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What do | mean by “long-lived

garticles” ‘LLPSI?

* By “long-lived”, | mean that a particle travels far enough
that its decay position is measurably displaced from the IP.

* In this talk | am talking about new (i.e. not-yet-discovered),
heavy (i.e. mass > =10 GeV) particles with average decay
distances in this range...

Typical
decay | |
distance Hm mm




Why should we look for LLPs?

* 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!
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What are we actually looking for?
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What are we actually looking for?

“Standard” supersymmetry
sighature, studied by most analysis
teams in ATLAS and CMS SUSY

groups.
N\

Displaced ~ heavy, Displaced Missing
vertex highly-ionizing vertex transverse

m.uon-hke energy
signature

“Kinked or Non-pointing
disappearing photon

track

Decay later
in “empty” event




What are we actually looking for?

All these signatures are covered by
analyses in the ATLAS
long-lived SUSY and exotics groups.

« f \

JiSplatec Il - Siieavyy: Displaced [l Missing
vertex highly-ionizing vertex transverse

muon-like
signature

“Kinked or Non-pointing
disappearing olglejte]g

energy

track

Decay later
in “empty” event




Some physics models




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

Some physics models
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Why might we get LLPs?

[

* 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!

18



Supersymmetry

| N )

e Supersymmetry (SUSY) solves the Hierarchy Problem (sensible
Higgs mass without fine-tuning) by introducing superpartners
for SM particles.

h A H° H
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Supersymmetry

| ~ )

e Supersymmetry (SUSY) solves the Hierarchy Problem (sensible
Higgs mass without fine-tuning) by introducing superpartners
for SM particles.

h A H° H

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

— =2>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:
Mg.o: M M =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”).

wino* gluino

21



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.

NirL'LE"+ +\ U D' D ¢, Li Ho
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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.

NirL'LE"+ +\ U D' D ¢, Li Ho

\_'_I

Lepton 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.

NirL'LE"+ +\ U D' D ¢, Li Ho

\_'_l

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.

Nk L' LE" + U'D’D*+¢,L; Hy

ZJA

— |f 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
hidden sector having long
lifetimes.

26




The Detector




The ATLAS detector

* ATLAS is a great
General Purpose

/ .Detector for all the

- usual reasons..

Hermetic coverage.
Precise tracking.

iy | D\
=l (% Good calorimeter
energy resolution.

. -
e

— Efficient muon
reconstruction.
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The ATLAS detector

* ATLAS is a great
General Purpose
Detector for all the
sual reasons..

3ut also.....

-
-
-
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The ATLAS detector

* ATLAS is a great
General Purpose

) Detector for all the

" usual reasons..

3ut also.....

4 7\
| . Itis BIG!

And has several
subdetectors with
excellent time
resolution!

- - =
e

31



The ATLAS detector

e ATLAS has several

subdetectors with
excellent time
resolution, including (but
ot only):

-
—
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The ATLAS detector

 ATLAS has several
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I % resolution, including (but
ot only):
quid Argon (LAr)
lorimeter.
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The ATLAS detector

 ATLAS has several
subdetectors with
25m ‘ excellent time
B o B8 % resolution, including (but
ot only):
quid Argon (LAr)
lorimeter.

le calorimeter.

-
. -
—
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The ATLAS detector

* ATLAS has several
subdetectors with
excellent time resolution,

A including (but not only):

/ iquid Argon (LAr)
alorimeter.
le calorimeter.

°\ onitored Drift
Jubes (MDTs).

. - =
e
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The ATLAS detector

e ATLAS has several
subdetectors with
25m » excellent time
s ' ,resolution, including (but
ot only):

quid Argon (LAr)
lorimeter.
le calorimeter.

Monitored Drift
Tubes (MDTs).

Resistive Plate
Chambers (RPCs).
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The ATLAS detector

e ATLAS has several
subdetectors with
25m excellent time
e i \ A resolution, including (but
ot only):

quid Argon (LAr)
lorimeter.

le calorimeter.

\ “Wionitored Drift
Tubes (MDTs).

Resistive Plate
Chambers (RPCs).

Can measure time-of-flight! g




The ATLAS Inner Detector (ID)

system consists of:

M
N,

ATLAS inner tracking
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The ATLAS Inner Detector (ID)

system consists of:
Pixel detector.

ATLAS inner tracking

39



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

a continuous tracker

— Can detect kinked or
disappearing tracks!.



The ATLAS Inner Detector (ID)

e And there’s morel!

::::::
RN
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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 T|me over—ThreshoId)

10;

dE/dx (MeV g cm?)

m — N w ’ eT U‘IYITQT q1'Tr‘ﬁ°1' Tw

215105005 115 2 25
qp (GeV)



The ATLAS Inner Detector (ID)

e And there’s morel!!

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

z =7TeV ~ 2
= 8 |203‘l'ﬁ|<1mm...._'. 3 :
- ot ’-:-;. e 3
[ 4 ‘ :
PN :
2 -
g, L 10 2
2
g O :
? Ma\_ Lt sr s 1 5
8 4000-3000-2000-1000 0 1000 2000 w000
i 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

[

Liquid Argon (LAr) Tle prel The aréendec bame
electromagnetic :

calorimeterhas Wudbmleeer
longitudinal as wellas |, . 8 !
transverse end-cap (HEC)
segmentation.

LAr forward (FCal)
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The ATLAS Calorimeters

[

Liquid Argon (LAr)
electromagnetic :
calorimeterhas = VUl
longitudinal as well as i nedronic * '
transverse nccap
segmentation.

L Weledromogneﬂc
— Can measure pointing \
direction of EM showers

Tile barrel Tile extended barrel

LAr forward (FCal)
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The ATLAS Calorimeters

[

Liquid Argon (LAr) flefore e rendedbord
electromagnetic
calorimeter has
longitudinal as well as nogronc
transverse e b ///’7//,’
segmentation.

L. LAr electromagnetic
— Can measure pomtlng end-cap (EMEC) ¢ hs

Y,

direction of EM showers

Both LAr and Tile
calorimeters can also
measure dE/dx by
summing energy deposits
over path length.

52



The ATLAS Muon Spectrometer (MS)

[ s )
Thin-gap chambers (T6C)  Precision muon chambers

Cathode shrip chambers (CSC)
can reconstruct
=~ standalone” tracks.

Barrel toroid

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

)
* Precision muon chambers

can reconstruct
-~ “standalone” tracks.

Thin-gap chambers (T6C)

& i.e. can find particles that
dﬁd not leave tracks in Inner
\.  Detector (e.g. decay

~ products of LLPs).

Barrel toroid

Resistive-plate

chambers (RPC)

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

)
Thin-gap chambers 16C) * Precision muon chambers
Cathode strip chambers (CSC)
can reconstruct
=~ “standalone” tracks.

ol

ARG e e can find particles that

‘, \ /7 did not leave tracks in Inner

‘ , / \\ Detector (e.g. decay

N\ Q o products of LLPs).

R A Barrel toroid

O\ y ressiveniate @ VDTS can also measure

\ Erud-cop lowokd dE/dx (similar principle to
Monitored drift tubes (MDT)

TRT).
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The Analyses




JHEPO1 (2015) 068

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.
e Charginos in AMSB models.
e R-hadrons.
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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!

e Several candidate particles, including:
* Long-lived sleptons in GMSB models.
* Charginos in AMSB models.
* R-hadrons.

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

58



SMPs - Combining B measurements

| ~

 Use Z to uu events to calibrate B measurements.

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

weighted average.
21703 x10°

= 100 p- 5 3
8 8 got ATLAS
g i g%ﬁv. 19.1 " g E s=8TeV, 19.1 b’
2 80 2 70
s ¢ Data2012 2 600 4 Damz0t2
60 B=1.001 SOE— f=0.999
0 =0.079 3 6, =0.024
_ —— MC, Z—pp 40—~ —4=MC.Z-pm
40? B =1.004 3 B=0.999
5, =0.080 30 o, = 0.024
20} 20;
10—
8305 06 07 08 08 1911712713 1.4 o ———

p ) B



Measuring the mass of SMPs
[ N )

* 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
[ N )

* 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=Bym
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SMP Selection

e Sleptons would behave like “heavy muons”, releasing energy throughout
detector.

» Likely to be 2 produced per event - look for events with 2 offline muons.

e Define “2 candidate” signal region (both candidates passing loose pT and

B cuts) and “1 candidate” signal region (one candidate passes tighter
selection, the other just passes muon selections.
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SMP Selection

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

Likely to be 2 produced per event - look for events with 2 offline muons.

Define “2 candidate” signal region (both candidates passing loose pT and
B cuts) and “1 candidate” signal region (one candidate passes tighter
selection, the other just passes muon selections.

Charginos would look similar, but could be either 1 or 2 produced per
event.

Also define “1 candidate” and “2 candidate” signal regions, but don’t
require a second muon candidate for the former..
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SMP Selection

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

Likely to be 2 produced per event - look for events with 2 offline muons.

Define “2 candidate” signal region (both candidates passing loose pT and
B cuts) and “1 candidate” signal region (one candidate passes tighter
selection, the other just passes muon selections.

Charginos would look similar, but could be either 1 or 2 produced per
event.

Also define “1 candidate” and “2 candidate” signal regions, but don’t
require a second muon candidate for the former..

R-hadrons would interact with detector material - could stop, or change
charge.

Only require 1 candidate per event.

Define “muon agnostic” and “full-detector” searches using
information from different sub-detectors.



Stable Massive Particles - backgrounds
[ B )

« Main background is high-p; muons with mis-measured f.

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

* Use data-driven method, based on randomly sampling 3
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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SMPs - Results
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No excess above background expectation is seen.
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Stable Massive Particles - limits

Cross-section [fb]

. ———— )
e Set limits on stau mass in GMSB scenario, chargino mass in AMSB
scenario, and R-hadron mass for gluino, sbottom, and stop R-hadrons.
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arXiv:1310.6584 [hep-ex]

Stopped R-hadrons

| ~ )

* 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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arXiv:1310.6584 [hep-ex]

Stopped R-hadrons

| ~ )

* 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 ale. Y:ggni\éf:zfeijor?:j:)nr:degments
— Cosmics 7
— Beam halo
— Detector noise

69



arXiv:1310.6584 [hep-ex]

Stopped R-hadrons

| ~ )

* 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.

Veto events containing
reconstructed muon segments

* Potential backgrounds are:

— Cosmics Use event cleaning and jet shape

— Beam halo /variable cuts

— Detector noise
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arXiv:1310.6584 [hep-ex]

Stopped R-hadrons

~ )

* 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.

. Rate is proportional to live-time

* Potential backgrounds are: _, ; jumi) measure during
— Cosmics </ “cosmics period” in early 2011,
and scale to “data period” from

— Beam halo mid-2011 to end of 2012.

— Detector noise
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arXiv:1310.6584 [hep-ex]

Stopped R-hadrons

| ~ )

* 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

| ~ )

* 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
Negligible after event cleaning.

73
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Stopped R-hadrons — beam halo




Stopped R-hadrons — cosmic muon




Stopped R-hadrons —

acceptance and efficiency
| B )
e Simulation of stopped R-hadrons
was significant technical
challenge:

— Sparticle pair-production and .
hadronization in PYTHIA

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

 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¢

* “Generic”, “Regge”, “Intermediate” ‘2‘;;»?52 :ﬁ,"lf)"':afvt
e atase
models for R-hadron nuclear ol o= _Uses Burich Strbcture
interactions and spectrum of R-hadron
states

15¢
Revolution

Period

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

10%

Timing Efficiency (%)

10* 10’ 10° 1(;‘ u;‘ 10° 16‘ 10 10’ 10
Gluino Lifetime (seconds)



A-Hadrens Produced [x1000 Pairs)

Stopped R-hadrons — results.

T )
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No excess observed — set limits for various signal models:
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Brand new!!!

Displaced vertices in the Inner Detector

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

to displaced vertices (DVs).

* Previous iterations of this analysis looked
at DV+muon, interpreting in RPV SUSY
scenario.

* Major expansion for final Run 1 paper:
* Now look at DV+electron, DV+MET,
DV+jets, displaced dileptons.

e |Interpret in RPV, GGM, and split SUSY

models. .




Vertex-level efficiency

Displaced vertices — track and vertex
reconstruction

[

~ )

* Standard ATLAS tracking is highly optimized for tracks

coming from the primary interaction point (IP).

* To increase efficiency for secondary tracks, we re-run

o
>

Silicon-seeded tracking algorithm, with looser cuts on
transverse impact parameter, using “left-over” hits from
Standard tracking.

* Vertex-finding algorithm based on

: ATLAS Simulation Preliminary

"L ety o-fetwig 3 incompatibility graph method.

= -4+ No re-lracking p o . . .
oS Gor af o i 4 lIterative disambiguation process
e, : then splits/merges/refits vertices
-, : until no tracks are shared between
L N : vertices.
oosé- E*‘L ’ ’pwﬁ"*’"o“ . _:

0(]: § 43"’;‘”‘)‘";0 S IA§U e *‘2‘;)"‘ - j:-;(';‘_’m):n 79



Displaced vertices — selection

| ~

Use tracks with |d,[>2mm, p;>1 GeV as input to vertexing.

Look in fiducial volume roughly corresponding to Pixel barrel.
Require vertex mass > 10 GeV.
For multi-track searches, require at least 5 tracks in vertex.

For dilepton searches, require two oppositely charged leptons (ee,
mumu, or emu).
ATLASProfiminary  is-8%cv.203% * \eto vertices reconstructed in

regions with high material density.

200!
30-'300 200 -100 0 100 200 3‘).')0
n

Xy [irw
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Displaced vertices — results

| T )

<<1 background vertex expected in all channels.

. : , : -1
Zero vertices pass selection requirements observed in 20.3 fb

ATLAS Preliminary \s=8TeV,203fb" ATLAS Preliminary \s =8 TeV, 20.3 b’
uy channel @ Data © Signal MC DV+ET ™ @ Data ™ Signal MC
-r ] [ ' 1 |} I )

a>— ,l ;‘ 1 ' ] 1 ll ]
2 Slgr\al 8 + Signal Region ]
= region 2 | ]
& g
102 102:'_ 1 ] -
1 1 - -
0 -:102
10 10 1
102 ]
—— 0 - _5103
1 3 1 .
—_— 3 :
T .‘10 ' ' P . X i B _‘]0‘
0 1 2 3 4 5678910 20 30 40 50

Number of leptons in vertex N,



Displaced vertices — interpretation

[

* Reweight events in signal MC to set limits over a large range of ct.

g 1wk P od. mi) G £ 107, ATLAS Preliminary S miz) - 400 Gev |
§ [ 1s=8Tev, 2038 mm o = 5 lseTeveoan M-IV 3
: ‘T - o8, e T 10°E DVCT™ channel
4] 10° [, eefen channels == 1300, 50 '
8 | o 3 g | GaMmmoss
Flhr= ey ‘ 2 10°r §(1.1TeV) > i, 23
£ ol / : -
3 1074 ' _ ¢ &
s . 7 3 =
£ 1071 3 E
8 3 B
10
B E 2
1" " 10 GV A0 pradson
Bl s anseed ossnnnd anssid st biid asind
1 10 10 10 10 10

¢t [mm)

ct [mm)
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Displaced vertices — interpretation

[

* Reweight events in signal MC to set limits over a large range of ct.

E 10°E ATLAS Pretminary | w, wi) o € 17| ATLAS Preliminary S m() - 400 Cev
5 fszn%sr:\r’euzm' =:;;:‘,‘?M - & |s;8ToV.20.3lb‘-%"T‘v J
o | ealey dmn‘ﬁs ) — 1300, 50 s 10P DVET™ chaannel 4
@ 10* ! RPY Model emmn 1200, 9200 i 8 [ GGM Model - 1
g i P ] § 10°F §(1.1TeV) >, +ZG) .
3 1074 ) 2 g 3 4
5 A 4 . 5 3
£ o < |Forsplit SUSY/R- | & 1
» 3 5
g 1 <+ | hadron samples, ;i g
,t scan over different 10 ;
aased s aaa - 1 ol

gluino masses.

1 . 10 . 10? - '10‘
/ﬂlﬂ'l/ l \ ¢t [mm)
<2500

2 ATLAS Predminary ATLAS Presminary g ATLAS Probminary
é \$=8TeV, 203" BE Cwecmsim 2 1o, § \$=8TeV, 203" B Copecis o 2 1o, e 15=8TeV, 203 10" 555 Cpecwoime iz 1o,
’:gm"-bﬂw%w = Coserved ima 2 1077Y ':gzooo-‘xuwsvnwu —— Coserved ima (2 1ol ’%2000- Spit SUSY Model == Coservos wme iz 17Ty
10— L(100GaV) | 13—t £1100Gev) ) Qﬁgnﬁé»mcov
1500~ -
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Summary of ATLAS R-hadron searches

[

g R-hadron -+ g/qq, ; m3? = 100 GeV Status: March 2015
2000

g - —— Displaced vertices Preiiminary - <= - Expected limits
1800 [—o— mdﬂdx m;‘::as-coms-mwm Otervad Rmis
E | @ Stablecharged  arXiv:1411.6795 ?:":g::':f;&xw
E 1600 Stopped gluino  arXiv:1310.6584 ATLAS Preliminary
E
g 1400 :
Q :
e ..

Stable

Promet o

1 llll“-l A lllllﬂl; A ll“llll A lfllldﬁ%ﬂm&m@_
102 10" 1 | 10, , 10* 10° 10
(r for n=0, fy=1) Beampipe jinner Detector,Calo MS T [ns]
l_l.llLul_J_l.LllllllgL_u:lulul*l,Lllllll.ll¥lglJ.llud__l‘J_l.lJUll_l_Ll,llull_J_l.llllul_.L
10° 102 10 1 10 10* 10° 10
ct [m]
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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 produzci::tion processes:
N ~T ~() o ~ 4 ~— -
PP — X1 X1 tJet, pp — x1 x1 +Jet

(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
. o . . . 85
reconstruction efficiency for soft pion is not so good..)



Disappearing tracks — simulated signal event.




Disappearing tracks - selection
[ B e )

* 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, 10’

— have p; > 15 GeV, o
— at least 3 Pixel, 1 b-layer and 2 SCT hits, 1o

— originate from primary vertex, :z

s

T -—Y Y LN (LN S S S Y YT

——Datalis=8TeV, |Lt=2030b") ATLAS
.- SM MC prediction
l’_l m . 200 GeV T . 02 m (Decay radus < nfinde)

Track

- m = 200 GaV, T =025 (Decay radus < 563 mm)

i@ .
.

and point to TRT barrel (but not region 1ol o "

—_ 1 o
around |n|=0). . . -N_,.ll PﬂH r .-. _
— Fewer than 5 hits in TRT. 102 L. .1L0 CAVZGA VA3

N TRT



Disappearing tracks - backgrounds

%" decaying into X" +r*

Badly mismeasured in p, due (0 a wrong
combination of space-points

High-p. charged hadron
interacting with ID matcrial

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

true particle track

~ reconstructed trackJ

Pixel SCT TRT



Disappearing tracks - results

| T

: 3 1 ' s
e Use signal+background 8 jof ATLAS ]
likelihood fit to track p; § op oo fuammant TR
. : T S — ey oz
spectrum, to test different signal ~ |f Tt o
hypotheses. 17
10"
10%
10‘3 A1 3 a2 s &8 L
& ] i T
s I 5 Wit s
§ ot ey 4

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

| T

10°

10 ATLAS

e Use signal+background
likelihood fit to track p;
107 .\ E— T, - 300 GeV. T« 02ns

spectrum, to test different signal . ;-0 0w 1 1o
hypotheses. Z

* No significant excess found.

Tracks / GeV

10° k- 13=8Tev, ILm «203m" Eloctren

- s ™ = 200 GeV, t. = 02ns
"

B 74— . ¢
e ase b :,‘131" b 41 4‘ il
e AEEees 1 s Gl g g
0.5 l’ T : 1 ¢4 4 i t

Data / Fit

Track P, [GeV]

20 30 40 “300 200 300 1000
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Disappearing tracks - results

| T

10°

 Use signal+background &
likelihood fit to track p; g
10°

spectrum, to test different signal
hypotheses.

* No significant excess found.
e Set limits on chargino mass and lifetime:

k—J

('S

— Ce——
"""" (]

2 5
o (=]

o,

0}
Py
ot

1000
Track P, [GeV]

ATLAS

|'-6|0V.ILG.ZOJQ

— CJOmArvect SE CL Bt P
» sas  faxpacted 0% CL St (t1a, )
10 ATLAS (12 = 7 ToV. 47 ", EW prod )
— Memw-r n-:s' 2 222 (2000 91

Sabie” ¥

100 150 200 250 300 350 400 450 500 550 600
m|GeV|




Disappearing tracks - results

| T

Use signal+background
likelihood fit to track p;

Tracks / GeV

spectrum, to test different signal

107

hypotheses.

No significant excess found.
Set limits on chargino mass and lifetime:

ATLAS

u-olev.ILu.zoavo

o
-
et
-
-
o
.
-
-
o
-

—— CJOmArvect S CL Serut (the )
......... L xpacied 257%. CL et (Y1)
ATIASOIZ =T TeV. 47 % EWprod)

o P ALEPH Pz, Lo BGEI 222 (2000
..... Lisaalaoa, )] SS0000 Stk 5

100 150 200 250 300 350 400 450 500 550 600
mi.lGeV|

Data / Fit

And on
chargino —
neutralino
mass

difference:

10°

T

10 ATLAS

10°

I1s = 8TeV, Im «203m"

P AP P Les AT T3 (OS
Thoony Paye Lem §721 252 2043
Wiedte I
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Non-pointing photons

[

)

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

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

.(:.150.
.t.
SMO ATLAS ¢ Z>ee (Dot3)
S | weRToV Z-mee (NG
'—‘7;,20 Ild! 203w’
:E' AP%a MC
?
= 100}
z 00
[=] -
a
Bo}
60— a
*t
'0'—...,
2 400

Zycn IS @ measure of
- “non-pointing-ness”.

E’ 0.55¢
Iy T ATLAS + EMB <04, High gain
L 050 1s-BTev p ~1788 5 - 0258
= 20 M ‘
-g [ ILm a —— FMNH <O 4 Maxtuam gan 1
© (.45 p =250y 0299 ]
m -
g f
i= 0.40r
0.35— -
0.30 Ot ——
L T
0.25~ -
F =33
5 10 20 50 100 200

Cell Energy |GeV|



Non-pointing photons — selection and

background estimation.
| B
* We expect 2 photons per event.

« Require missing E;> 75 GeV for signal region

— Transverse energy carried off by Gravitinos.
— Use lower missing-E; regions as control regions.

 Divide 7, distribution into slices, and fit At

distribution in each slice.

c 10°;

E & ;
- < '6 :
S | $omcmew  §  ATLAS Rl somrmonov  ,  ATLAS R e .
$0is 1 AT ¢ Dusa & * e g - : S ‘0.: “-aTQV:JL‘”'2O'3ﬁ"
: s A= DOCHSY L = 023 re . 1, LRe2? F
T Cw 4 I b w Ae DO0TY e 1 1o ﬁ . I ) " 1 w 101{ ki <80
} ] |

e —4— Dass
10’{ l E— A
- p-t Sy - By e
r




Non-pointing photons — selection and

background estimation.

[

* We expect 2 photons per event.
« Require missing E;> 75 GeV for signal region

— Transverse energy carried off by Gravitinos.

— Use lower missing-E; regions as control regions.

 Divide 7, distribution into slices, and fit At

distribution in each slice.
3 dmcne f ATAS
E I I | [
b

=

<
=
w L
£ :
-
w

No excess
seen..
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Non-pointing photons - interpretation
[ s )

e Set limits on cross- 'yf:'}:fevijd"_ T g im
. . PR ' -Ex:: ummw
section vs neutralino ok e Ut 2o,

lifetime.

-t
o
YT L

95% CL limit on accepted signal events

E [ v L4 1 4 T T 4 T 1 |' T 1 ) 4 T I L4 T L 4 r T
- L ArLAS — Orserved Limit .
f: - 1 e WL"“"’M. 1 sl aad sl
L 1seBTev: [Lra203m’  grpecied Lima 1
10°} M Expocted Limk +%5,, 1 10 C
3 Expected Limit 12,.., t(x,) [ns]

_l TT VMLM
e 7 ToV Expocted Limi

GMSE SPSs

Aasal

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

poen |

1 L 1 L L i L 1 1 1 3 ' L 1 1 L
107500 150 200 250
A[TeV)
1 1 1 | |
150 200 250 300 350
m(z) [g’&]
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Non-pointing photons - interpretation

[

e Set limits on cross-

section vs neutralino

[ ] [ ]
lifetime.
- S SR L |
= | ATLAS —— Otserved Limi
S [Lis-sTev: fuaazoan’ SRl
. R 2

1 L 'l L
10700 150
| [
150 200 250 300 350
m(z)) léss&]
44 4 l 44 4 4 l 44 4 4 4 4 4 4 ot b b ba s A 4 A 4 4 4 L 4
300 400 500 800 00
m(z) (GeV]

95% CL limit on accepted signal events

10°

10°%

10¢

E ATLAS —_ Obs. Limit E
- \s=8TeV: ILdl =203 eeens Exp. Limit
A =200 TeV I Exp. Limit +15,
- [ Exp. Limit 20,
> SPS8 Theory 1022: E

Py | A FREPRTSe | A A P |

1
r(i?%) [ns]

* Also set limits on parameter
space for this particular

G

- ,&ﬁ;\MSB SUSY model (SPS8).
200 250
T BT TR Gap can potentially be filled by re-
interpretation of SUSY prompt di- <7

photon analysis.



Phys.Rev.Lett. 108 (2012) 251801

Hidden Valley: light Higgs-to-LLP search

| N )

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 t.
Higgs could decay to pair of 1t .

— Due to weak coupling with SM, rt_is long-lived.

— Will decay to fermion-antifermion pair, predominantly bb,cc,t"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 it 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
[ N )

 Level 1 muon trigger creates Reg|on3 05~ ATAS m'

Of Interest” (Rols) based on hits in th‘é [ o oo 4 + Pl

'L—.—

LA

el

140 CaV. m_ <30 Cav ¥

MS trigger chambers. s . ﬁ

—y— "0 GeV. m, 40 GeV
03-

 “Muon Rol cluster trigger” then selects

events with cluster of 3 or more Rols i in . t ]
AR=0.4 cone in MS barrel. 01: - *12*
A e S S S T 2 “8**9"‘[";0

N ass | i« Reconstruct “tracklets” from MDT hits.
Z’: o .'#;r‘ g  Extrapolate back through B-field, and

i, i &Lﬁ ] reconstruct vertex position as pointin (r,z)
% 0,2:_ —o— ARG B c0ON + _ that uses highest number of tracklets to

¥ . | make vertex with x? probability > 5%.

O —e— M=140 GeV, m, =20 GeV 1
" e m=140 GeV, m_=40 GeV

sanls
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Hidden Valley: light Higgs-to-LLP search

Rol clusters —>\~§~ ~

MDT hits
—_—
_——————

| S |
n
.

- ‘
Simulation '




Hidden Valley: light Higgs-to-LLP search
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Hidden Valley: light Higgs-to-LLP search

|

8 m

MDT hits |

6 m
|

15.3 m

lTue vertex

pwﬂih n
MC event shown with

tracklets and

reconstructed vertex



Hidden Valley: light Higgs-to-LLP search

| N )

* Reconstructed vertices are required to:
— have at least three “tracklets”,
— point back to IP,
— beinrange |n|<2.2,
— be separated from high-p; tracks and jets.

» 2 vertices per event are required, separated by AR>2.

e 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

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

T A e e SR
e Setlimitson h®tom, 7, ?f I — .. i o 0 O

cross-section as a function £ | - 5 L L 0 ot m 0 ¥ 5.
.9 2 ATLAS E

of i, proper decay length, i § 1.55;: det=1.94ﬂ)" ......... e
multiples of SM Higgs g =170 S E
production cross-section 1 E
(assume 100% branching o5y i
ratio). % 501520 25 30 35

n, proper decay length [m]
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1N dN'dS(Pixel dEdx)

arXiv:1301.5272 [hep-ex]

Multi-charged particles

[ B e )
 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.

— bertine X signijicance: S(dE/dx) =
o(dE/dx,)
022prrrrprrerrrrerprrrrTrTYrYy 38 oref g T —— 750'22.‘“ ‘ g
oz | o [N 18 Lk O 7w g % (mm PO E
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0 15[_ - = Nass 400 GaV g2 __.: E 0 12;_ === Mass 200 GaV, kl-4¢ _"’g 0.16— = Nugss 200 GV g Aw _;
0.14% — = Nass 600 GV, [gi-2e - (,g s 1~:_ — &1:-.: 200 GV, ig|=te —J‘ @ 0‘14:‘ — v Mass 200 GeV, jg-te 1
0.12f 5 t i 1Z 0.12] ATLAS Simulation ‘
0.1[- ATLAS Simulation -' :2 0'085— F‘F'ﬂ;_ ATLAS Sullul:,llx)n-T' z o,l'.- _‘
0.08] 1 006 ol 47 oo08f . ]
ocef | ool P, | oo FA TS
0.04] E | r 3, | 004 W Mol lesn
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Multi-charged particles

e Consider Drell-Yan

production.

e Select events using high-pT
single muon trigger.

No events observed in

signal region.

Set limits on DY
production cross

section vs mass, for

different charges.

10° cATLAS M vt
e jL-4.4 o’ \s=7 TeV —DViiste < lalete

1 F DY |qi=Se lql=5e E‘

10+ e

= = qi=3e 3

1; « Iql=2¢ ;

o A OSSN ;

102k Sy 3
T, T G

10-3" 1 1 1 |\ g N

0 100 200 300 400 500 600

S(MDT dE/dx)

20 ILdt=4.4ib'
\s=7 TeV

m [GeV]

S(TRT dE/dx)
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arXiv:1207.6411 [hep-ex]

Magnetic monopoles

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

Their existence would explain quantisation of electric charge.

Dirac quantization condition:

ge 1 qg |

A Y = — 0685

he 2 e 2.
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). .



Magnetic monopoles

| ~ )

« Experimental signature would be large, localized energy deposit in EM

calorimeter, associated with region of high ionization in TRT.

« Use high-p; single electron trigger to select events.

* Use O position of EM cluster to defln@ 900, T T

Everts / 2

8 8 & & &

ATLAS
roads” from beamline, and count TR1‘ 800 Simulation

High Threshold hits.

'

700} ~
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Magnetic monopoles

| ~

HT
Y

* Final Discriminating variables are: ~
— Fraction f,; of High Threshold TRT hits 98
in narrow road from beamline to

cluster. -
— Energy-weighted n-O cluster 0.4-\s=7TeV
dispersion o, in second layer of EM L [Ldt=201"
calorimeter. 0.2 - 32:‘02:;MC e g
« Main backgrounds are high-p; NI D
electrons, photons, jets, which 0 0.01 002 003 004
have no correlation in these o
variables. In 2 fb-1 dataset, no
— Expected background in signal events observed in

region is 0.011+0.007 events. ] .
signal region. 109



Magnetic monopoles - limits

| I

1.2 |

From MC signal, reconstruction
efficiency is high and uniform for large
range in E;f".

Set upper limits on production cross-

section for both single monopoles in
fiducial region, and Drell-Yan

production.
S . B
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Conclusions

~ )

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:

 Run 2 is starting, higher CM energy, higher mass
reach for searches.

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

— And also to get maximum possible value out of our fantastic
detector!
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Displaced vertices — backgrounds

| ~ )
 Two sources of background vertices considered for multi-track search:

— 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.

* Particularly if vertex is crossed by random (real or fake) track at large angle.

Run 165821
Event 1605517

Pixel modules

/B&m :4)”8:,:.___\ * Add random tracks from different

events to (n-1)-track DVs to estimate
mass distribution.

Similarly, background for dilepton
search is evaluated looking at
uncorrelated leptons in different
events - see how often they would
form a DV.
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Displaced vertices — backgrounds

| I )
 Two sources of background vertices considered for multi-track search:

— 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.

* Particularly if vertex is crossed by random (real or fake) track at large angle.

/mm Wé:.:._;_\ * Add random tracks from different

4 events to (n-1)-track DVs to estimate
mass distribution.

.+ Similarly, background for dilepton
search is evaluated looking at
uncorrelated leptons in different

events - see how often they would
2:2:»1615680251517 form a DV.

<<1 expected background DV in all
search channels.

Pixel modules




How to get By from dE/dx

[ B )
* Get most probable value of dE/dx from 5-parameter

simplified version of Bethe-Bloch:

Mg (89) = 2+ log(1 + (pB)) — s

* Most probable value for MIPS is about 1.2MeVg'cm?.
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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 B <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. 117



R-hadrons — selection

Full detector and MS-agnostic:
— |D 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.

118



SMPs - systematics

GMSB sleptons R-hadrons
Source one-cand. two-cand. ID-only other
Theoretical systematic uncertainty on signal size 5 5 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 1.5
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 g 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 3.9 3.9 3.9
Experimental uncertainty on background estimate 11 13 3-20 15
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Disappearing tracks

Cross section [pb]
=

107

10%

Prospino2
e

Cross-section for
direct chargino
production.

.
.o
“eeq
.
.
e
.....
e
ey
e

{s=7TeV
L 1. . 1 .

A l A

el i PURIT IR TSNS S R ST T
20 40 60 80 100 120 140

m,, [TeV]
aaaad s s a bl e s sl sl a e s sl s aalaay
100 150 200 250 300 350 0

m.. [GeV]

120



Disappearing tracks — background and

systematics
[ B e )
 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.

e Systematics:

Source m_s =100 GeV [%] m_+ = 20C GeV |%]
(Theoretical uncertainty)

Cross section 7 7
(Uncertainty on the acceptance)

Modeling of initial /inel-state radiation 10 13

JES/JER 10 6

Trigger efficiency 3 3

Pile-up modelling 0.5 0.5

Track reccnstruction efficiency 2 2

Luminosity 3.9 3.9 121

Sub-total 15 15




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-pr 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-gsets 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.

Fig. 1.

Fig. 2.

*

Compatibility graph of five elements.

"5 82

x, "3

Incompatibility graph of five elements.
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Displaced vertices — interpretation

| ~ )
S Y] T T 1 TIITII T LI | YYIYII T T T TTrTT
S10F = VH ATLAS
% F 1 Use CL,method to set 95%C.L. upper
o i s=7TeV ' . .
¢ 1 = ML ®=TY 1 limit on o-vs-ct for each mass
- B HH JL‘""""’ combination.

e Limit shown here is for two neutralino:
| per event, but efficiency factorizes, so
limit for single vertex can be easily

: _9% _ 2
calculated: (eff_ =2*eff -eff °).

PROSPINO 1.5 TeV squark paar production

10-4 11 1 | 'llllll 1 1 1LLILI] 1 1 L i 1111
1 10 10? 10°

ct [mm]
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Higgs to LLPs — systematics
[ T )

ATLAS —— QCD dijet MC
—e— Data Ns=7 TeV) :

Number of QCD dijet Data
MDT hits Monte Carlo
300 < Nmpr < 400 10.14£2.2 % 9.1+0.5 %
400 < Nmpr < 500 9.24+2.8 % 10.5+0.7 %
] 500 < Nmpt < 600 13.1+5.4 % 13.0+0.9 %
S R : Numpr > 600 16.5+4.5 % 16.7+0.7 %

al s

Nurbar of avants
o

| BN S | I

-t

Dataral

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%. 125



Higgs to LLP — ctau vs mass

‘TY‘I‘IIIYY]ITYYIVYTTIIYY']TTYY[IY‘[I

2100- N arLAs -
St Simulation =~ —— M=120GeV, m, =20 GeV  _
5 80 —— m,=120 GeV, m, =40 GeV —
a Fli\ e m =140 GeV, m_=20 GeV
c - ’ .
% 60__‘ ......... m,=140 GeV, m,_ =40 GeV .
S [ :
& 40 .
E [ i
z2 _t . )
201/ NN -

ol T e
0 5 10 15 20 25 30 35

n, proper decay length [m]
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Higgs to LLP — Rol positions in data
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Higgs to LLP — Background estimate

T )

Number of events with single

muon Rol trigger object, and N
isolated MS vertex. Probability for random event to

\ contain an MS vertex.

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

e \

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.

vertex
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Displaced muonic lepton jets

| B s )
* Challenge is getting separate Rols from two

very collimated muons, separated by DeltaR.
§ S f Pl ArLAs Simulation (b)
S ATLAS Simuaton { ,f — _ -+ "t
> [ |
5 0107 1H e
c o 3 '
_9 - —- M, = 140 GaV
© —-mH=1OOGGV 4 % o o oo
® L oy | AR, ATLAS Simulation (h)
* 0.05}- ----- mH=140GeV - 041 I : Ly r
o : 1 o.s+ g
b 0.2}
:‘E’|d "t 0.1: <4~ m, = 100 GoV
0.00 R —— - & m, = 140 GeV
0.00 0.05 0.10 0
AR 0 0.02 0.04 0.06

i AR,



Displaced muonic lepton jets - selection

| I )
* Exactly 2 MlJs, 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

T )
cut cosmic-rays multi-jet total background | my = 100 GeV | my = 140 GeV | data
Nyy =2 3.0x2.1 N/A N/A 135+11*% 90+9* 17 871
EX'<5 Gev | 3.0x21 N/A N/A 132£11*3 88+9° 11 219
|Ag| > 2 15£15 153189 155+ 18+9 123£11*25 81£9713 104
Quy=0 1.5+ 15 57 £15+22 59+ 15 +22 12111725 79+8713 80
\dol, |zol 0% 111£39£63 11139463 105£10772 66+812 70
EplP <3 Gev 07164 0.06£0.02708 | 0.06*}&+066 7591 48+7"7 0
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Displaced lepton jets - systematics

[

Luminosity: 3.7%.
Muon momentum resolution: negligible.

Trigger (evaluated using T&P on Jpsi->mumu):
17%.

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

Pile-up: negligible.
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H1 monopole search

| s )
* H1 removed beampipe, used magnetometer to

look for stable monopoles.
— Eur.Phys.J. C41 (2005) 133-141.

102: H11

Model A - Efficiencies from elastic

spin 0 Boson production

Cross section upper limit (pb)

10 *

133

A 1 " 14 1 1 P el
0 20 40 60 80 100 120 140
Monopole Mass (GeV)



arXiv:1210.0435 [hep-ex]

Displaced muonic lepton jets

~ )

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

./«":

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.

1o
o
/I

i

Decay of y, could give rise to
collimated pairs of leptons. 134



Displaced muonic lepton jets

135




Entries/ 1.25 GeV

Displaced muonic lepton jets — reconstruction

and selection
| I )

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.

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

300+~

g
]

p— — — n o 40— e— N — - ‘
4 B ' i £ -1
Ft ATLAS @1 .g | ATLAS (b): © ATLAS (c) .
[ + , | w30/ ) b .
200} T + \S:?TQV.ILd!=1.9I‘b g - } \ 5= 7ToV,chl- 19 E \s-7TeV,| Ldt-19fb
| Lf] !
e + t- dala 20| ¢ data 50 {-data -
100 - " [l m, - 140 Gev ] [[llm, - 140 Gev | [(Jmy, = 140 GeV
[ 4+ ] 10| +
+ 4 ’
0 NEFERAS AL JIPSER t . hathate daath, | SRR e PP XS,
0 10 20 30 % \ > 3 0 10 20 30

77 [GeV] A ¢ [rad] £ pl° (Gev]



Displaced muonic lepton jets — signal

efficiency
| B )

e 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.

§0.6 LA B R R "80'4_' — ———
w ATLAS Simulation (@) v : ATLAS Simulation (c) |
—— | 03_ t—r_t_‘ ....... 1
0.4 ) T e —lbcde e e

, —$= '_;_‘ , 02r = e
0.2 = i )
- —4-m, = 100 GeV , 1 0.1# —4- m, = 100 GeV .
T T -l ' »
_ --#- m, = 140 GeV _ i - m, = 140 GeV '
0.0 ..2. P ..1; 2 0 PR Tt 1 Lo 2 2 2 P 0'00. M 2 M 2 2 M 4 3 M M 6 & M M

", Ly [m]
 Can then reweight these samples to get efficiencies for different

137
values of ct.



Displaced muonic lepton jets —

[

results

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

e Set limits on 0.BR(H to y, v, +X) vs cT.

g 50f
3 . expecied £ 20 (stat.+syst)
+
- 3 . expected + o (stal.+syst.)
= 40
T expected limit
‘Jf:v i ——— observed limil
[==] —— oxBR(H—Y ¥ +X) =0,
é 30 ao'e
§ i ATLAS
E [
4 ]
3 20 15=7 TeV, I Lat=1.9 1"
§ F m, = 100 GeV

10 =

- (a)
0 pal 1 al

1 10

10° 10°
Dark photon ¢t [mm]

d'a

95% CL Limit on oxBR(H-»y ¥ +X) [pb]

ssuming BR(y, to pp)=45% an

N
1 | m

10{

d mass(y4)=0.4 GeV.

expected £ 20 (stat.+syst)
B expected + 1o (stat.+syst)

expected lima

— observed kmit
e — oxBﬂ(H-—o'{‘;y'oX) - oy,

\s=7 TeV, I Ldt=1.9f"

A A A AL A A LLLl A A A AL ]
1 10 10° 10°
Dark photon ¢t [mm)]



Definition of R-parity

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

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



R-hadrons - selection
[ B 22222 e ]

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

 IfBistoo 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”,

140



R-hadrons - selection

N )

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

 IfBistoo 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

—  “MS agnostic” — sensitivity for SMPs that are
charged all the way through.

—  “ID only”,
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R-hadrons - selection

~ )

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

 IfBistoo 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 they

—  “MS agnostic”, €= 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!

 IfBistoo 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 decay

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

—  “ID only”,
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R-hadrons - selection
[ e ]

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

« “MS agnostic” uses missing E; triggers,

and calorimeter-only timing 20

T T T T

measurement. ‘(é) 18f ATLAS Preliminary ‘Gluino R-hadrons -

] . "o __[ Simulation , 100 GeV -

* “ID only” analysis has tighter selectionz = 300 GeV
v14_ : 500 Ge ;

— Offline missing E; cut. S qof 2 o0y -

I .

— Tighter cuts on isolation and number of © 10 AR =

1,

silicon hits.

'\‘:"]1 vl 11. 1

A0
.(“-,\
LIX
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1
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R-hadrons - selection

[ )
5
« All three analyses require good quality, g
isolated, high-momentum ID track. g
« “MS agnostic” uses missing E; triggers,
and calorimeter-only timing . 52108008 IR &g
measurement. (\(é, 18: ATLAS Preliminary Gluino R-hadrons -
" ” . . . "o __f Simulation ‘ 100 GeV -
* “ID only” analysis has tighter selectlong, 161 e 300 GeV
= 14} o ey
— Offline missing E; cut. B 10 700.Ge¥ 3
L T i , : B
e 5 !

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

[

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

dE/dx (MeV g cm?)

« “MS agnostic” uses missing E; triggers,
and calorimeter-only timing

— 20— —

measurement. % 18: ATLAS Preliminary ( Gluino R-hadrons
] . . "o __| Simulation 100 GeV -

* “ID only” analysis has tighter selectionz 16; 300 GeV -
= 14 500 GeV

— Offline missing E; cut. B 10F 700 GeV 3
w ok 3

— Tighter cuts on isolation and number of = 101 =
silicon hits. 8 r

6l :

4 =

ot——L YA adx s o oo qagi L L

-1000  -500 0 500 1000

qp (GeV)



R-hadron searches - results

9.9.%1. 1y

1

1.

1.

10030 200 300 400 500 600 700 800 900 1000

* No excess above background
expectation seen in any of the

three analyses.
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R-hadron searches - results

No excess above background
expectation seen in any of the
three analyses.

Set limits on gluino R-hadrons:
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R-hadron searches - results
[ ~s— ]

T | ,
* No excess above background s P N\ Amas I
° . T [ ] Empectied upper fewit = 20
expectation seen in any of the 8,00 e ttmas
three analyses. —

e Set limits on squark R-hadrons F oo
(using triple-Regge model): - R-Hadron exclusion

- Inner Detector
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The Data




ATLAS data-taking in 2011 and 2012
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: 20.3 fbt good for

- ATLAS
25— Preliminary 2012, Vs =8 TeV physics.
- [HLHC Delivered Delivered: 228 1" Much higher pileup.
20~ [T]ATLAS Recorded Prvsos: 203" Relatively constant conditions
[l Good for Physics throughout year.
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2011,Ns =7 TeV

Total Integrated Luminosity [fb™']

Delivered: 546 ib”
Recorded: 5.08 " T S RS A A A MAbtd MAbA) MMM RaAs
Physics: 457" 160 ATLAS Online Luminosity
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Month in Year
: 4.3-4.6 fbl good for physics. 20f
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