250

Mass(LLP) (GeV)

» Special motivations for LLP to tau decays — if new particles mix with Higgs,
mass-dependent couplings arise

« ERC project on figuring out how we probe the rest of the phase
space for taus (new hadronic tau ID, new triggers)

S. Farrington, University of Edinburgh
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Tau ID

Tau hadronic decays
° BR(’Eh - 65(%))

Tau ID

Tau ID method
(Boosted Decision Tree)

Currently trained on y* 1t decaying promptly

Same arguments for hadronic

tau trigger

i

=
D
o

LLP
x10°
L{) F T | T T ] 'I | T
0 o = ATLAS Preliminary
o 4.5¢
- 45 {s=13TeV, 3.2fb"
2] - Z-sT,1,, 3-track
c
o
>
L

Illlll|||||[|||I|I||III||IIII|| I|IIII

T T T

—— Da‘ta

[ |- < fakes
[ Jet— t fakes
-

133338 Uncertainty

T T T T T T

Data/Pred
o
(00]

1 ‘ 1
0.8 1
T jet BDT score

S. Farrington, University of Edinburgh
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Workshop on LLP to 3rd generation

\\“\\ } ()/‘)

< » Aiming at a model independent search for LLP

\;&L\%ﬁ/@% decaying to tau

| Held a workshop at Higgs Centre for Theoretical
Physics to identify benchmark theories to target:
https://indico.ph.ed.ac.uk/event/59/timetable/#20191

120

o
o

-~ ™y

& &

A "~
//(/ \\\\

Benchmarks include: Heavy neutral lepton, stau, FIMPs, Higgs
to aa

y,
p »'/
— F / "~
f \R &
NN
/>\\\\~\\ ZN<\
F

f

S. Farrington, University of Edinburgh 43


https://indico.ph.ed.ac.uk/event/59/timetable/%2320191120

Outlook

Run 3 at the LHC and HL-LHC offer:

Possibly higher energy (13.5 TeV)
Higher luminosity, and luminosity levelling
New detector and software components

- Allows smarter trigger decisions

- Also an argument that as the doubling time lengthens, it is profitable to
use the trigger bandwidth in novel ways

Huge data rates combined with capacity to record and
process them, provide us with an unprecedented
opportunity to open up new phase-spaces

With well-designed analyses, null searches are still valuable
in constraining theories (and can be in perpetuity — factor
out the detectors and be model-independent)

History tells us to be prepared for surprises, and to be ready
to find order in the chaos when surprises come along

S. Farrington, University of Edinburgh 44



Extras

S. Farrington, University of Edinburgh
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LLP Link to 125 GeV Higgs

Phys.Lett. B651 (2007) 374(379); Phys.Lett. B661 (2008) 263(267)

H(125) could mix with D i

“dark sector Higgs” - )
P Dy =7 f
miate P

Or decay to long-lived Te °*< f

scalars - 7

Or to dark fermions

H -~ I/’ \\‘\ z' Q ~
A ’,
e ’ T
LZ-
ve tn _
. f
‘\ (the fermions could be low momentum and
¢ .
3 hard to trigger on.)
46
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Current LHC Coverage: H to e/w/)

H(125) - XX, Various X Decays

f 10! -
S 7 f_ ]
e . =
————— < 107 5 ("8 TeV ATLAS 7 |

. ] - Displaced Calo
5 N f — Deposits 4

< 13 TeV ATLAS X(40) - jj //

9 . X(60) - bb /
T 10—1 -
i =

o 13 TeV ATLAS

as] Displaced=Track Muons

o X(60) = uu /

o /

3 1072 - 7

(@] 8 TeV ATLAS

Displaced-Track Leptons // X(40) - if
X(50) =1l / s
/
1073 4 & /.
] \\\ _____ -
a 2 £
10_4 T e e LR |

1074 103 1072 1071t 10° 10t 102 103
X Proper Lifetime tx [ns]

sLarge areas of phase space are being ruled out at the LHC
-But small lifetimes are difficult for the LHC; large lifetimes capped by detector dimensions

*Work is ongoing to maximise the sensitivity across LHC experiments and beyond
S. Farrington, University of Edinburgh
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Z’ searches

Uncertainty source Dielectron Dimuon

for mx [GeV] 300 2000 5000 300 2000 5000
Spurious signal +12.5(12.0) +4.6(10.8) +0.1(1.0) =x11.7(11.0) £3.8(3.5) =£2.1(2.2)
Lepton identification £1.6(1.6)  £56(5.6) £56(56) 18(1.8) (13} 12 (+2)
Isolation +0.3 (0.3) +1.1(1.2) +1.1(1.1) +04 (0.4) 04 0.4) =+0.4(0.5)
Luminosity +1.7 (1.7) +1.7(1.7) x1.7(1.7) +1.7(1.7) x1.7.7) x1.7(1.7)
Electron energy scale Y (*% g) :é:?) (fég) -1 (£0.8) - - -
Electron energy resolution | *1-3 (+(1) é) 0 (tg;) 05 (£0.1) - - -
Muon ID resolution : : : S5 A3 08 ()
Muon MS resolution - - - ﬁ:g J_’ig) 3(2) (3:2) +2.4 (2.1)
‘Good muon’ requirement . - - +0.6 (0.6) fg:g (tg:g) fgg (J_“gg)

S. Farrington, University of Edinburgh
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ATLAS SUSY reach (so far)

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

October 2019 Vs=13TeV
. 1 .
Model Signature  [£dt[™] Mass limit Reference
3%, g-qt) Oepu 26jets EP™S 139 | [10x Degen] 1.9 m(¥})<400 GeV ATLAS-CONF-2019-040
o mono-jet  1-3jets EP™ 361 0.71 m(g)-m(¥})=5GeV 1711.03301
£ @il Oep  26jets EPS 139 |z 2.35 m(¥)=0Gev ATLAS-CONF-2018-040
5 z Forbidden 1.15-1.95 m(¥))=1000 GeV ATLAS-CONF-2019-040
D o0 3e, 4ets 3 ) 1706.03731
(%) 28, 8—qq(tOX, > ;1‘;1 5 J‘e[s i 36.1 z 1.85 ) mm_zféoo GeV
o ! i T 361 |2 1.2 m(z)-m(¥1)=50 GeV 1805.11381
§ 38, 8-qqWZK] Oepp 71ljets EPS 361 |2 1.8 m(¥}) <400 GeV 1708.02794
3 SSeu 6 jets 139 |2 1.15 m(z)-m(¥1)=200 GeV 1909.08457
< .
= g gt 0-1e.u 3b E¥s 798 |z 2.25 m(F))<200 GeV ATLAS-CONF-2018-041
SSe.u 6 jets 139 4 1.25 m(z)-m(t})=300 GeV ATLAS-CONF-2019-015
byby, by —b¥ ¥} Multiple 36.1 | b Forbidden 0.9 m(¥))=300GeV, BR(b¥))=1 1708.09266, 1711.03301
Multiple 36.1 by Forbidden 0.58-0.82 m(¥))=300 GeV, BR(bY})=BR(tf})=0.5 1708.09266
Multiple 139 by Forbidden 0.74 m(¥])=200 GeV, m(¥})=300 GeV, BR(:(})=1 ATLAS-CONF-2019-015
o Db bi—bty — bht) Oe.p 66  EFT 139 | B Forbidden 0.23-1.35 Am(ES,74)=130 GeV, m(¥})=100 GeV 1908.03122
<9 by 0.23-0.48 Am(E3,7))=130 GeV, m(¥})=0 GeV 1908.03122
T B .
§ S A, h _,W,,);? or ,);‘I’ 0-2e.u 0-2jets/1-2h EP™  36.1 i 1.0 m(t))=1GeV 1506.08616, 1709.04183, 1711.11520
c “§1 Teu 3jets/t1b  EP™ 139 i 0.44-0.59 m(¥})=400 GeV ATLAS-CONF-2019-017
g,g Tr+tent 2jets/th ENS 361 i 1.16 m(#1)=800 GeV 1803.10178
3 = Oe,u 2¢ EmMs 361 | 0.85 m(¥))=0GeV 1805.01649
SRS ) 7 0.46 m(F &-m(E)=50 GeV 1805.01649
Oe,u mono-et ENS 361 |7 0.43 M7, &)-m(t))=5 GeV 1711.03301
1-2e.p 4b EMS 361 | % 0.32-0.88 m(¥)=0GeV, m(7,)-m(¥})= 180 GeV 1706.03986
Bepu 1b EPS 139 A Forbidden 0.86 m(¥))=360 GeV, m(7;)-m(¥})= 40 GeV ATLAS-CONF-2019-016
23 e, Ems 361 [/ 0.6 m(¥)=0 1403.5294, 1806.02293
ee. pupt >1 E7' 139 | Xy /4 0.205 m¥;)-m(E))=5 GeV ATLAS-CONF-2019-014
2ep EPS 139 | ¥ 0.42 m(¥})=0 1908.08215
YiHS via Wh 0-teu  2b2y ENS 139 | ¥/ Forbidden 0.74 m(E)=70 GeV ATLAS-CONF-2019-019, 1909.09226
= § WX vialv 2e,u EMS 439 | ¥ 1.0 m(7.7)=0.5(m (Tt )}+m(Y)) ATLAS-CONF-2019-008
WS 7, 70l 27 Ems 139 [ L fr L) NONG0I3] 0.12-0.39 mer))=0 ATLAS-CONF-2019-018
TLrlLg, I—6F) 2eu Ojets  E 139 |7 0.7 m(¥})=0 ATLAS-CONF-2019-008
2epu >1 EPS 139 |7 0.256 m(?)-m(¥})=10 GeV ATLAS-CONF-2019-014
HH, H—hG/ZG Oe,u >3ph  EF™ 361 J:4 0.13-0.23 0.29-0.88 BR(Y) — hG)=1 1806.04030
depu Ojets  EMs 361 | @ 0.3 BR(Y) — ZG)=1 1804.03602
B o Direct ¥} prod., long-lived Y7 Disapp. trk 1 jet EP™ 361 Pure Wino 1712.02118
=3 Pure Higgsino ATL-PHYS-PUB-2017-019
g’ 's Stable g R-hadron Multiple 36.1 1902.01636,1808.04095
S 2 Metastable & R-hadron, —qq¥) Multiple 36.1 m(¥})=100 GeV 1710.04901,1808.04095
LFV pp—¥: + X, V- —eu/et/ut ep,et.ut 3.2 A57,=0.11, A132/133/233=0.07 1607.08079
XEXT 0 — wwyzeeeovy dep Ojets  EP™ 361 m(E)=100 GeV 1804.03602
32, 3-a9%), ) > qqq 4-5large-R jets 36.1 . Large 47, 1804.03568
n>. Multiple 36.1 m(¥1)=200 GeV, bino-like ATLAS-CONF-2018-003
[T Multiple 36.1 m(E})=200 GeV, bino-like ATLAS-CONF-2018-003
iy, ij—bs 2jets+2b 36.7 1710.07171
hi, h—ql 2e,u 2b 36.1 BR(7, —be/bu)>20% 1710.05544
1u DV 136 BR(F, —qu)=100%, cosf,=1 ATLAS-CONF-2019-006

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

107! 1

Mass scale [TeV]

S. Farrington, University of Edinburgh
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Current Coverage (CMS)

RPV UDD, §~tbs, m; = 2200 GeV
RPV UDD, §—tbs, m; = 2200 GeV
RPV UDD, f-dd, m; = 1300 GeV
RPV UDD, f-dd, m; = 1300 GeV
RPV LQD, f=bl, m; = 600 GeV
RPV LQD, t=bl, m; =600 GeV
RPV LQD, i=bl, m; = 1300 GeV

GMSEB, §-gG, m; = 2100 GeV

GMSB, G—gG, m; = 2100 GeV

Split SUSY, G—qgx?, m; = 1300 GeV

Split SUSY (HSCP), fz = 0.1, m; = 1600 GeV

mGMSB (HSCP) tang =10, u >0, ms = 247 GeV

Stopped £, {-tx{, m; =700 GeV
Stopped g, g»qax?, f3,=0.1, my = 1300 GeV

stopped §, G-qax3 (uux?), fa = 0.1, mz =940 GeV §

AMSB, x * =x{n*, m,- =505 GeV
GMSB SPS8, x{—yG, my; =400 GeV

H-XX(10%), X—~ee, my =125 GeV, my =20 GeV X

dark QCD, my,, =5 GeV, my, = 1200 GeV

g 11808.03078 (Disp. vertices)  0.0006-0.08 m

g 11811.07991 (Displaced dijet)  0.0025-12m

¢ 11808.03078 (Displaced vertices) ~ 0.0004-0.1m

¢ 181107991 (Displaced dijet)  0.0014-155m

i~ 1808.05082 (2u+2jets)  <0.031m

¢ [CMS-PAS-EX0-16-022 (Disp. e +disp. u)  0.0005-0.4m

t 11811.07991 (D. dijet) 0.0045-0.2m

g 11811.07991 (Displaced dijet) ~ 0.0041-0.81m

g 11906.06441 (Delayed jet + MET) 0.32-34 m

G| 180202110 Gets+MET) <lm

g‘ S

T

t

g 1801.00359 ( yed jet

1801.00359 (Delayed pp)

x* 11804.07321 (Disappearing track) 0.15-18 m

X CMS-PAS-EXO-19-005 (Delayed y(y)) | 02=6m

114116977 (Displacedee) ~ 000012-25m
HXX(10%), X1,y = 125 GeV, e = 20 G\ x | A TEG0 77 DHS o laicae i) 0000 2= 100
Xox 11810.10069 (Emerging jet +jet) 0.0022-0.3m
L L L L 1 " 1
1074 1073 1072 107! 10° 101 10? 10°
ct [m]

CMS preliminary

3-137fb (8, 13 TeV)

38 fb~' (13 TeV)
36 fb~? (13 TeV)
38 b~ (13 TeV)
36 fb™? (13 Tev)
36 fb! (13 TeV)
3o~ (13 Tev)

36 fb~! (13 TeV)

36 fb~! (13 TeV)
137 fo=1 (13 Tev)
36 fb! (13 TeV)
13 fb~? (13 TeV)
13 fb~* (13 TeV)
39 fb~1 (13 TeV)
39 fb~* (13 Tev)
39 b1 (13 TeV)
38 fb~? (13 TeV)
77 b1 (13 TeV)

20 fb~* (8 TeV)
20 fb™? (8 TeV)
16 fb~* (13 TeV)

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). The y-axis tick labels indicate the studied long-lived particle.

July 2019

S. Farrington, University of Edinburgh
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MLP L, [m]

w

o

I
[T

Displaced Jets (Low EM Fraction)

* Multi layer perceptron trained to estimate LLP decay

position

E

- ATLAS Simulation
g Vs=13TeV

Truth L, [m]

- 35 4

o 0.18;

S O 14
‘“ 0.12

0.04

11/9Nn/1Q

6 ATLAS

0.1~
0.08-
0.06}

0.02"

83"

clean ;ets matched to CaIRano LLP
,,,,,,,, T T mmm
o BIB

multijet
\s=13 TeV, 33.0tb" —— (m_m )=(1000,150) GeV
(m,,m )=(600,150) GeV
—+— (m m )= =(400,100) GeV |
= (m .M, )=(200,50) GeV
(m m) (125,25) GeV

LN L

30737 032 033 0.34 035 0.36 037
Signal-weight

High-E_ preselection
T T T T T T T T T

%)
§ 105_ ATLAS l) ga:: 2016 main —§
() F15=13TeV, 33.01b" o (m m)u(1000,150) Gev |
© (m,,m,)=(600,150) GeV
5 1= —— (m M }=(400,100) GeV
—1 E ° (m ,m,)=(200,50) GeV 3
@ - —— (m m)=(12525)GeV
LC
10_1? _
E § :.
7 (? o ‘0‘0
_27 . .‘ﬂu —
10 - W’ {-I] % ¢u 3
1‘” ‘.. -_w & ‘0"
. ’4‘ A.J(.
109 ‘TY WA ‘-
—04—03—02—01 0 0102 03 04
11/20/19 High-E_per-event BDT

* Per-jet BDT (classify among QCD/signal, beam induced

background)

* Per-event BDT (eliminate beam induced background)
 ABCD method to calculate remaining QCD background

S. Farrington, University of Edinburgh
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Tau Trigger

To maximise the sensitivity to
LLP decays to third generation
need to use fully hadronic decay modes

h+(|</n_)
* Trigger currently allows only up to |dy| < 2 (then 4 later in

run 2) mm
- Train MVA trigger for long-lived taus

Combine new 1}, trigger and ID

S. Farrington, University of Edinburgh
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C,% B(®—up) [fo]

Scalar+ b

T | T T T

T T T | T

- ATLAS | — Observed - ATLAS | — Observed
Vs=13TeV, 36.1 fo’ Vs=13TeV, 36.1 fo’
1 02 ;_ b-associated production Expected 1 02 f_ gluon-gluon fusion Expected
- t1o - T ti1o
I +20 ! +20
10 105
1 :_I | | | | | | | | | | | | | I | 1 :_I | | | | | | | | | | | | | | | |
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S. Farrington, University of Edinburgh
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