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Motivation for searches for long-lived
particles (LLPs)

e Several New Physics models could give rise to
new, massive particles, with (relatively) long
lifetimes.

* Will give a very brief summary of a couple of
examples, but there are also (infinitely) many
possibilities that no-one has ever thought of!

 We should look for signatures of New Physics
any way we can!



The Physics




(An extremely sketchy overview of a
few possible examples of)

The Physics



Why might we get LLPs?

| B )
* Long-lived particles can arise in a model if any of
the following conditions are present:
— Very small coupling in decay chain.
— Strong virtuality due to decay via heavy particles.

— Very small mass differences in decay chain (i.e. not
much phase space for decay).

— Pair production of particles with conserved quantum
number.

* One or more of these cases are reasonably likely
to come up when model-building.

=>»Searches for LLPs are an important part of the LHC
physics program!




Supersymmetry

| B )
e Supersymmetry (SUSY) solves the Hierarchy Problem
(sensible Higgs mass without fine-tuning) by introducing

superpartners for SM particles.
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Supersymmetry

| B )
e Supersymmetry (SUSY) solves the Hierarchy Problem
(sensible Higgs mass without fine-tuning) by introducing

superpartners for SM particles.

— BUT, no SUSY particles (sparticles) have ever been seen..

— =>»Supersymmetry is not a perfect symmetry — must be
broken by some mechanism. .



Some SUSY breaking mechanisms

[ ~

Gravity-mediated (e.g. mSUGRA).
Gauge-mediated SUSY breaking (GMSB).
— SUSY breaking communicated via SM gauge interactions.
— Gravitino acquires mass (Lightest SupersymmetricParticle (LSP)).
=>» Depending on SUSY-breaking scale, NLSP can be long-lived.
Anomaly-mediated SUSY breaking (AMSB).
— SUSY breaking is caused by loop effects, gives constrained mass spectrum:
— Ratios of gaugino masses are approximately:
Ivlbino: Ivlwino: Iv'gluinoz 3:1:7
— Masses of lightest chargino and lightest neutralino are nearly
degenerate.
=>» lightest chargino has long lifetime!
Split SUSY.
— New bosons are at very high mass scale, while new fermions at TeV-scale.
=>»gluino has long lifetime!
(will combine with SM quarks and gluons to form “R-hadrons”).



R-Parity Violating (RPV) SUSY

[ B

 Many SUSY models assume R-Parity conservation, i.e.

Lightest Supersymmetric Particle (LSP) is stable.
— (Excellent Dark Matter candidate!)

 BUT no reason to assume this a priori..

— If we introduce R-Parity Violating terms into
superpotential, LSP can decay to SM particles.

)\ijkLiLjEk—}— —I—)\g/jk(/ﬂD‘jDk—l—éiLz‘Hg
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R-Parity Violating (RPV) SUSY
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 Many SUSY models assume R-Parity conservation, i.e.

Lightest Supersymmetric Particle (LSP) is stable.
— (Excellent Dark Matter candidate!)

 BUT no reason to assume this a priori..

— If we introduce R-Parity Violating terms into
superpotential, LSP can decay to SM particles.
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Lepton number violating
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R-Parity Violating (RPV) SUSY

[ B

 Many SUSY models assume R-Parity conservation, i.e.

Lightest Supersymmetric Particle (LSP) is stable.
— (Excellent Dark Matter candidate!)

 BUT no reason to assume this a priori..

— If we introduce R-Parity Violating terms into
superpotential, LSP can decay to SM particles.

)\ijkLiLjEk—}— —I—)\g/jk(/ﬂD‘jDk—l—éiLz‘Hg
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Baryon number violating
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R-Parity Violating (RPV) SUSY

[ -

 Many SUSY models assume R-Parity conservation, i.e.

Lightest Supersymmetric Particle (LSP) is stable.
— (Excellent Dark Matter candidate!)

 BUT no reason to assume this a priori..

— If we introduce R-Parity Violating terms into
superpotential, LSP can decay to SM particles.

)\ijkLiLij—l— _|_)\g/ijiDjDk_|_€iLiH2

— If these couplings are weak, LSP can have a long
lifetime.
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Hidden valley

Hidden sector interacts with SM via (heavy)
Communicator particle(s).

— Could be new Z’, Higgs boson or bosons, heavy
sterile neutrinos, or something else..

Weak coupling between
SM and hidden sectors
can lead to particles in
Multi-particte hidden sector having
long lifetimes.

Hidden
SM Valley

14




The Detector




The ATLAS detector

[ .. )
* ATLAS is a great

General Purpose
Detector for all the
Isual reasons..

' — Hermetic coverage.

Precise tracking.

- — Good calorimeter
energy resolution.

— Efficient muon
reconstruction.
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The ATLAS detector
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* ATLAS is a great
General Purpose

' Detector for all the
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The ATLAS detector
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The ATLAS detector

| B )

* ATLAS is a great
General Purpose
Detector for all the

= ,; ;:‘“ _;_ N t IS BIG ! !
‘ = And has several

subdetectors with
excellent time
resolution! 19



The ATLAS detector

[ .

* ATLAS has several
subdetectors with
excellent time

¢ ) resolution, including

/ (but not only):

AR
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The ATLAS detector
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iquid Argon (LAr)
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The ATLAS detector
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 ATLAS has several
subdetectors with
excellent time

. resolution, including

(but not only):

Liquid Argon (LAr)

calorimeter.

&= Tile calorimeter.
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The ATLAS detector
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 ATLAS has several
subdetectors with
excellent time

resolution, including
(but not only):

Liquid Argon (LAr)

~ calorimeter.

ile calorimeter.

\\ onitored Drift
Tubes (MDTs).
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The ATLAS detector

[ T

 ATLAS has several
subdetectors with
excellent time
resolution, including
(but not only):
Liquid Argon (LAr)
calorimeter.

ile calorimeter.

Monitored Drift
Tubes (MDTs).

Resistive Plate
Chambers (RPCs).
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The ATLAS detector

[ T

e ATLAS has several
subdetectors with
excellent time
resolution, including
(but not only):

+ Liquid Argon (LAr)
| Iorimeter.

. ) .‘\ |Ie calorimeter.

=~ Nonitored Drift
Tubes (MDTs).

g s , Resistive Plate
U | Chambers (RPCs).

Can measure time-of-flight! .




The ATLAS Inner Detector (ID)

Inner

ATLAS
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The ATLAS Inner Detector (ID)

ATLAS inner

tracking system
consists of:

Pixel detector.
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The ATLAS Inner Detector (ID)

ATLAS inner
tracking system
consists of:

Pixel detector.

Semiconductor
Tracker (SCT).
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The ATLAS Inner Detector (ID)

ATLAS inner
tracking system
consists of:

Pixel detector.

Semiconductor
Tracker (SCT).

Transition Radiation
Tracker (TRT).
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The ATLAS Inner Detector (ID)

ATLAS inner
tracking system
consists of:

Pixel detector.

Semiconductor
Tracker (SCT).

Transition Radiation
Tracker (TRT).

All within a 2T solenoidal B-field.




The ATLAS Inner Detector (ID)

i.e. it has:
Precise Silicon
detectors

— Good for finding
vertices!
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The ATLAS Inner Detector (ID)

i.e. it has:

Precise Silicon
detectors

— Good for finding
vertices!

and
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The ATLAS Inner Detector (ID)

i.e. it has:

Precise Silicon
detectors

— Good for finding
vertices!

and

a continuous tracker

— Can detect kinked or
disappearing tracks!

3



The ATLAS Inner Detector (ID)

e And there’s morel!
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The ATLAS Inner Detector (ID)

e And there’s morel!!

Pixel detector can measure
ionization energy loss dE/dx via
charge deposited (calculated
from Time-over-Threshold).

10—+ T —

dE/dx (MeV g cm?)

15 2 25
qp (GeV)
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The ATLAS Inner Detector (ID)

e And there’s morel!!

TRT can also measure dE/dx via
Time-over-Threshold.

YTt rlTrrrfrrrrfrrrrgrrrr

—e
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Track-averaged corrected TRT ToT [3.12 ns]

p[MeV]



The ATLAS Inner Detector (ID)

e And there’s morel!!

TRT can also measure dE/dx via
Time-over-Threshold

and

“High Threshold” hit fraction
(primarily intended for
identifying electrons emitting
transition radiation) is also a
useful variable for identifying
highly-ionizing particles.
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The ATLAS Calorimeters

[ T )

Li qu id Argo N ( |_Ar) Tile barrel Tile extended barrel
electromagnetic
calorimeter has e e
longitudinal as wellas | i

r hadronic

transverse end-cap (HEC)
segmentation.

LAr electromagnetic
end-cap (EMEC)

LAr electromagnetic

barrel
LAr forward (FCal)
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The ATLAS Calorimeters

[ N )
Li qu id Argo N ( |_Ar) Tile barrel Tile extended barrel
electromagnetic | \ /
ca I O ri m Et e r h a S \ = %Lu&w \:‘“ e Yy Sddssnsia
longitudinal as wellas : |
transverse end-cap (HEC)
segmentation.
< 4 LAr electromagnetic >~
— Can measure pointing end-cap (EMEC)
direction of EM e
showers
LAr eleciromagnetic
barrel
LAr forward (FCal)
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The ATLAS Calorimeters

[ B 2 2 2 e )
L|qu|d Argon (LAF) Tile barrel Tile extended barrel
electromagnetic A \ /
calorimeter has S e
longitudinal as wellas | y
transverse end-cap (HEC)
segmentation. -t
e s LAr electromagnetic Wl
— Can measure pointing end-cap (EME) ——=— Wiy
direction of EM =
showers ‘ . |

Both LAr and Tile
calorimeters can also

measure dE/dx by arrel
summing energy deposits

over path length.

LAr forward (FCal)
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The ATLAS Muon Spectrometer (MS)

e )
Thin-gap chambers (T6Q) * Precision muon chambers
y | Cathode strip chambers (CSC)

can reconstruct
“standalone” tracks.

Barrel toroid

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)
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The ATLAS Muon Spectrometer (MS)

)
Thin-gap chambers (T6Q) * Precision muon chambers
- M Cathode strip chambers (CSC)

can reconstruct
“standalone” tracks.

e. can find particles that
~did not leave tracks in
~Inner Detector (e.g. decay
products of LLPs).

chambers (RPC)
End-cap toroid
Monitored drift tubes (MDT)
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The ATLAS Muon Spectrometer (MS)

o )
Thin-gap charmbers (16C) * Precision muon chambers
ATy M Cathode strip chambers (CSC)

| can reconstruct

=~ 'standalone” tracks.

.e. can find particles that
~did not leave tracks in

. Inner Detector (e.g. decay
products of LLPs).

WP %;ﬁve-plz?:el torgid M DTS can aISO Mmeasure
chambers (RPC)

\J«I“End-copforoid dE/dX (Slmllar prInCIpIe to
Monitored drift tubes (MDT) TRT) .
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The Data




ATLAS data-taking in 2011 and 2012
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ATLAS
25— Preliminary 2012, \s =8 TeV
["]LHC Delivered Delivered: 22.8 b
20 Recorded: 21.3 fb”
DATLAS Recorded Physics: 20.3 b
[l Good for Physics

-
(9

2011,\s =7 TeV

-
o

Delivered: 5.46 fb”’
Recorded: 5.08 b
Physics: 4.57 b

Total Integrated Luminosity [fb™]

yaO pf W oct yet ppf W ot
Month in Year

: 4.3-4.6 fb good for physics.

Conditions varied during run.

: 20.3 fb' good for

physics.

Much higher pileup.
Relatively constant conditions
throughout year.

Recorded Luminosity [pb "/0.1]

180F
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40
20
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ATLAS Online Luminosity
B \s=8TeV, [Ldt=208b" <u>=207

O Vs=7TeV, [Ldt=52f" <u>= 9.1

10 15 20 25 30 35 40

Mean Number of Interactions per Crossing

III|III|III|III|III|III|III

45



The Analyses




ATLAS-CONF-2012-075

Stable Massive Particles (SMPs)

B )

* Particles with lifetimes of order nanoseconds or greater
are likely to traverse the whole detector.

— If they are neutral, and weakly interacting, they will show up as
missing E.

— If they are charged (at any point!) or strongly interacting, we
have a chance to detect them directly!

e Several candidate particles, including:
— Long-lived sleptons in GMSB models (presented here).
— R-hadrons (stay tuned for 2012 results coming soon....)
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ATLAS-CONF-2012-075

Stable Massive Particles (SMPs)

- )

Particles with lifetimes of order nanoseconds or greater
are likely to traverse the whole detector.

— If they are neutral, and weakly interacting, they will show up as
missing E.

— If they are charged (at any point!) or strongly interacting, we
have a chance to detect them directly!

Several candidate particles, including:
— Long-lived sleptons in GMSB models (presented here).
— R-hadrons (stay tuned for 2012 results coming soon.....)

Common feature: if they are massive, they will be
produced with low velocities: B < 1.

48



SMPs - Combining B measurements

Use Z to pu events to calibrate B measurements.

If B measurements from different systems are > 0.2
and internally consistent, they are combined in a
weighted average.

3 3
5200?'1|O'|'"|"'|"w'"|"'"', P ido T
S 180f- ATLAS P Preliminary & ] S ok ATLAS Prellmlnary _
@ L Calorimeter [[E E - - Calorimeter + MS
c 160 . - = L i
8 : J-Ldt=4.7fb l - 8 L J-Ldt 4.7 fo! i
= 140F f % = = 40 -
- Data 2011 (\s = 7 TeV) l B B Data 2011 (Vs = 7 TeV) ]
120; ‘+— Mean = 0.983 f \ . - + Mean = 1.000
100C G = 0.090 J e 30 G = 0.035 ]
: f : '
80K MC, Z — uu 1 - B MC, Z — upn
L —— Mean = 0.986 1; ] 20— Mean = 0.996 —
60~ ©=0.092 ; 4 - C G = 0.033
- . ] C ]
401 : T - 10F- B
20|~ ‘/‘ o B ]
| S D, = o) I I M“‘
0 02 0.4 0.6 08 1 12 14 0O 0.2 0.4 06 0.8 1 12 1.4




Measuring the mass of SMPs

~ )

* Can measure time-of-flight in several subdetectors.
— For these analyses, use Tile+LAr Calorimeters, RPC, MDT.
— Can therefore measure velocity B.

 Can measure charged particle momentum p in Inner
Detector and Muon Spectrometer.

e Can measure energy loss dE/dx in several
subdetectors.
— For these analyses, use Pixel detector.
— dE/dX is related to relativistic boost factor By.
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Measuring the mass of SMPs

~ )

* Can measure time-of-flight in several subdetectors.
— For these analyses, use Tile+LAr Calorimeters, RPC, MDT.
— Can therefore measure velocity B.

 Can measure charged particle momentum p in Inner
Detector and Muon Spectrometer.

e Can measure energy loss dE/dx in several
subdetectors.
— For these analyses, use Pixel detector.
— dE/dX is related to relativistic boost factor By.

p=Fym 51



Long-lived sleptons - selection
[ - )

 Would behave like “heavy muons”, releasing energy throughout
detector.

* Likely to be 2 produced per event.
* Use single muon trigger.
* |n offline selection, require 2 muon candidates per event.

+ Define “loose” and “tight” SWP £, T
selections, based on p;and 3 025;_ foe 8 TeV) _5
measurements. J/\

0.2k .

e “2 candidate signal region”:

* both candidates must pass loose o150 :
selection. 0.1 :
* “1 candidate signal region”: 0.05 — Signairegon & 1o yst -

* one candidate passes tight selection. S TR BT, BT =

e used for background cross-checks. m, [GeV]



Stable Massive Particles - backgrounds

[ B )

* Main background for stable slepton searches is high-p;
muons with mis-measured B.

— Exploit fact that mis-measurements of B or By in different
subdetectors are uncorrelated.

* Use data-driven method, based on randomly sampling
B or By values from control sample distributions and
combining with measured p for each candidate.

— Sample many times for each p measurement to reduce
statistical uncertainty.
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Long-lived sleptons - results

600IIIIIIIIIIIIIIIIIIIIIIII|||||+ % IIlﬁlfihélllIPIIIIIIIl|l|||||||||||||||||||||_
7 Oy reliminar —
- ATLAS Prellmlnary ] S f y
] A Ldt = 15.9 fb” ]
500 Ldt=15.9 fb ] L re ¢ Data, Is=8TeV =
L o 4(3'1 0% = Bkg estimate + 1 o (syst) —]
- - 2 E/ L GMSB, m_ =346 GeV 3
i ] § B (A=110TeV, tanp=10)  _|
400— | 10 e GMSB, m_ = 437 GeV _
- = = (A = 140 TeV, tanp = 10) §
L 1 1= (/o =
300— — = — - 3
i 1 o' R o
200 — S ] -
I~ = Ll 1 Il Ll | :‘r'l | =|_
| . .a i E T L ey
5 -
i 0 Data,\s =8 TeV i g 4E _
100—: =, 0 GMSB, m_= 346 GeV | g3 , E
i :;::E:':' ____ (A = 110 TeV, tanp = 10) i a 15_,..‘““*“ —E
Oo0doOsosssn E 3
s0000ccoooe = = | OE 3
_.;E%EEE:'.’:"' . ] -1E . =
o Il IV I AN ANV WA 650706180 566250 300" 580 460" 450" 500
0 100 200 300 400 500 600 mln(m1 m2) [GeV]
m, [GeV]
[ )

No excess above background expectation is seen.
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Cross section [fb]
3

—_
o

Slepton search - results

[ o )
e Set limits on stau mass in GMSB scenario.

;_ | UL | L | L | L T T T T _|E ; 1 00 E é| T | T | —— I —— ] § [T LI | T 1T T T | T T T I T 1T 1T T T T ™1
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- - 4 = | 1= / -1
L \'s=8TeV,J-Ldt=15_9fb1 i % 80 I'EEV'S=8TeV.[Ldt=159fb_1_:8 0 \S=8T9V,det=15.9fb
’ : 10w - ]
i JBBl Production, tan =10 —e— observed limit ] E‘_ 70 i —: % N BBl production, tanf = 10 —e— observed limit ]
B expected limit £16 ——*20 154 10 i B expected limit 16 —— 20 i
= [ rocuction, tan =30 —e— observed limit B ;0 60 - ObservedLimit iE 5 i [l production, tanp =30 —e— observed limit i
C - production, tanf =50 —e— observed limit E 8 50 AAAAAAAAA I 10;:% —f | - production, tanp =50 —e— observed limit i
b ZE —— Expected Limit E
i 40 _____ * 1o, —:
| 30 E
L | 1111 i 111 1 i | I T | i 111 1 i 1 Il | L1 ‘5 111 1 | 111 1 I 111 g [
250 300 350 400 450 500 0 200 250 300 350 400 450 250 300 350 400 450 500
T, mass [GeV] T, mass [GeV] T, mass [GeV]
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arXiv:1310.6584 [hep-ex]

Stopped R-hadrons

[ B )

e Particles with very long lifetimes, produced with
low B, could potentially stop in dense region of
detector material.

— i.e. calorimeters.

* Look for significant calorimeter activity during
empty bunch crossings.

* Potential backgrounds are:
— Cosmics
— Beam halo
— Detector noise
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Stopped R-hadrons

[ - )

e Particles with very long lifetimes, produced with
low B, could potentially stop in dense region of
detector material.

— i.e. calorimeters.

* Look for significant calorimeter activity during
empty bunch crossings.

* Potential backgrounds are: | Vetoevents containing

] reconstructed muon segments
— Beam halo

— Detector noise
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arXiv:1310.6584 [hep-ex]

Stopped R-hadrons

B )

e Particles with very long lifetimes, produced with
low B, could potentially stop in dense region of
detector material.

— i.e. calorimeters.

* Look for significant calorimeter activity during
empty bunch crossings.

* Potential backgrounds are: | Veto events containing
reconstructed muon segments

— Cosmics _ _
Use event cleaning and jet

— Beam halo / shape variable cuts
— Detector noise
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arXiv:1310.6584 [hep-ex]

Stopped R-hadrons

- )

e Particles with very long lifetimes, produced with
low B, could potentially stop in dense region of
detector material.

— i.e. calorimeters.

* Look for significant calorimeter activity during
empty bunch crossings.

* Potential backgrounds are: | Rateis proportionalto live-time
_ / (not lumi), measure during

— Cosmics “cosmics period” in early 2011,

— Beam halo and scale to “data period” from

) mid-2011 to end of 2012.
— Detector noise

59



arXiv:1310.6584 [hep-ex]

Stopped R-hadrons

[ B )

e Particles with very long lifetimes, produced with
low B, could potentially stop in dense region of
detector material.

— i.e. calorimeters.

* Look for significant calorimeter activity during
empty bunch crossings.

* Potential backgrounds are:

— Cosmics Estimate using data from
— Beam halo <« | unpaired bunches.

— Detector noise
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arXiv:1310.6584 [hep-ex]

Stopped R-hadrons

[ B )

e Particles with very long lifetimes, produced with
low B, could potentially stop in dense region of
detector material.

— i.e. calorimeters.

* Look for significant calorimeter activity during
empty bunch crossings.

* Potential backgrounds are:

— Cosmics

— Beam halo
— Detector noise < Negligible after event cleaning.

61



Stopped R-hadrons — beam halo




Stopped R-hadrons — cosmic muon




Stopped R-hadrons — acceptance and

was significant technical
challenge:

— Sparticle pair-production and
hadronization in PYTHIA

— Propagate through GEANT4
detector simulation, and store
stopping locations.

* “Generic”, “Regge”, “Intermediate”
models for R-hadron nuclear
interactions and spectrum of R-hadron
states

— Decay R-hadrons in PYTHIA,
translate to stopping location and
add random rotation.

efﬁciencx |

e Simulation of stopped R-hadrons

To get timing acceptance for decays
in the same LHC fill, need bunch
structure within that fill

To get acceptance for longer
lifetimes, need whole luminosity
history of LHC.

25 T T T T T
ATLAS Preliminary »
2011-2012 Dataset _ 1 : ‘ i
Q 50 ;Da as;e mmm  |Jses Bunch Structure:
R B Pt == Uses Run Schedule ]
> ‘ i
‘O Period : : Hour
‘ : : ‘ : : . / Day: 3
o 10f - P R L LI STE R IETRRRRRES e LA i fr y ......... P
£ ‘ : : ‘ : : !
£ TN
= N
sk — ,s?.-‘j, e
2y
.
‘.
0 I L Y

10° 107 10° 10° 10 10* 10®° 105 107 10°
Gluino Lifetime (seconds)



R-Hadrons Produced [x1000 Pairs]
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Stopped R-hadrons — results.

Leading jet Muon Number of events
energy (GeV) veto| Cosmic Beam-halo Total background|Observed
o0 No 4820 & 570 900 £ 130 5720 = 590 5396
o0 Yes | 2.1 £3.6 12.1 £ 3.2 142 = 4.0 10
100 Yes | 04 £2.7 6.0X 1.8 6.4 = 2.9 5)
300 Yes | 24 £24 0.54 = 0.40 29 £ 24 0

* No excess observed — set limits for various signal models:

' — — el , - ' — 90 ‘ , -
= = Expected Limit o 35 == Expected Limit 2 imi
ATLAS 7 Expected Limit (4100 || & ATLAS L g ATLAS = Expected Limit
. p exp) || O [ Expected Limit (£1oe) || o 80} 1 Expected Limit (£10ex) |
5.0 b7 @ 5 =TTeV — Observed Limit S 30f 5.0 b7 @ 5 =T7TeV —_ imi = 5.0 7' @ 5 =T7TeV imi
22.91h71 @ /5 = 8§ TeV -+ Theor 8 22,91 @ /5 = §TeV Observed Limit S 220010 \/Sé ey | — Observed Limi
P — - - ‘ . _— tt I : - b

[AVC t1rnc_= 3~8[?43 hours gp | ggPDF y X, Live time = 389.3 hours pp — tt Theory = & Live time = 389.3 hours = pp — bb Theory
g g/qq+ ¥ B Scale + o 25} T t+%° N Scale + PDF e b b0 B Scale + PDF
mg = 100 GeV 8 mgs = 100 GeV g 60r mgs = 100 GeV
Generic, Leading Jet Energy > 300 GeV .§ o0l Generic, Leading Jet Energy > 100 GeV _g 5 Regge, Leading Jet Energy > 100 GeV
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arXiv:1310.3675 [hep-ex]

Disappearing tracks - introduction

[ - )

SUSY breaking could leave the lowest gauginos approximately
mass-degenerate (predicted, eg, by AMSB), giving rise to LL
chargino decaying to neutralino and soft pion.

Look for production processes:

ve =S R S S
pp — X1 X1 tJet . pp — x1 x1 + et
(jet from ISR, needed to trigger on event).

Resulting final state will include:

— High p; jet

— Large missing transverse momentum.

— High-p; disappearing track (or “kinked” track, but
reconstruction efficiency for soft pion is not so good..)



Disappearing tracks — simulated signal
event.




Disappearing tracks - selection

[ -

* Event selection:
— Trigger on jet + missing E;

— In offline selection, require missing E; > 90GeV and at least one jet
with p; > 90GeV, well separated from missing E; direction in ¢.

— Lepton veto — no reconstructed electron or muon candidates.
* Disappearing track candidate selection:

— Track must be isolated, g 10 g
8 107 —e— Data(is=8TeV, JLdt=20.31b) ATLAS
— have pT > 15 GeV’ [ Y SM MC prediction

% rr%(i =200 Gev"tif =0.2ns (Decay radius < infinite)

- m. = 200 GeV,‘ci, =0.2ns (Decay radius < 563 mm)

— at least 3 Pixel, 1 b-layer and 2 SCT hits, 1°

— originate from primary vertex, 122 eeeige e
and point to TRT barrel (but not region 1} ,' o1
around |n|=0). N &8 E
— Fewer than 5 hits in TRT. o %
10% //1% 30 V/Jo‘ B —



Disappearing tracks - backgrounds

%" decaying into X +x*

Badly mismeasured in p, due to a wrong
combination of space-points

High-p, charged hadron
interacting with ID material

Lepton failing to satisfy
identification criteria due to
large bremsstrahlung or scattering

true particle track

reconstructed trackJ

Pixel SCT TRT o



Disappearing tracks - results

[ ~

10°

* Use signal+background § \of amas T B
likelihood fit to track p; £ g e, fuanmawt LI

spectrum, to test different
signal hypotheses.

s

C f% :::::::::':::::::::::::':::::i:::i'i::ii::?::::::':i':':‘ tare ] Iﬁ[ﬁﬁfﬁlﬁﬁfﬁ R ]
g 05]*"“**""6‘4? % _______ lm, ______ .TJ( _____ # _______________

20 30 40 100 200 300 1000
Track P; [GeV]
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Disappearing tracks - results

[ ~

10°

* Use signal+background § \of amas T B
likelihood fit to track p; £ g e, fuanmawt LI

spectrum, to test different
signal hypotheses.

* No significant excess found. e

C f% :::::::::':::::::::::::':::::i:::i'i::ii::?::::::':i':':‘ tare ] Iﬁ[ﬁﬁfﬁlﬁﬁfﬁ R ]
g 05]*"“**""6‘4? % _______ lm, ______ .TJ( _____ # _______________

20 30 40 100 200 300 1000
Track P; [GeV]
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e Use signal+background
likelihood fit to track p;
spectrum, to test different

* No significant excess found.

o

—
n
=

—_
(=

Disappearing tracks - results

signal hypotheses.

Set limits on chargino mass and lifetime:

10 £

2 3%?7 P07 700 7 0 00777

tanB=5,u>0

Cry

Lot i

II[IIII|

ATLAS

\s =8 TeV, I Ldt=203fb"

Observe d 95% CL limit (£16,,,.)
......... Expected 95% CL limit (+1 o)
------------------ ATLAS (Is =7 TeV, 4.7 fbo, EW prod.)
I ALEPH (Phy Lett. B533 223 (2002))
| | ZZ=== ‘stable’ 1.

1oo 150 200 250 300 350 400 450 500 550 600
m. [GeV]
1

Tracks / GeV

Data / Fit

105 T T T T LB T
—e— D
4 ATLAS leaaaad Tgltt:I background
10 Interacting hadron
5 s 8TeV Ldt— ol T P -mismeasured track
10 ¥s=238leV, t=20.3 Electron
e e mI—ZOOGth -02ns
PR —3OOGV”C =0.2
10 _2 _SOOG:VT _1022
10 = e
B2 T
10"
102
10°
2.5 T T T T T T T I T T T T T
S 3L B
1 51 ........................ . ........... ‘%L“ 9. Il.[ ...... % l .......... I L
04 *"“**"" _____________ B NS atases s SUCSE T S8 sa i kisnE
20 30 40 100 200 300 1000

Track P; [GeV]
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=

.. [ns]

Use signal+background 8
likelihood fit to track p; $
spectrum, to test different )
signal hypotheses.
No significant excess found.
Set limits on chargino mass and lifetime:
| And on
f chargino —
T = \s=sTev,J.Ldlt4=12-l<:.l:ﬂas““ : neUtralan
............... S mass
1 : ///7 f;%;if&:IZX‘S;;Z?LE&E’&Z%') difference:

100 150 200 250 300 350 400 450 500 550 600

m. [GeV]

Disappearing tracks - results

105 T T T T T T I T T T T T T T
—e&— Data
4 ATLAS ririririrss Total background
io°'ge 7 D Interacting hadron
) g mmeee P -mismeasured track
1 03 Vs =8TeV, ILdt =20.3"fb Electron
""""""" mx 200 GeV, 1, = 02ns
2 m.! _SOOGth =0.2ns
|
10 m _300Gth _10ns
10E---..
.,___.%..\; :
1 R
10"
102
10°
2.5 T T T T T T I T T T T T
S Fi T BiE T
[ ] ®
o] S — ’'s 5% 0% I G R 6 SN A A oS
1 51 o ¢ 4L | l I )/
PP I ARSI NI ¥ 66066L 4 SV S ki Shisseas
n 1 1 1 L1 | 1 1 11
220 tanf=5,u>0 1000
= o DAL T Observed 95% CL limit (+1,,,.) ) [GeV]
g 1Y) <+ Expocted 95% CL imit (+10,.)
= 210 " o o ATLAS (1s = 7 TeV, 4.7 fb’', EW prod.)
é’* _ ALEPH (Phys. Lett. B533 223 (2002))
4 Theory (Phys. Lett. B721 252 (2013))
200 2~ ‘Stable' %,
ATLAS
190
\s=8 Tev._[ Ldt=2031b"
180
170
160
150
140
73

100 150 200 250 300 350 400 450 500 550 600

m~ [GeV]



ATLAS-CONF-2012-113

Displaced vertices with tracks+muons,

| in the Inner Detector
B 0 000

* Particles with average lifetimes up to a few
nanoseconds could decay within the ID, giving
rise to displaced vertices.

4 ]
* One of the easiest models to look ) %«q
for is RPV SUSY with a non-zero (but § LTy
small) A ,,, coupling. >1:/ "
* Neutralino decays to muon plus jets. , {}\%\i\% .
i

¢
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ATLAS-CONF-2012-113

Displaced vertices with tracks+muons,

| in the Inner Detector
B 00000

* Particles with average lifetimes up to a few
nanoseconds could decay within the ID, giving

rise to displaced vertices.

#] 72
e One of the easiest models to look ) Md"
for is RPV SUSY with a non-zero (but q TN

- ()
’ . ,, k
small) }\. 211 COUplmg- >I ‘l'
. _ SNel X1
* Neutralino decays to muon plus jets. d w g
k
¢ 4

I
— Muon is useful for triggering and
background rejection.
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ATLAS-CONF-2012-113

Displaced vertices with tracks+muons,

| in the Inner Detector
B 2 2 2020202020202

* Particles with average lifetimes up to a few
nanoseconds could decay within the ID, giving
rise to displaced vertices.

#] 72
e One of the easiest models to look ) Md"
for is RPV SUSY with a non-zero (but q TN

l ()
’ . - X,
small) A ,,, coupling. > .
. : DN 1
* Neutralino decays to muon plus jets. , q W .
— Muon is useful for triggering and v

. 4 {4
background rejection. f

— High track multiplicity helps vertex
reconstruction.
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Displaced vertices — track and vertex
reconstruction

o
~
()]

©
.J:.

o
W
m

o
o:

0.25

o
(M)

0.15

Vertex reconsctuction efficiency

e
=

o
o
o

o
ol.l[llllll TTTT
N

o

Standard ATLAS tracking is highly optimized for tracks
coming from the primary interaction point (IP).

To increase efficiency for secondary tracks, we re-run
Silicon-seeded tracking algorithm, with looser cuts on
transverse impact parameter, using “left-over” hits from

Standard trackmg

E'ATLAS e

[ simulatiol
Eplmry

q.

—=— Re-tracking =
\s=7TeV -

--2-- No re-tracking

A :

iy

_{'E’ ++" 4
8 +*+ﬂﬁ B ++++++++%

E%%DDDD
A 2 T y e
80 100 120 140 160 180

roy [Mmm]

T

Vertex-finding algorithm based
on incompatibility graph
method.

Iterative disambiguation process
then splits/merges/refits vertices
until no tracks are shared
between vertices.
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Displaced vertices — selection

[ - )

Events triggered by high-p; muon trigger, with no ID track
requirement.

Use tracks with |d,|>2mm, p:>1 GeV as input to vertexing.
Look in fiducial volume roughly corresponding to Pix barrel.
Require at least 5 tracks in vertex, and mass > 10 GeV.

Require high-p; muon passing within 0.5mm of reco vertex.

180 1=

ATLAS preliminary

* Veto vertices
reconstructed
in regions
with high
material
density.
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Displaced vertices — backgrounds

| B )
Two sources of background vertices considered:

— Purely random combinations of tracks inside the beampipe
(where vacuum is good, but track density is high).

— High-mass tail of distribution of real vertices from hadronic
interactions with gas molecules.
e Particularly if vertex is crossed by random (real or fake) track at large angle.

Run 165821
Event 1605517

Pixel modul
ixel modules 79



Displaced vertices — backgrounds

| B e )
Two sources of background vertices considered:

— Purely random combinations of tracks inside the beampipe
(where vacuum is good, but track density is high).

— High-mass tail of distribution of real vertices from hadronic

interactions with gas molecules.

 Particularlv if vertex is crossed bv random (real or fake) track at large angle.

>
& 220 —e— 3-trk vertices ATLAS
g 200 — 'non-crossing’  preliminary
< 180 + + , —
— ’crossin
§ 160 H H * 9 Is=8TeV
'g . — model
Z 120 *
5 » T R
! tid
$ 100 + ¥ +
0 i
£ 80 B +
2 o gt Thytil i p
of | T DL
20 + % %
0..1.1 — e oy o oy
0 2 4 6 8 10 12 14 16 18 20

Vertex mass [GeV]

Use a different data-
driven method for each
background source: total
estimate is

(0.02 £ 0.02)
vertices in signal region.
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Displaced vertices — results

[ ~

* /Zero vertices passing §
selection a
requirements E
observed in 20.3 fb! g

data sample.

—_
o
N

10

o ATLAS -

| preliminary |

.Signal region \s=8TeV

det =20.3b"]

@ Data 2012

E Signal MC _

3 4567810 20 30 40
Number of tracks in vertex




Vertex selection efficiency [%]

Displaced vertices — interpretation

[

Use simplified RPV SUSY signal model to set limits.

- )

Squark pair production, squark decays directly to long-lived neutralino, which

decays to muon plus jets.

Three combinations of squark and neutralino mass, to get idea of effect of LLP

mass and boost on reconstruction efficiency.

20

—_
)

—_
o

9)]

4 MH

WML

ATLAS

simulation
preliminary

\s=8TeV

|| T T T T TTTT T T T TTTT \l T T T TTTTT
- @V ATLAS
C preliminary -
- v \s=8TeV |
- B det =203fb" -

N
o
S
[9)
[0}
<
[%2]
C
QO
=
~
QL
=
o
o4

Wo
Q
C
(e}
o
o
=}
P
=
O
¥
Z
=
=

[ T IIIIIII| T IIIIHI___A!%{__V_,—'
7

1 BR(%? % IL‘L jj )I=I1I IOIO\|°/° 1

|
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Pointing Resolution

arXiv:1304.6310 [hep-ex]

Non-pointing photons

_ a4
nN b~ O
OOO

—
N Ao OO 0 O
o O o o o

If NLSP is a photino-rich neutralino, then
GMSB models can have long-lived neutralinos

decaying to photon+gravitino.

— Use longitudinal segmentation of EM calorimeter
to search for non-pointing photons.

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

—ATLAS —
- Data 2011 L __ e

C\s=7TeV,[Ldt=438 fb’

— —+— SPS8 MC

- —e— Zee (2011 Data)
- —5— Z— ee (MC)

||||||||||||||||||||||||||

Z5cp 1S @ measure of

e —% « . . ”
iy / non-pomhng-ness .
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Non-pointing photons

m
—_
o2}
O

Pointing Resolution [mm

If NLSP is a photino-rich neutralino, then
GMSB models can have long-lived neutralinos
decaying to photon+gravitino.

— Use longitudinal segmentation of EM calorimeter
to search for non-pointing photons.

I I
—ATLAS = é‘(’-égﬁ sy > Zee (2011 Data)]
- Data 2011 T | [Ldt=4.81fb" —+— SPS8 MC, ©=0.5 ns |
S \s-7TeV, [ Ldt=48 1o e Can also use SPSB MC, <-30 ns
e SPS8 MC —+— —f Stat. Uncertainty —

- —e— Zee (2011 Data)
- —5— Z— ee (MC)

E timing info as
e E a cross-check.

Fraction of Entries/200 ps
3
I

—
Q
N}
i

||||||||||||||||||||||||||||||




Non-pointing photons — selection and

| background estimation.

* Make use of the fact that we expect 2 photons

per event:

— Require 1 “tight” reconstructed photon, plus one
“loose” photon as non-pointing candidate.

* Require missing E;> 75 GeV for signal region
— Transverse energy carried off by Gravitinos.
— Use lower missing-E- regions as control regions.

 Use template method to
determine quantities of
signal and background,
based on expected 7,
distributions.

;| Data 2011

E \s=7TeV,[Ldt=4.8fb"

-
o

-
o
[N

Fraction of Events/20 mm

191000 -800 -600 -400 -200 0O 200 400 600 800 1000
Zpca [mm]
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Non-pointing photons — results

[ -

* 46 events with 1 tight +1
loose photon observed in
missing-E; signal region.

E 22 B T l T l T l T I T T I T I T I T l T |

o0 ATLAS ]

'218_ Data 2011 .

S P \s=7TeV,|Ldt=48fb" _

- —¢— Data (Signal Region) .

141~ Best S+B Fit, jt = 0.20£0.19 | n

1o SPS8 MC,A=120TeV,1=6ns [ s ]

10 - — Bkg Only Fit ]

8 | Zyc, [Mmm] —

61— _

‘C .

2 — _

O 1 I

-1000 -800 -600 -400 -200 0O 200 400 600 800 1000

Zpca [Mm]
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Non-pointing photons — results

| B
* 46 events with 1 tight +1

loose photon observed in
missing-E; signal region:

522_ T l T l T l T I T T I T I T I T l T |
B20_ATLAS ]
_21 - Data 2011 B
E1% 527 TeV, [ Ldt = 4.8 10" y
16/ .
- —¢— Data (Signal Region) . “ ”
14— Best S+B Fit,p = 0.20£0.19 | 7] One |OOS€ phOtOn
12 SPS8 MC, A=120TeV,7=6ns [ & | . R
- — Bkg Only Fi :
o — SaonyF 1/ candidate with large Z,.
81—
6_
‘i
2r
O 1 1
-1000 -800 -600 -400 -200 O 200 400 600 800 1000

Zpca [Mm]
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Non-pointing photons — results

[

* 46 events with 1 tight +1
loose photon observed in
missing-E; signal region:

1A EXPERIMENT

9999999

ﬁ, /)}TLAS

T
~_ATLAS
- Data 2011
[ \s=7TeV, [ Ldt=4.81fb"

—4— Data (Signal Region)

——— Bkg Only Fit

does

Best S+B Fit, i = 0.2040.19 |
SPS8 MC, A=120 TeV, 1=6 ns

rrrrrrrrrrrrrrrrr-r

00 -80 -60 -40 -20 O 20 40 60 80 100
Zpca [mm]

-1000 -800 -600 -400 -200

‘\ |
_»

200 400 600 800 100 ——
Zpca [mm]
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Non-pointing photons — results

* Examination of event
. . O e SO K\ JATLAS
display suggests this is a ¥ B \ Rty
jet with a leading piO. 8.7 \ Y |
 Timing information also

suggests that source of
the candidate is prompt..
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Non-pointing photons - interpretation
[ ~ )

o o %)
® T 102 —— SPS8 Theory Prediction —
Set limits on number of &+ ATLAS ) — 375 T Feston <22 3
TR Data 2011 (¥s = 7TeV) Observed Limit v
© L _ -1 - - - Expected Limit m
S L J. Ldi=481 I Expected Limit+ 1o, _
) A=120TeV Expected Limit +2c,,, |

i All limits 95% CL

signal events vs
neutralino lifetime.

~0,

@ ATLAS . — Observed Limit
f1 02 J Ldt=48f" __.. Observed Limi (£Cpoon) 3 | | R | | |
5‘_ ‘S=7Tev - Expected L!m!t : O 1 1 1 |10| 1 1 |20| 1 1 ISOI 1 1 P401 1 1 |50| 1 1 |60I 1 1 I70| 1 1 |80
e [ Expected Limit£ 16,,, ] 1:(%o) [ns]
Expected Limit + 204, 1
X KX, KX Excluded Region -
::::::::::: All limits 95% CL ° . .
10 REXSISERKK - A | I
RS so set limits on parameter
oo et0%e%,
555 . .
SIS for th deul
SRS LK S p ace 10r IS p articular
SRS SRR
S 9.9.9.0.9, XXX XD
TR KRS
5% GMSB SUSY model (SPSS8
R ode .
XD
10"
80 100 120 140 160 180
A[TeV]
I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
100 150 200 258
1 1 l 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 r'In(xl1)|[(ievl] 90
200 250 300 350 400 450 500
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Non-pointing photons - interpretation

- )

. . @
® T 402 —— SPS8 Theory Prediction —
Set limits on number of &« ATLAS ) SF% ooy rodeton <22
i} C Data 2011 (\s=7TeV) — Observed Limit S
© L _ -1 - - - Expected Limit .
S L J Ldi=481 [ Expected Limit + 10, i
) A=120TeV Expected Limit +2 6, |

) [ns]

102

(%,

107

signal events vs

i All limits 95% CL

neutralino lifetime:

10

ATLAS ., — Observed Limit
Ldt=48fb " ....Observed Limit (topoY) — | | | oo | | |
\s=7TeV - - Expected Limit 0 10 20 30 40 50 60 70 80

[ Expected Limit £ 10, ‘:(%0) [ns]
Expected Limit + 2 G4y, 1
KA Excluded Region

All limits 95% CL

e Also set limits on parameter
space for this particular
GMSB SUSY model (SPS8).

Gap can potentially be filled by re-

T E— 2%9 | interpretation of SUSY prompt di-

m(x,) [GeV] o1

200 250 300 350 400 450 500 .
() (GeV] photon analysis.



Phys.Rev.Lett. 108 (2012) 251801

Hidden Valley: light Higgs-to-LLP search

[ B )

We can also look for displaced vertices at larger radii, near
outer radius of hadronic calorimeter, or in the MS.

As benchmark, take a Hidden Valley model, where hidden
sector includes pseudoscalar .

Higgs could decay to pair of 1.

— Due to weak coupling with SM 1T, is long-lived.

— Will decay to fermion- anhferm|on pair, predominantly bb cc T
(due to helicity suppression).

Signature will be two back-to-back (n,®) clusters of charged
and neutral hadrons in the MS, (one for each 1, decay).

— Use specially developed trigger algorithm, and specialized
tracking and vertexing, to reconstruct vertices in MS.
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Hidden Valley: light Higgs-to-LLP search

[ _
2 0.6 R ]
. § [ ATLAS | ]
Level 1 muon trigger creates 8 055 simutaton I’ﬁ E
. w 120 GeV, m_=20 GeV _ .
“Regions Of Interest” (Rols) based B 0.4l o e 1 ' E
2 . m-t406evm 2oeev+ : .
on hits in the MS trigger chambers.F oo L oo m o oey ﬁ E
“Muon Rol cluster trigger” then ool : + E
. B | _
selects events with clusterof 3or - + Te :
. . 3 *1 E
more Rols in AR=0.4 cone in MS F o e
R el B B S S L R 1
barrel. )
g O'Gg"';'r[,;s'""""” 1 e« Reconstruct “tracklets” from MDT hits.
%&:’ 0.5~ Simulation = .
3 7 e+ Extrapolate back through B-field, and
8 oab ﬁﬂ l, E reconstruct vertex position as point in
& L —e— m=120GeV,m =20 Gev W[ E (r,z) that uses highest number of
é ; +mh=120GeVm =40 GeV : . 2
8 ) —e— =140 Gev,m 20 GeV E tracklets to make vertex with x
E —x— m,=140 GeV, mnv=40 GeV E re o
gy g, Probability > 5%. 03




Hidden Valley: light Higgs-to-LLP search

[ ]
| Rol clusters —>\§~ \
MDT hits
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Hidden Valley: light Higgs-to-LLP search
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2 EXPERIMENT
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Hidden Valley: light Higgs-to-LLP search

|

Ty e —— — — —— - T
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/ L AE, e e ¥ B b o M o R R T 8 { . R - - |
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True vertex
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Hidden Valley: light Higgs-to-LLP search
[ B )

* Reconstructed vertices are required to:
— have at least three “tracklets”,
— point back to IP,
— be in range |n|<2.2,
— be separated from high-p; tracks and jets.
e 2 vertices per event are required, separated by AR>2.

* Calculate background using data-driven method,
exploiting the fact that the two vertices can be
triggered on and reconstructed independently.

— Estimate: (0.03+0.02 events.
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Hidden Valley: light Higgs-to-LLP search
results

[ B

No events seen passing all selection
requirements, in 1.9 fb™! data.

* Setlimitsonhtorm, m,
cross-section as a function
of i, proper decay length,
in multiples of SM Higgs
production cross-section
(assume 100% branching
ratio).

95% CL Limit on o/cg,,

3 0 T I T T T T I T T T T | T T | T T T
it 95% CL Limit: m =120 GeV, m_=20 GeV i
25 _. .......... 95% CL Limit: m, =120 GeV, m_ =40 GeV =
1} 95% CL Limit: m =140 GeV, m_=20 GeV n
. 95% CL Limit: m,=140 GeV, m_ =40 GeV .
1 ’ ]
21p: ATLAS ]
' »
g -1 .
1 50 JLdt= 1.94 fb =7
i {s=7 TeV .
L .
0.57 Socaa =
0 L 1 1 1 i — 1 1 1 1 1 l 1 1 1 L l L L L L I L L | — n

0 5 10 15 20 25 30 35

w, proper decay length [m]
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1/N dN/dS(Pixel dE/dx)

arXiv:1301.5272 [hep-ex]

Multi-charged particles

[

 Some SUSY theories allow for stable, non-topological
solitons, “Q-balls”. [arxiv:hep-ph/9749492]

— Could be copiously produced in early Universe, contribute
to dark matter today.

* Long-lived, multi-charged particles will be highly
ionizing, should leave distinctive dE/dx signature.
— Use measurements from Pixel, TRT, and MDT.

— Define dE/dx significance:

0.22 SRR AR AR RRARARRE
0.2t [ zoww E
018 || - Mass 200 GeV, |q|=2e —
0.16F -.== Mass 400 GeV, |[q|=2e -
0_145_ — - Mass 600 GeV, |q|=2e _f
0.12;— —;
0.1F ATLAS Simulation E
0.08;— _;
0.06;— —;
0.04 —
0.02F _:-:":flz.i:_’i"_;:'ﬂ-.ﬂ.':.'t, —
NN L T~ LN i
-10 0 10 20 30 40 50 60

S(Pixel dE/dx)

1/N dN/dS(TRT dE/dx)

S(dE/d) dE/dx,e — (dE/dx,,)
X)) =
o(dE/dx,)

0.16f_| T T T I T T T T | T T T T T T T T l T T i: % 0.22é - : - - | r r r r ‘ r r r r r T r . . . IE
C CJz-ww 1w 0'2:_ CJz-ww E
0.1 4:_ """ Mass 200 GeV, |q|=2e = E 018  [| - Mass 200 GeV, |q|=2e =
o12 | | °7” Mass 200 GeV, |q|=4e 42 ot || - Mass 200 GeV, [gl=4e 3
r — - Mass 200 GeV, |q|=6e @ 014E — - Mass 200 GeV, [q|=6e E
0.1— i —-13 T E E
E 12 o.12F ATLAS Simulation 3
0.081 Fr}ﬁ"" ATLAS Simulaton 32  0.1fF =
0.06 :I-Ll :I_I 3 i 0.08;— _;
E P i 3 0.06F E =
o 3 r] | 1 oo04f I ST
0.02F I =i T - E : I Tl L T I
o : l‘ Lo b 0.02 SR Y L L Ul
oL ol R T 1 I TR ot I Tl Lo O XU T LS -
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S(TRT dE/dx) S(MDT dE/dx)



Multi-charged particles

[ B
. < 30: """" LN B NN B B BB
* Consider Drell-Yan 3 osf A rLAs E
: = = -
production. 2 o jL\dst ' 200GV e -
* Select events using high- E e E
. : 10f- 5 E
pT single muon trigger. £ C b3
. of A - 5=
No events observed in £ baa E
Slgnal region. '191:0' T S TR - - ':;_,o
S 10 arias | e e S(TAT a0
o 1025 L=4.4fb’ \s=7TeV  oviree o ;
Set limits on DY ol ot
production cross £ v
section vs mass, for .0 ]
different charges. 102 S
10°6"900 200 300 400 500 600 100

m [GeV]



arXiv:1207.6411 [hep-ex]

Magnetic monopoles

[ B )
Magnetic monopoles appear in many Grand Unified Theories.

Their existence would explain quantisation of electric charge.
Dirac quantization condition:

ge 1 g 1
== ==—~08.5
he 2 e 20@

i.e. would interact with matter like an ion with electric charge
68.5e... very highly ionizing!!
— Even more so due to “knock-on” &-rays.

Electrically neutral magnetic monopole traversing ID would
be straight in (r,®) plane and curved in (r,z).
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Events /2

Magnetic monopoles

[ -

Experimental signature would be large, localized energy deposit in
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Use @ position of EM cluster to E
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Magnetic monopoles

[

HT

* Final Discriminating variables are:

— Fraction f,; of High Threshold TRT
hits in narrow road from beamline to

cluster.
— Energy-weighted n-O cluster 0.4 \Ns=7TeV
dispersion o, in second layer of EM - [Lat=20"
calorimeter. 0.2 + Data2011
 Main backgrounds are high-p; T
electrons, photons, jets, which % " oor
have no correlation in these R
variables. In 2 fb1 dataset, no
— Expected background in signal events observed in

region is 0.011+0.007 events. . _
signal region.
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Magnetic monopoles - limits

[

From MC signal, reconstruction
efficiency is high and uniform for

. K'
large range in E;"".

Set upper limits on production cross-
section for both single monopoles in
fiducial region, and Drell-Yan

production.
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Conclusions

[ B )

* Wide range of analyses, looking for many different
signatures, and often using the detector in interesting
and “non-standard” ways.

— Provide a fun challenge for ambitious experimentalists!
* No sign of New Physics so far....
* BUT:

— Almost all these analyses are being updated (and improved)
* Those on 2011 data are being updated to use 2012 data.

* Analyses that have preliminary conference results on 2012 data are
being refined and extended for papers.

— Plus more to come!

 We are doing our best to cover as much parameter
space as we can..

— And also to get maximum possible value out of our fantasltO'iSC
detector!
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How to get By from dE/dx

[ - )
* Get most probable value of dE/dx from 5-parameter
simplified version of Bethe-Bloch:

Mg (89) = 2+ log(1 + (p2B7)) — s

* Most probable value for MIPS is about
1.2MeVgicm?.
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Long-lived sleptons - selection

Use single muon trigger.
In offline selection, require 2 muon candidates per event.

Loose SMP selection:
— p;>50 GeV (and consistent between MS and ID measurements)
— Z-veto.

— Consistent B and By measurements in different systems, with
combined 3 <0.95.

If one of the muon candidates in an event fails this loose SMP
selection, the other one is then required to pass tight selection:

— p;>70GeV.
— Tighter requirements on consistency between B measurements.

Final requirements on beta and betagamma optimized for
each hypothesis.
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R-hadrons — selection

Full detector and MS-agnostic:
— ID track with p>140 GeV and |eta|<2.5.

— No jet with p; > 40 GeV within 0.3 cone, no track with p; > 10
GeV within 0.25 cone.

— Good dE/dx measurement.

— Uncertainty on beta less than 10% for calo only, or 4% for
combination.

ID only:

— PV must have more than 4 tracks.

— Offline missing E; cut of 85 GeV.

— 2 pixel and 6 SCT hits, p; > 50 GeV and p > 100 GeV.
— No tracks with p; > 1 GeV within 0.25 cone.

Final requirements on beta and betagamma optimized for
each hypothesis.
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SMPs - systematics

GMSB sleptons R-hadrons
Source one-cand. two-cand. ID-only other
Theoretical systematic uncertainty on signal size 5 S5 15-30
Uncertainty on signal efficiency
Signal trigger efficiency 1.8 1.8 4.5 4.5
QCD uncertainties (ISR, FSR) 8.5 8.5
Signal pre-selection efficiency L5
Momentum resolution 0.5 0.5 1.3 1.3
Pixel dE/dx calibration 5.8-0.2 5
Combined § timing calibration 4 6
Calo B timing calibration 1.0
MS S timing calibration 3.6
Offline ET™ scale 7.3-4.5
Total uncertainty on signal efficiency 4.4 63 134-106 11.6
Luminosity 39 39 39 3.9
Experimental uncertainty on background estimate 11 13 3-20 15
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Disappearing tracks

[ ~

Prospino2 AMSB: tanB=5, u>0
A
Q. ~ et ~
SR\ PPOLE,  PPOXE oL
A — Total .
8 1ok Cross-section for
o F . .
s I direct chargino
S 1F _
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Disappearing tracks — background and

[

* Main background after high-pT isolated track selection is from

W->tau nu events.

e Data-driven method uses control samples to get pT distribution
— Non interacting hadron tracks by requiring >10 hits in TRT outer

barrel.

— Electrons, by requiring normal selection apart from lepton veto, and

applying “medium” electron ID.
* Systematics:

sxstematics

Source m_: = 100 GeV [%] ms+ = 200 GeV [%]
(Theoretical uncertainty)

Cross section 7 7
(Uncertainty on the acceptance)

Modeling of initial /final-state radiation 10 13

JES/JER 10 6

Trigger efficiency 3 3

Pile-up modelling 0.5 0.5

Track reconstruction efficiency 2 2

Luminosity . 3.9

Sub-total 15 15
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Disappearing tracks - cutflow

Requirement Observed Signal events (efficiency |%)])
mg+ = 100 GeV mg+ = 200 GeV
Quality requirements and trigger 3765627 1983 (3.0) 283.3 (6.7)
Jet cleaning 2899498 1958 (3.0) 279.6 (6.6)
Lepton veto 2186581 1906 (2.9) 274.8 (6.5)
Leading jet py > 90 GeV 2054262 1497 (2.3) 237.7 (5.6)
E%iss > 90 GeV 1233864 1420 (2.2) 230.2 (5.5)
AT 515 1191298 1402 (2.1) 227.4 (5.4)
High-py isolated track selection 18493 90.5 (0.14) 9.1 (0.26)

Disappearing-track selection 710 42.9 (0.066) 4.1 (0.12)
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Incompatibility graph

[ ~

* S.R.Das, “On a new approach for finding all the modified cut-
sets in an incompatibility graph”, IEEE Transactions on

Computers v22(2) (1973) 187.

Abstract—The compatibility relation occurs in many different
disciplines in science and engineering. When a compatibility rela-
tion exists between pairs of elements in a set, an important problem
is to derive the collection of all those elements that form maximal
compatibles. If the set of elements with the compatibility relation
can be visualized as a compatibility graph of which the different nodes
represent the elements of the set, the only edges of the graph being
the nonoriented lines joining pairs of elements with the compatibility
relation, then the problem of deriving the maximal compatibles be-
comes identical to the graph theory problem of finding all the max-
imal complete subgraphs in a symmetric graph. Recently, in connec-
tion with simplifying incompletely specified sequential machines,
where a kind of compatibility relation also exists between pairs of
internal states, Das and Sheng proposed a method for deriving the
different maximal compatibles through finding all of the modified
cut-sets of the incompatibility graph of the machine. This paper,
without confining itself to only incompletely specified machines, con-

siders the problem involving the compatibility relation in a broader
perspective and suggests a new approach for finding all the modified
cut-sets of the incompatibility graph of a set having a compatibility
relation between its different pairs of elements.

5

ﬂ‘ *Xx

Fig. 1. Compatibility graph of five elements.

"5 82

x, "3

Fig. 2. Incompatibility graph of five elements.
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Displaced vertices — interpretation

[ B 0 e )

a M LR LR LR

= ATLAS =

jra 1 Use CL,method to set 95%C.L.

t s =7Tev 4 upper limit on o-vs-ct for each
Jra=asn 1 mass combination.

Limit shown here is for two
neutralinos per event, but

107F % e 72wt efficiency factorizes, so limit for
N e A single vertex can be easily
107 . —) % 2
calculated: (eff,_ =2*eff . -eff . ?).

ct [mm]
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Number of events

Data/MC

0000 —aa

Higgs to LLPs — systematics

10°
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—— QCD dijet MC
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g

Number of QCD dijet Data
MDT hits Monte Carlo

300 < Nupr < 400 10.1£2.2 % 9.14+0.5 %
400 < NmpT < 500 9.242.8 % 10.5+£0.7 %
500 < Numpr < 600 13.14£5.4 % 13.0+£0.9 %

NyvpT > 600 16.5+4.5 % 16.7+£0.7 %

Look at data/MC difference in numbers of Rols and in
vertex reconstruction efficiency for punch-through jets.
Total systematic uncertainty on efficiency for
reconstructing a vertex is 16%.
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Higgs to LLP — ctau vs mass

IIIIIIIIIIIIIIIIIII]IIIIIIIIIIIIII
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in data

to LLP — Rol positions

Higgs
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Higgs to LLP — Background estimate

~ )

Number of events with single
muon Rol trigger object, and

isolated MS vertex. Probability for random event to

contain an MS vertex.

d

vertex

N (2 MS vertex) = N(MS vertex, 1trig)*P
+ N(MS vertex,2trig)*P

/

Number of events with isolated Probability to reconstruct a
vertex and 2 trigger muon Rol vertex given that there was an

cluster objects. Rol cluster.

reco
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Displaced muonic lepton jets

| I
* Challenge is getting separate Rols from two

very collimated muons, separated by DeltaR.

§ - ST ATLAS Smuton | @)
. 1 a ]
o ATLAS Smulation 1\ =t
> 1 |
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c B o
9 7] r
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Displaced muonic lepton jets -
selection

Exactly 2 MJs, each of which have exactly 2
oppositely charged muons.

Difference E.°' between calorimeter energy in
R=0.4 cone around highest pT muon and in 0.2
cone must be <5 GeV for both MJs.

Sum of pT of all ID tracks in 0.4 cone around
MJ must be < 4 GeV.

abs(Delta phi) between two MJs must be >2.
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Displaced lepton jets - cutflow

[ ~ )

cut cosmic-rays multi-jet total background | my = 100 GeV | my = 140 GeV | data

Nmy =2 3.0+2.1 N/A N/A 1351172 90+971] 871

EX'<5 Gev | 3.0x21 N/A N/A 13211723 88+9*17 219

|Ag| > 2 1.5£15 153 £ 18 +9 155+ 18 +9 123£11%25 819713 104
Qmy =0 1.5+15 57 £15£22 59 + 15 +22 12111728 79+871 80
\dol, |zol 075 111+39+63 111439463 105+10722 6648712 70
zpP <3 GeV 07} 0.06+0.020¢ | 0.067}S+0.66 75918 48+777 0

123




Displaced lepton jets - systematics

[

Luminosity: 3.7%.
Muon momentum resolution: negligible.

Trigger (evaluated using T&P on Jpsi->mumul):

17%.

Reco efficieny (evaluated using T&P on Jpsi-
>mumu): 13%.

Pile-up: negligible.
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H1 monopole search

[ -

* H1 removed beampipe, used magnetometer
to look for stable monopoles.

— Eur.Phys.J. C41 (2005) 133-141.

Model A - Efficienc elastic

ies from
spin 0 Boson production

Cross section upper limit (pb)

10 |

0 20 40 60 80 100 120 140
Monopole Mass (GeV)
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arXiv:1210.0435 [hep-ex]

Displaced muonic lepton jets
[ B )

* At the LHC, hidden sector particles could be produced with large
boosts, such that their decay products form jet-like structures.

fa,

* If the Higgs can decay to
hidden-sector fermions, these
could in turn decay to a
(potentially long-lived) neutral -------
hidden-sector particle y, and a
stable hidden sector fermion
that escapes detection.

* Decay of y, could give rise to
collimated pairs of leptons.

fa,
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Displaced muonic lepton jets

y Run Number: 119874
-~ Event Number: 4758
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Displaced muonic lepton jets —

| reconstruction and selection |
B 22 2020202020

* Muon jets (MJs) from displaced y, decays will have pair of muons in narrow cone.
* Use low-p; multi-muon trigger without any ID track requirement.

* Reconstruct tracks in MS, and use clustering algorithm to gather muons within a
cone.

 Require MJs to have 2 oppositely charged muons, and 2 MJs per event.
* Reject background using cuts on track and calorimeter isolation, A® between MJs.

e Use data collected in empty bunch crossings to estimate potential background
from cosmic ray showers — estimate fewer than 2 events.
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Displaced muonic lepton jets —

siﬁnal efﬁciencx

[ ]

* Use signal Monte Carlo samples with Higgs masses of 100 GeV and
140 GeV, y, mass of 0.4 GeV, and proper decay length ct of a few cm.

o 06— ————T———7————7 71— o 0.4 L
o : : o - : : .
w ATLAS Simulation @ Tu gee ATLAS Simulation © 1
- i 0.3 & ]
[N - i
0.4 :_:_T: —— —— | e R
0.2 -
i = = - . T o ]
0.2\~ - - )
. —$— my, = 100 GeV e | O —* —4—my = 100 GeV g
i ~-®- My = 140 GeV | i ~-#- my = 140 GeV
N U S R RS B I R D B
R S R i 2 005" > 4 6
nY ny [m]

e Can then reweight these sampdles to get efficiencies for different
values of ct. 129



Displaced muonic lepton jets —

results
[ e

e No candidate events survive all selection
requirements in 1.9 fb* data sample.

* Set limits on 0.BR(H to y, v, +X) vs cT.
— Assuming BR(y, to pp)=45% and mass(y,)=0.4 GeV.
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Definition of R-parity

Pg = (-1 )3(B-L)+23

SM particles have R-parity = +1
SUSY particles have R-parity = -1



R-hadrons - selection

 Can undergo interactions with detector material.
=>»can even change charge as it moves through detector!

 |fBistoo low, particle might be associated with following
bunch crossing by the time it gets to MS.

 Due to both these effects, efficiency for single muon
trigger can be quite low.
=>also use missing E; trigger (due to strong production, events often
contain high p; jets, while R-hadron itself will only deposit a small
amount of energy in calorimeters).

 Three different analyses:

—  “Full Detector”,

— “MS agnostic”,

—  “ID only”.
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R-hadrons - selection

 Can undergo interactions with detector material.
=>»can even change charge as it moves through detector!

 |fBistoo low, particle might be associated with following
bunch crossing by the time it gets to MS.

 Due to both these effects, efficiency for single muon
trigger can be quite low.

=>also use missing E; trigger (due to strong production, events often
contain high p; jets, while R-hadron itself will only deposit small
amount of energy in calorimeters).

 Three different analyses:
—  “Full Detector”, €~ Uses the most information — best

— sensitivity for SMPs that are
charged all the way through.

— “MS agnostic”,
—  “ID only”.
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R-hadrons - selection

 Can undergo interactions with detector material.
=>»can even change charge as it moves through detector!

 |fBistoo low, particle might be associated with following
bunch crossing by the time it gets to MS.

 Due to both these effects, efficiency for single muon
trigger can be quite low.

=>also use missing E; trigger (due to strong production, events often
contain high p; jets, while R-hadron itself will only deposit small
amount of energy in calorimeters).

 Three different analyses:
—  “Full Detector”, Can detect R-hadrons even if

—  “MS agnostic”, €= they become neutral before
traversing Muon Spectrometer.

—  “ID only”.
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R-hadrons - selection

 Can undergo interactions with detector material.
=>»can even change charge as it moves through detector!

 |fBistoo low, particle might be associated with following
bunch crossing by the time it gets to MS.

 Due to both these effects, efficiency for single muon
trigger can be quite low.

=>also use missing E; trigger (due to strong production, events often
contain high p; jets, while R-hadron itself will only deposit small
amount of energy in calorimeters).

 Three different analyses:
—  “Full Detector”, Can also detect R-hadrons that

—  “MS agnostic”, == decay with few ns average lifetime.

—  “ID only”. €~
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R-hadrons - selection
[ B 2 2222 e

* All three analyses require good
quality, isolated, high-momentum ID
track.

* “MS agnostic” uses missing E;
triggers, and calorimeter-only timing
measurement.

* “ID only” analysis has tighter
selection:
— Offline missing E; cut.

— Tighter cuts on isolation and number of
silicon hits.
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R-hadrons - selection

,_
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10°

* All three analyses require good
quality, isolated, high-momentum ID
track.

10*
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* “ID only” analysis has tighter = 700 GV
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selection: S

— Offline missing E; cut. 8

— Tighter cuts on isolation and number of
silicon hits.
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R-hadrons - selection
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10°

* All three analyses require good
quality, isolated, high-momentum ID
track.

10*

dE/dx (MeV g cm?)
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silicon hits.
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R-hadron searches - results
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R-hadron searches - results

No excess above background
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