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The Large Hadron Collider is a big-data discovery machine

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2018-10-04 10:32 UTC

2010, 7 TeV, 45.0 pb !
2011, 7 TeV, 6.1 fb
2012, 8 TeV, 23.3 fb*
2015, 13 TeV, 4.2 fb
2016, 13 TeV, 40.8 b
2017, 13 TeV, 49.8 b
2018, 13 TeV, 60.3 b

Vs =13 TeV

. Delivered: 151 b
I:l LHC Delivered Recorded: 142 fb™

|:| ATLAS Recorded
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Run 2 has been a triumph
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4 July 2012 3 June 2015

The day First proton-
everything proton collisions
changed at 13 TeV
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4 July 2012

The day
everything
changed

James Beacham

3 June 2015

First proton-
proton collisions

at 13 TeV

IPA 2018 — Cincinnati

2018

Thus far no new
particle
discoveries

beyond the Higgs
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Open questions before 4 July 2012

Electroweak symmetry breaking Quarks and leptons
[0 Does the Higgs boson exist? Why three families?
Why these masses and mixings?
CP violation in the lepton sector
Matter/anti-matter asymmetry
Baryon and charged lepton number
violation

Dark matter
O What is it? WIMP, sterile neutrino, axion,
NLSP, other hidden sector particle? Physics toward the Planck scale

Only one types? : : O How does gravity play with the
Only gravitational or other interactions? SNE e GG

Are we wrong about gravity? An emergent Are here mere dhamn wheee

2 : :
phenomenon: dimensions of space?

O
O Do all forces unify at high energy?
[0 Are there other forces?

Neutrinos
O Why do neutrinos have masses? And what
are these masses?
Majorana or Dirac?
CP violation
Are there more (sterile) neutrinos?

Inspired by I. Shipsey

James Beacham IPA 2018 — Cincinnati 9 October 2018 5

epochs of Universe’s accelerated expansion
Primordial: Is inflationary model correct?
Which (scalar) field? Role of quantum gravity?
Today: Dark energy (why is A so small?) or
gravity modification?




Open questions after 4 July 2012

Electroweak symmetry breaking

Does the Higgs boson exist?

Is mp natural or fine-tuned?

If natural, what new physics/symmetry
governs this?

Does it regularize divergent VLV cross-
section at high mv,v;? Or new dynamics?
Elementary or composite Higgs?

Is it alone or does the Higgs have siblings
and cousins?

Origin of couplings to fermions?
Coupling to dark matter?

Connection to hidden sectors?

Does it violate CP? other forces?

Cosmological EW phase transition? Are there more than three
dimensions of space?

a
O Do all forces unify at high energy?
O Are there other forces?

Quarks and leptons
Why three families?
Why these masses and mixings?
CP violation in the lepton sector
Matter/anti-matter asymmetry
Baryon and charged lepton number
violation

Physics toward the Planck scale
O How does gravity play with the

15|
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Dark matter
3O What is it? WIMP, sterile neutrino, axion,
NLSP, other hidden sector particle?

Only one type? Neutrinos
Only gravitational or other interactions? O Why do neutrinos have masses? And what
Are we wrong about gravity? An emergent are these masses?

phenomenon? What’s the role of h125?

Majorana or Dirac?
CP violation

epochs of Universe’s accelerated expansion : :
Are there more (sterile) neutrinos?

Primordial: Is inflationary model correct?
Which (scalar) field? Role of quantum gravity?

Today: Dark energy (why is A so small?) or
gravity modification? Inspired by I. Shipsey
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The paradigm is shifting — slowly
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The paradigm is shifting

RN hcezs thoasards of scisnasts, repre

Yeammg for New Phys:cs at
CERN, in a Post-Higgs Way

Physicists monitoring the Large Hadron Collider are seeking
lIlI(“ ta a theo ny that will answer r‘]‘--'p-'rrll es rmr abmit the
coamos. Put the silence from the fronticr has been aminaus.

Uy CEMNIS ONBRUTL  JUSLIE

Gordon Kane, a superstring theorist at the University of Michigan who
is well known in the community for his optimism about
supersymmetry, said his calculations predicted that the lightest
superparticle should show up around about 1.6 trillion electron volts

once enough data was properly analyzed. “Sadly,” he wrote in an email,

“the experimenters have not done realistic searches.”
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The paradigm is shifting — slowly
T8 Y SRS

.
N

s thousands of scisnasts, repre

Yeammg for New Phys Me-
CERN ln Qa POSt'ngg C LHC, ATLAS, CMS, LHCb, and ALICE) and that our job as physicists is not "to find the
b Higgs" or "to find SUSY".

Physicists monitoring the Large Hadron Collider are seek
Ill('“» taa rh"’ I'\/ '}1 at s\l” ANSWeEr r‘]‘--—'p—*r fll !"\“l"T' 1}\(’!1

Our job as physicists is to reduce, to negligible, the chance that we'll miss any possible new particles over

the silence fram the fronticr has been aminad the duration of the LHC's run. The first look at 13 TeV yielding a whole host of successful validations of
the Standard Model prediction is *not™ a bad thing at all. It's freedom. And for those of us who like to

Uy ENNIS CNBRUTL  JUSL 18, 17 think in wild new ways, this is exciting.

COSMOS. P)

Gordon Kane, a superstring theorist at the University of Michigan who
is well known in the community for his optimism about
supersymmetry, said his calculations predicted that the lightest

superparticle should show up around about 1.6 trillion electron volts
once enough data was properly analyzed. “Sadly,” he wrote in an email,
“the experimenters have not done realistic searches.”
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The paradigm is shifting — slowly
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CERN, in a Post-Higgs

Physicists monitoring the Large Hadron Collider are seek
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Gordon Kane, a superstring theor
is well known in the community
supersymmetry, said his calculati

superparticle should show up aro

once enough data was properly ai
“the experimenters have not dong
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LHC, ATLAS, CMS, LHCb, and ALICE) and that our job as physicists is not "to find the
Higgs" or "to find SUSY".

Our job as physicists is to reduce, to negligible, the chance that we'll miss any possible new particles over
the duration of the LHC's run. The first look at 13 TeV yielding a whole host of successful validations of
the Standard Model prediction is *not™ a bad thing at all. It's freedom. And for those of us who like to
think in wild new ways, this is exciting.

Dennis Overbye . W @ @ A Actons
In response fo the message frombav s Beacham, 21/06;

To:

22 June 2017 02:33

<

Well said
Lots of good ideas there but | have to get off my airplane now

Dennis

Sent from my iPhone

James Beacham IPA 2018 — Cincinnati 9 October 2018
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New physics at the LHC in 2018

Our current extensive look at 13 TeV yields impressive
agreement with Standard Model expectations and no huge,
immediate resonances or excesses

ATLAS ¢ Data
\5=12TeV, 361" T P ?
Y27 =0 [ ) ifav. vuv -
ggF-entiched Bl Z-jots, (1

B 2w

EPJC (2018) 78: 293

[ =
“.9
=l o
A5

a0n 1000 1200
m., [GeV]
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https://link.springer.com/article/10.1140/epjc/s10052-018-5686-3

New physics at the LHC in 2018

Our current extensive look at 13 TeV yields impressive
agreement with Standard Model expectations and no huge,
immediate resonances or excesses

s e 2 There are no more guarantees
e 7 it : (like a source of electroweak
3 oo symmetry breaking “just
around the corner”) and no
ace-in-the-hole motivations;

just huge open questions.

EPJC (2018) 78: 293

a0n 1000 1200
m., [GeV]
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New physics at the LHC in 2018

Our current extensive look at 13 TeV yields impressive
agreement with Standard Model expectations and no huge,
immediate resonances or excesses

s e 2 There are no more guarantees
e 7 it : (like a source of electroweak
3 oo symmetry breaking “just
around the corner”) and no
ace-in-the-hole motivations;

just huge open questions.

EPJC (2018) 78: 293

a0n 1000 1200
m., [GeV]

We would certainly love some old-school theoretical guidance, but we don’t
really have it (WIMP dark matter in tension, lack of plain vanilla SUSY, lack
of twenty-jet events filled with strong gravity, etc.)

Where could the new physics be hiding? What are we marginalizing?

James Beacham IPA 2018 — Cincinnati 9 October 2018
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https://link.springer.com/article/10.1140/epjc/s10052-018-5686-3

95% of our analysis effort at the LHC is dedicated to understanding
five more-or-less prompt objects

Mucn o
Spectrometer

Hadrenic
Calorimeter
% The dashed tracks
arf nvisble to
9e detector
Electromagnetic <
Calormeter = \5\0)
ru’«o ‘ 1’11 L 2 8% »T\
Solenoid magnet : o $is
Transition i ! : 7
Radiation SERNED oo . (o
Tracking { Tracker W == \,\' s {5\0) ’S\(\} ATI_ AS
Pixel/SCT ﬁ
P 0 EXPERIMENT
2 hitp://atlas.ch
James Beacham IPA 2018 — Cincinnati
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95% of our analysis effort at the LHC is dedicated to understanding
five more-or-less prompt objects

\

What we want:

* To reduce to negligible the chance that
we'll miss new physics at the LHC

What we have:

* The most sophisticated general-purpose

detectors ever built at the highest pp Vs
ever used

Shift from model-first / signature-second to

_ | Rediation SR TEEGH - S ATI AC
Tracking Tracker SN "“RILRYD
Pixel/SCT "™ % EYPERIMENT

detector

L

nitp://atlas.ch
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Where is new physics at the LHC?

ATLAS EXPERIMENT — PUBLIC RESULTS

Exotic Physics Searches

b= page cor s s pabilic results oo e ATEAS BExabicz Workiongg Sroup, which = searching lor pbysics Deyand the Skaacand Mocal wilh a s grateoe-hased peogeam. Our simos o aevar s
axparimentally viak 2 signatures focusing on non-supersymmetic mode = from Extre Dimarsions end mini Bleck =oles to Derk Vatter, extendad Hicgs mede 3, end Cempos tarass o neme € few.

Fiter Cocuments

Clobel Selecticns Shaw All Desaact all srow Latast 20

CM Enemgy ! lav B leV 15 eV

=R MYA ¢ maching ke rg EF High lumiras ty upgrace studies Statistical ceoIrats - B3N rainteroretat on
Analysis characteristics

Leag-livec mazsive particles Ingger-leve objects
Mir luminosity : C L & Silter by ninirrum inueg-alad luninus v

[]x Filles hy dale % =

Joumal referenca Dale Links
kit SRR HepData | Briefing

Submitted tc _— s , e Docurments | 130410623 | Inspire
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Where is new physics at the LHC?

ATLAS EXPERIMENT — PUBLIC RESULTS

Exotic Physics Searches

b= page cor s s pabilic results oo e ATEAS BExabicz Workiongg Sroup, which = searching lor pbysics Deyand the Skaacand Mocal wilh a s grateoe-hased peogeam. Our simos o aevar s
axparimentally viak 2 signatures focusing on non-supersymmetic mode = from Extre Dimarsions end mini Bleck =oles to Derk Vatter, extendad Hicgs mede 3, end Coempos tarass o neme € few.

Fiter Cocuments

Clobel Selecticns Desaact All Srow Latast 20

C\M Energy B leV 13 eV

ISR MVA | machinz lzarning EFI Hucit ‘wmirosity upc-ade studies Steustce combinaton VE B3N einteroretat ¢
Aralysis characleristics

Leng-lived massive particles ricaer-leval ot acts

Mir luminosity : ) 1 Silter by ninirrum inueg-alad luninus v

Cate: []x Filler by dade. - S

Joumal reference Links
Eabmittad o . e Documents 1712.02113 | Inspire
JHCP ; HepCata | imzra

Fhys. Rev. D7 a0 I i L Documents  1710.04801 | Inspire
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New physics X at the LHC

O(Tlnm) CTX Outer edge

of detector
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New physics X at the LHC

The overwhelming
majority of the work of

5‘{///, the LHC experiments

91(EI1S

Cxﬁmn) (j7i)(- Outer edge

of detector
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New physics X at the LHC

The overwhelming
majority of the work of

5‘{///, the LHC experiments

New physics could be
hiding here

91(EI1S

Cxﬁwn) (j7i)(- Outer edge

of detector
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at the LHC — Standard Model
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— SM and beyond-the-SM

Long lifetimes typically arise in the SM when approximate
symmetries make the particle stable

Small symmetry-breaking parameters can suppress the decay rate

| lsospin: p and n Lepton flavor violated
Decay highly nearly degenerate only by extremely
off-shell Decay highly small neutrino Yukawas
off-shell BR(p—>ey)~10-54

Same principles apply to BSM LLPs, which can generically appear

eLifetime is best treated as a free parameter Talks by Strassler, Knapen,

Shuve, Ramsey-Mulsof,
others

James Beacham IPA 2018 — Cincinnati 9 October 2018 12


https://indico.cern.ch/event/607314/contributions/2542308/attachments/1447888/2231430/LHC-LLP_Shuve.pdf

Searches at the LHC
Mapping LLP signature space

| diséppearing or
displaced kinked tracks
multitrack vertices - 3

‘ non-pointiﬁg
(converted) photons

displaced leptons, L\ emerging jets
lepion-jets, or H—
lepton pairs P . What exactly do we

mean by long-lived
particle in the LHC

5 trackless
: r context!?
low-EMF jets

quasi-stable

o : , charged particles
multitrack verticas in the \

muon spectrometar

Heather Russell

For our purposes, = BSM particle with a non-negligible lifetime

that dies (gives up most of its energy or decays to SM) somewhere in
the detector acceptance of LHCh, CMS, ATLAS, MilliQan, MoEDAL,

FASER, Codex-b, MATHUSLA, etc.
James Beacham IPA 2018 — Cincinnati 9 October 2018 13




Searches at the LHC
Mapping LLP signature space

diséppearing or

Public results with the  -pointing
major detectors nverted) photons

CMS Exotica LLP

emerging jels

What exactly do we

mean by long-lived

particle in the LHC
context?

CMS SUSY RPV
LHCb Public Results
ATLAS Exotics quasi-stable

charged particles
N\

ATLAS SUSY

Heather Russell

For our purposes, = BSM particle with a non-negligible lifetime

that dies (gives up most of its energy or decays to SM) somewhere in
the detector acceptance of LHCh, CMS, ATLAS, MilliQan, MoEDAL,

FASER, Codex-b, MATHUSLA, etc.
James Beacham IPA 2018 — Cincinnati 9 October 2018 13


http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/LLP.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS/RPV.html
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults

at the LHC

The observed lifetime of a particle is sampled from an
exponential whose shape is set by its proper lifetime ctau

e.g. forct =5cm, <By>~ 30

60% in 13% in
calorimeters muon system

l
—
3
@
-
&
Q.
M
—
-
4
Q.
M
r—
D
Q
O
=

19081} Ul %GZ

distance $yravelled

As a result, we can and must use multiple search strategies targeting all
subdetectors of ATLAS, CMS, and LHCb — and beyond the detectors

James Beacham IPA 2018 — Cincinnati 9 October 2018 14



at three main experiments at the LHC

X . Tle cakdmeterns
LA4r hadronk e-c-cop and
t ewordd colodmetens
F M‘l#ﬂ
LAr edacin m:cn*tccct:rm*dm

" TLIUlJn el ;'
Selansid magrat | Tranelon rociofion tocker

AACH lu bers
Semiconducior fracker

Searches are often SM-background-

= E
; i) free but can be subject to very
ExEhe
) B : :
fg_;;génu’ atypical background sources (like
5;:;}'5;’3 cosmic ray muons, beam halo,
:57] ,f
_g;;};-‘;g cavern backgrounds, etc.) that are
o challenging to estimate and
4 irrelevant to most prompt searches

9 October 2018 15
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The lifetime frontier at the LHC

Long-lived particle
searches are
experimentally
driven

Luckily it’s easy to get
LLPs in some usual BSM
frameworks — a few
examples here

James Beacham IPA 2018 — Cincinnati 9 October 2018 16



BSM example: Hidden sector portals

Higgs portal
*Small width of SM Higgs —> easy to get BSM physics

*A wide range of LLP signatures can arise

SM Higgs-like Long-lived 1T,
scalar

Higgs
decaying to
dark sector

fermions
which decay

to dark
photons and

lepton-jets

Higgs mixing with
hidden sector scalar

«Can use Higgs VBF and associated production modes
for triggering on additional prompt objects

James Beacham IPA 2018 — Cincinnati 9 October 2018 17



BSM example: RPV SUSY

IA| < 10-8

Electroweak symmetry
gives degeneracy of
NLSP and LSP masses if
little mixing between
Higgsino / gauginos

James Beacham IPA 2018 — Cincinnati 9 October 2018 18



James Beacham

Basics

We have done LLP searches at the
LHC since the beginning, but
they’ve always been marginalized
and usually performed by small
groups of analyzers

The following are some examples of
the kinds of searches we do based
on signature with an emphasis on

what we’re missing

Full discussion requires examination
of non-pointing/late photon
searches, stopped particles,

disappearing tracks, HSCPs — see
slides in backup and forthcoming
LHC LLP White Paper

IPA 2018 — Cincinnati 9 October 2018
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Neutral or charged decaying to leptons

Identifying displaced leptons requires the capacity to find tracks with
large impact parameters

*If LLP decay occurs in the inner tracker, can use large-dO tracking
* CMS has good tracking for such cases by default

« ATLAS runs special re-tracking [ ATLAS large radius tracking note | / re-
vertexing on a subset of events

* Both approaches require customized triggering strategies

2.6 fb' (13 TeV)
CMS

Preliminary

top squark ct

+ 2 std. deviation

- + 1 std. deviation

Expected

- Observed

400 500 600 700 800 900
top squark mass [GeV]

CMS-EXO-16-022

James Beacham IPA 2018 — Cincinnati 9 October 2018
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https://cds.cern.ch/record/2275635
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-022/

Neutral or charged decaying to leptons

Recent ATLAS result using tracks only in

the muon system — can still point back AI LAS
toward the interaction point for small

displacements of the potential LLP EXPERIMENT
arXiv:1808.03057 (submitted to Run: 302765
Event: 18448422
2016-06-17 02:10:00 CEST

ATLAS

{s=13TeV 32.9fb

m, = 20 GeV

° Observed

---- Expected
+t1o
+20

ife)
Z
m
<
©
=
£
e
)
Q
a
-}
_
@)
32
0
o

MS-only tracks extrapolated back to
di-muon vertex at rvix = 2.2 cm

&l A —_— - . < == ~ D — ——— s
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https://arxiv.org/abs/1808.03057

Neutral decaying to lepton-jets
Lepton-jet = highly-collimated W - TYPEL L TePE2
grouping of leptons from a low-
mass, boosted BSM particle
like a dark photon / Zqgark

« Confounds standard lepton
isolation criteria

CMS-PAS-HIG-16-035 Projections for

LHCb exclusion in
ATLAS-CONF-2016-042 never-before.- LHCb upgrade —
arXiv:1808.08865 —

covered LLP space arXiv:1509.06765

CMS Preliminary
2 8fh~' (13 Taw)

0 v

10-5. 800 fb= 10

10-%"

10 '

W
S
-
@
S
{0
4]
(=
o
=
X
£
O
L=
D
k=
N

Long-lived

10715,

pr-h=2n- 22yp+2ny-4u+X

p-i2l
! 10 ©

4 8
np[GeV] : PRL 120, 061801
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-042/
https://cds.cern.ch/record/2232052
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.061801
https://arxiv.org/abs/1808.08865
http://arxiv.org/abs/1509.06765

Potential discoveries we’re missing

Displaced lepton-jets

« Clearly apparent gaps where a discovery could be hiding
« Run 2 improvements already made (single L] trigger, etc.)

IHEP 1602 (2016) 062

' HADES
‘r'!) rra ‘avourad
E774

=41
ATLAS

(arampt) >

Low-mass

: ATLAS
ey, (displaced(
E137 CHARM
LSND
90% CL
L ER U=
ER A=

W
o
©
-
=
—
@
ol
o
£
P
=
O
©
=
A

20.3fb" Vs =8 TeV

1072 107
m, [GeV]

James Beacham IPA 2018 — Cincinnati
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Very-displaced
region
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https://link.springer.com/article/10.1007%2FJHEP02%282016%29062

Neutral decaying to hadrons

The LLP can decay to jets in
the inner tracker

ATLAS approach — CMS and LHCh —
single multi-track vertex displaced vertices with
(see backup) jet pairs downstream

James Beacham IPA 2018 — Cincinnati 9 October 2018 24



Neutral decaying to hadrons

Or the LLP can decay
in or just before the
calorimeter...

Reconstructed vertex
3 Tracklets

Reconstructed vertex
3 Tracklets

...or only in the MS

James Beacham IPA 2018 — Cincinnati October 2018




Neutral decaying to hadrons
SM-like Higgs —> LLPx2 —> hadronic jets

* Many searches for this already, but there are known limitations
* What if mpup < 10-30 GeV?
* What if ~mm < ctau < ~10 cm? Long-lived 1Ty

* Similar caveats for higher-mass H and LLP scenarios
| see ATLAS-CONF-2016-103 ]

ATLAS
\ Is=8TeV, 195", 203"

my, = 125 GeV

—t
=

Decay in either inner
detector or muon
spectrometer

—
<
n

=
w
o
-~
O
C
o
E
-
—
o
Q.
Q.
-
)
O
32
')
()]

= arXiv:1504.03634 arXiv:1501.04020 - Deca y In or J ust
: m, =10 GeV m, =10 GeV .

— — m, =40 GoV m, =40 GoV before the HCal with
10 a special trigger

n, proper lifetime (ct) [m] (CalRatio)

How to trigger on
ATLAS: PRD 92 (2015) 012010 these edge or gap

PLB 743 (2015) 15-34 regimes?
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-103/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.012010
https://www.sciencedirect.com/science/article/pii/S0370269315000787?via=ihub

Uncovered LLP realms

Low-mass, low-pt everything

 For pair-produced, long-lived scalars decaying to jets, CMS has an
inclusive search: PLB 780 (2018) 432-454

e Same caveat here: What about for smaller masses and lifetimes?

2.6 (13 TeV)

“ =" Exp.limit 1 Ooxp

== Obs. limit

= | m=50 GeV
m,=100 GeV

mxo=300 GeV

a
A
—
O
oS
To)
(o)
E
p -
D
Q.
Q.
-]
N
Q
<
C
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https://www.sciencedirect.com/science/article/pii/S0370269318302089

Uncovered LLP realms
Comparing searches
* SM-like Higgs —> LLPx2 —> jets

*Big open areas should inspire new triggers, methods to lower
thresholds, new ID methods, etc.

Long-lived TT,

~ Regions where B(H" — mpmy) > 50% is excluded at 95% CL

we ATLAS 20.3 fb " at 8 TeV

Limy = 125 GeV |== LHCb20f ! at7-8 TeV

weee CMS 185 fh - at 8 TeV

A discovery could
be hiding here!
(Model-dependent
plot, but
illustrative)

LHCb: EPJC 77 (2017) 812
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https://link.springer.com/article/10.1140/epjc/s10052-017-5178-x

Getting-close-to-covered LLP realms

Very short-lived LLPs decaying to jets

« Recent ATLAS search for W/Z/h125 —> aa —> 4b for a promptly

decaying a, where an additional limit was set on a scenario
with an a with a non-zero lifetime [ arXiv:1806.07355 ]

ATLAS

: 1s=13TeV, 36.11b"
:  —e—m.=20GeV
m. = 30 GeV
-8 m, = 60 GeV

. (5=8TeV,19.5M " 20310
P arXiv:1504.03634 arXiv:1501.04020
-m, =10 GeV --my =10 GeV
—_—m, =25 GaV m, = 25 GeV
m, = 40 GeV m, = 40 GeV
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« Essentially required
generating some
additional simulated
samples and calculating a
limit, an excellent gain
for just a little extra work

* We should encourage all
experimentalists doing
any search for promptly
decaying particles to
produce similar plots!
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https://arxiv.org/abs/1806.07355

from dark QCD-like sectors — emerging jets

Dark QCD

Xd

asymrrelry
shanng T

Pds Ny - - -

annihilatior l

_— Td, Pd, -

16.1 o (13 TeV)

IHEP (2015) 2015: 59

m, =5 GeV
Expected limit
Expected limit + 1o
— Observed limit

Dark quarks hadronize first in the hidden sector
and, e.g., dark pions then decay to the visible
sector via multiple displaced vertices of varying

displacements within the same jet object

Thus, this is neither

L00-81-OX4d-SVd-SWD

prompt jets nor a

pair of displaced jets

95% C.L. upper limit on cross section [fb]

1
400 600 800 1000 1200 1400 1600 1800 2000

my [GeV]

pointing to the same

displaced vertex, but

to emerging jets.
First results for this dark-QCD model at

the LHC — ATLAS search in progress
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https://link.springer.com/article/10.1007/JHEP05(2015)059
https://cds.cern.ch/record/2625123

Uncovered LLP realms
What about the other end of the dark QCD spectrum?

* Very strongly coupled hidden sector yielding a soft radiation pattern
in the detector

. : JHEP (2017) 2017: 76

Cylinder is edge of ECal, with
~100 very soft electrons and
muons swarming around

Hidden valley scenario with
confining dynamics — here a
strongly coupled regime with a
high-mass mediator decaying
eventually to a large multiplicity Could a high multiplicity soft

of low-energy SM states muon trigger be useful here?
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https://link.springer.com/article/10.1007/JHEP08(2017)076

Uncovered LLP realms

from quirks

* Quirks: Particles charged under new confining gauge group but
with masses much greater than the confinement scale —> distinct

quirk/antiquirk pairs never form —> they oscillate until they annihilate

* As such, they leave a wild, oscillating-pair signature in the detector

Talk by
Knapen at
Trieste LHC
LLP
Workshop
* This is hard, both because *S. Knapen, et al, proposed a model-
standard tracking isn’t useful independent method of looking for
here and because it’s difficult patterns of hits that lay in a plane in
to model in Geant4 — only the detectors — promising avenue for
existing search is at DO discovery
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.105.211803
https://indico.cern.ch/event/649760/timetable/#sc-11-2-quirks-part-2

High-luminosity LHC will be a game-changer

ATLAS

EXPERIMENT

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

| SN A
AW

¥

Run: 349114
Event: 216445472
2018-04-29 05:21:57 CEST
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Possible detector upgrades

r=42.5 mm : IBL Support Tube (IST)
r=33 mm : IBL Stave

r=29.3 mm : Inner Positioning Tube (IPT)

r=24.3 mm : New Beam Pipe

r=50.5 mm : B-Layer
r=88.5 mm : Layer-1

r=122.5 mm : Layer-2

NIMA 831 (2016) 65-70
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https://www.sciencedirect.com/science/article/pii/S0168900216303837

Possible detector upgrades

What about triggering on very short decay lengths in
tracker?

EEEE RN E R E RN R RS R E R R EEREERFEEEEEEENEE

B B B BB EE B S EEESG SRR SSEEEEEEEREBEBE®BN, )
ol cmi

beem ——mm————m—&¢——

=425 mm 1BL Suppont Tube (ST)

P

r=33 mm : IBL Stave
SOme SOI"t Of traCkIet'based DV recon Stl"UCtIOﬂ ' r=293mm: Inner Posiﬂonjng Tube (|pT)
in the double-layer to trigger on possible LLP decay? g

r=24.3 mm : New Beam Pipe

r=50.5 mm : B-Layer
r=88.5 mm : Layer-1

r=122.5 mm : Layer-2

NIMA 831 (2016) 65-70
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Possible detector upgrades

What about triggering on very short decay lengths in
tracker? Blue sky idea for ATLAS:

Simple high-resolution
E IS I NS EEASE NSNS AN EEEEEEE dOUble-traCking layer

~ cm? inside the IBL
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r=122.5 mm : Layer-2

NIMA 831 (2016) 65-70
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Possible detector upgrades

What about triggering on very short decay lengths in
tracker? Blue sky idea for ATLAS:

Simple high-resolution
E IS I NS EEASE NSNS AN EEEEEEE dOUble-traCking layer

~ cm? inside the IBL

beem ——mm————m—&¢——

P
=425 mm 1BL Suppont Tube (ST)

r=33 mm : IBL Stave
SOme SOI"t Of traCkIet'based DV recon Stl"UCtIOﬂ ' r=293mm: Inner Posiﬂonjng Tube (|pT)
in the double-layer to trigger on possible LLP decay? g

r=24.3 mm : New Beam Pipe

* This would likely significantly
improve our sensitivity to h125
decays to shorter-lifetime LLPs! *~ 1" r=50.5 mm : B-Layer
But by how much? |

* Would also help with very short
lifetime charged LLPs

r=88.5 mm : Layer-1

r=122.5 mm : Layer-2

NIMA 831 (2016) 65-70
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Possible detector upgrades

What about triggering on very short decay lengths in
tracker? Blue sky idea for ATLAS:

Simple high-resolution
E IS I NS EEASE NSNS AN EEEEEEE dOUble-traCking layer

e o cm!? inside the IBL

beem ——mm————m—&¢——

P
=425 mm 1BL Suppont Tube (ST)

r=33 mm : IBL Stave
SOme SOI"t Of traCkIet'based DV recon Stl"UCtIOﬂ ' r=293mm: Inner Posiﬂonjng Tube (|pT)
in the double-layer to trigger on possible LLP decay? g

r=24.3 mm : New Beam Pipe

* This would likely significantly
improve our sensitivity to h125
decays to shorter-lifetime LLPs! *~ 1" r=50.5 mm : B-Layer
But by how much? |

* Would also help with very short
lifetime charged LLPs

r=88.5 mm : Layer-1

r=122.5 mm : Layer-2

NIMA 831 (2016) 65-70

* Pileup would likely make it useless!
* What about a purposely temporary next-to-beam tracking layer that
would only survive a certain integrated luminosity and die?
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Bonus (and ad for MATHUSLA): How do we break things?

What are we missing?

A gift

from Point 5.

Nothing looks like this.
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Bonus (and ad for MATHUSLA): How do we break things?

What are we missing?

« What about nearly-trivial ¢

« ATLAS and CMS can each be used as
a detector for LLPs produced in the
other

« Solid angle coverage is vanishingly .
small, ~10-7... <— A gift

from Point 5.
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Bonus (and ad for MATHUSLA): How do we break things?

What are we missing?

« What about nearly-trivial ¢

« ATLAS and CMS can each be used as
a detector for LLPs produced in the
other

« Solid angle coverage is vanishingly .
small, ~10-7... <— A gift

from Point 5.

« ...but non-zero. And the signature is
so rare that it would immediately
show up in unfilled bunch crossings
<— trivial

« A quizzical use of time? Why not
spend a month looking for this and
getting a limit, as a proof of
concept?

« Remember that the LHC is our Nothing looks like this.
only good source of Higgses,
Ws, etc., for a very long time.
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Bonus (and ad for MATHUSLA): How do we break things?

What are we missing?
« What about nearly-trivial ¢
« ATLAS and CMS can each be used as

a detector for LLPs produced in the
other

« Solid angle coverage is vanishingly .
small, ~10-7... <— A gift

from Point 5.

« ...but non-zero. And the signature is
so rare that it would immediately
show up in unfilled bunch crossings
<— trivial

« A quizzical use of time? Why not
spend a month looking for this and
getting a limit, as a proof of
concept?

« Remember that the LHC is our Nothing looks like this.
only good source of Higgses,
Ws, etc., for a very long time.

* Side benefit, speaking of trivial: The result would trivially be
featured in the popular science press (cf. MATHUSLA,
MilliQan, etc.); reaching the public in novel ways is of
utmost importance in 2018
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Bonus (and ad for MATHUSLA): How do we break things?

What are we missing?

« What about nearly-trivial ¢

« ATLAS and CMS can each be used as
a detector for LLPs produced in the
other

« Solid angle coverage is vanishingly .
small, ~10-7... <— A gift

from Point 5.

« ...but non-zero. And the signature is
so rare that it would immediately
show up in unfilled bunch crossings
<— trivial

« A quizzical use of time? Why not
spend a month looking for this and
getting a limit, as a proof of
concept?

« Remember that the LHC is our Nothing looks like this.
only good source of Higgses,
Ws, etc., for a very long time.

* Side benefit, speaking of trivial: The result would trivially be II;/\eade,. NVUSISi”OIZ/
featured in the popular science press (cf. MATHUSLA, apucct, volansky
mentioned this in

MilliQan, etc.); reaching the public in novel ways is of passing in 2009
utmost importance in 2018
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MATHUSLA: Ultra-long-lived particles
Letter of Intent (July 2018): https://inspirehep.net/record/1685035

Detector design

Simple concept: effectively just a large (mostly empty) box to enclose displaced vertices

Multi-layer
tracker in the
roof

Surface

SIGNAL.: ’
4
neutral ,
LLP ¢
K4

ATLAS
QCD hadrons

or CMS o
= @ stopped in rock
LHC beam pipe

100m 200m

Talk by Mason Proffitt from Ma
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https://inspirehep.net/record/1685035
https://indico.cern.ch/event/714087/contributions/3007782/attachments/1651719/2642695/MATHUSLA_LLP_Workshop.pdf

MATHUSLA: Ultra-long-lived particles
Letter of Intent (July 2018): https://inspirehep.net/record/1685035

— MmMx=5GCeV  — mx=20GeV — myx=40GeV — MATHUSLA .... ATLAS
(4 events) (exclusion)

£ 107

10~7

Js =14 Tev

3 ab™’

Decays dominantly in Main Detector
BBN Limit

1072 -
0.001 0.100 10 1000 108

ct(m)

MATHUSLA physics case: arXiv:1806.07396

Additionally a whole host of other dedicated detectors for LLPs either existing or
proposed — MoEDAL, MilliQan, FASER, Codex-b — and existing or planned experiments
that are sensitive to similar long-lived physics — NA62, SeaQuest, SHiP, others
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https://inspirehep.net/record/1685035
https://arxiv.org/abs/1806.07396
https://moedal.web.cern.ch/
https://u.osu.edu/milliqan/
https://twiki.cern.ch/twiki/bin/view/FASER/WebHome
https://arxiv.org/abs/1708.09395
https://indico.cern.ch/event/714087/contributions/3007786/attachments/1652256/2643191/llp_2018_BD.pdf
https://indico.cern.ch/event/714087/contributions/3007858/attachments/1651327/2641272/TalkLLP.pdf
https://ship.web.cern.ch/ship/

MilliQan

CMS |IP

CODEX-b: 20m from LHCb IP
behind 3m of concrete

James Beacham
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Long-Lived Particle
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http://cern.ch/simba3/SelfSubscription.aspx?groupName=lhc-llp

Long-Lived Particle

— is discussed at length at the
LHC LLP Community workshops
and in the forthcoming white
paper (public in November)

The only thing we’re missing is

your voice and ideas; join us!
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http://cern.ch/simba3/SelfSubscription.aspx?groupName=lhc-llp

Conclusions

Discoveries could be just around the corner

« LLP signatures are moving from the edges of our research programs in
ATLAS, CMS, and LHCb — as well as inspiring dedicated detectors near the
main LHC mteractlon points — to benefit from a more coordinated effort to
identify uncovered realms of potential discovery
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Conclusions

Discoveries could be just around the corner

« LLP signatures are moving from the edges of our research programs in
ATLAS, CMS, and LHCb — as well as inspiring dedicated detectors near the
main LHC mteractlon points — to benefit from a more coordinated effort to
identify uncovered realms of potential discovery

« A collaborative, comprehensive consideration of LLP signatures — such as that
spearheaded by the LHC LLP Community initiative — has led to identification of
gaps in coverage and opportunities for extensions

« Plenty of work to be done — if you’re in ATLAS / CMS / LHCb and looking for a
novel search to make a large difference in discovery physics, dive in!

« We don’t choose where the new physics may be hiding — we only choose to
keep exploring

« The nightmare scenario at the LHC is not no-new-physics; it’s, “You didn’t keep
the right events and didn’t do the right searches.”
« We endeavor to reduce this chance to as small as possible

A critical examination of LLP searches is vital to map the future of
the LHC’s research program!
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Charged in the inner detector
Disappearing tracks

* BSM LLP is a charged particle that ATILAS Simdlation

decays to a very soft SM particle and a
neutral particle that escapes the detector

* Signature is a track with too few hits to
be considered a standard track — a
tracklet

CMS: JHEP 08 (2018) 016

38.4 b (13 TeV)

~t 0 x7F .
X, %,» %, %, production tanp =5, u>0

CMS
tanf=5u>0
B — %, ©) = 100%
95% CL limit
95% expected
I 68% expected
Median expected ATLAS
- Observed

Vs=13TeV, 36.1 fb™

—— Observed 95% CL limit (=1 Oineory )
Expected 95% CL limit (+1 ¢,
ATLAS (8 TeV, 20.3 fb™', EW prod. Obs.)

ERREY Theory (Phys. Lett. B721 (2013) 252)
ALEPH (Phys. Lett. B533 (2002) 223)

exp )

100 200 300 400 500 600 700
m. [GeV]
1

Proposed tracking upgrades for the HL-LHC era will
likely improve sensitivity to lower lifetimes
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https://link.springer.com/article/10.1007/JHEP06(2018)022
http://dx.doi.org/10.1007/JHEP08(2018)016

Single displaced vertex in the inner detector

ATLAS search targeting events with one displaced vertex in the inner detector
with five tracks plus a large amount of missing energy

« Uses ATLAS large-radius tracking (LRT)

* Many supplementary efficiency plots provided as auxiliary material

PRD 97, 052012
Auxiliary: SUSY-2016-08

Vs=13TeV,L=32.81b"
T T T T [ T 7T T¥
ATLAS Simulation
\s=13 TeV
Split-SUSY Model, §—q@ 7,
R-hadron: m, = 1200 GeV, m =100 GeV,t=1ns
X1
','“ T + Standard Tracking
A

%  Standard + LRT

Vertex reconstruction efficiency
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.052012
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-08/

Charged throughout the detector

Heavy, stable charged particles T OY opin e {1000 &
: f Ta=dTev 70k m = 1000 Gev |1 700 W
* They propagate through the detector like muons, Tl I R

=500

but leave behind a very non-muon-like signature 3 kg

=400

* Can move much at speeds much slower than the
speed of light or leave high ionization

*ID them via atypical ways that the charged
particle interacts with the detector material

12.5 b7 (13 TeV) ATLAS [ PRD 93, 052009 (2016) |
racker + TOF search for high electric charge

Preliminary ObjeCtS such as monopoles
¢ Observed

O
=
m—

Tracks / ban

A | Dala-based SM prediction
| Stau (M - 494 GeV)

o
o
o

= Data
— Simulation

e
o
a

CMSP 124 GeVic”

o

e
o
@

0.02

Normalised distribution
o
o

1500
Mass [GaV)

CMS [ CMS-EXO-16-036 | — exploiting time LHCb [ EPJC (2015) 75: 595 | — utilizing
of flight discrimination using muon system an estimator of the absence of Cherenkov
and increased energy loss in silicon tracker radiation in RICH detectors
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https://link.aps.org/doi/10.1103/PhysRevD.93.052009
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-036/index.html
https://link.springer.com/article/10.1140/epjc/s10052-015-3809-7

Getting-close-to-covered LLP realms

Connecting results of searches for promptly-decaying new
particles and LLPs

ATLAS recently did a
dedicated re-interpretation
for a few RPV-meets-RPC
searches:
ATLAS-CONF-2018-003
[ Karri Folan DiPetrillo talk ]

CMS also did something
similar in the context of
a SUSY search for jets +
missing energy:
JHEP 05 (2018) 025

00 RPC-RPV Combination: §—tfy_ (—>tbs) / §—tbs, m(7,)=200 GeV, bino-like %, CMS Supplementary 359 fb_l (13 TeV)

g — qqx° Jets + pmiss, arXiv:1802.02110

(R-hadron cloud model)
@+ Expected myo = 100 GeV
—@— Observed -@- M; — m o =100 GeV

ATLAS Preliminary ___ ppc .3 b-jets
{s=13 TeV, 36.1 fb! RPC OL 7-11]
- ©- Expected RPV 1L

-@— Observed )
95% CL limits —— RPC-RPV SS/3L

@

-
-

Lower limit (95% CL) on m; [GeV]

Forbidden by RGE: Phys. Rev. D60 (1999) 056002

10° 10t 102
cto [M]

> o F

1 | | | 23,23
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https://cds.cern.ch/record/2308391
https://indico.cern.ch/event/714087/timetable/#37-rpv-meets-rpc-in-atlas
http://dx.doi.org/10.1007/JHEP05(2018)025

Starting-to-be-addressed LLP realms

Atypical jets and jets with non-standard tracks
* Hidden sectors with strongly coupled dynamics — dark QCD

* Pencil-like jet regime —

69 *S10¢ (§10¢) ddHI

Dark QCD

—> dark quarks

—> hadronization into dark mesons in the hidden sector, some of
which eventually decay to the SM

—> dark pions w/variable lifetimes

—> jets w/multiple displaced vertices / tracks in a single jet or event
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https://link.springer.com/article/10.1007/JHEP05(2015)059

Uncovered LLP realms

How to interpolate between these two regimes?

* What’s the phenomenology?

Emerging jets — SUEP —
JHEP (2015) 2015: 59 IHEP (2017) 2017: 76

N

\

Could a hi/gh m.ulti"plicity soft
muon trigger be useful here?

/ & \ N
/ |" \ ¢
/ \ S

. | \\ &

‘rf'l', - Y

Images by M. Strassler [ e.g., a talk from 2007 |
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http://particle.physics.ucdavis.edu/seminars/data/media/2007/nov/strassler.pdf
https://link.springer.com/article/10.1007/JHEP08(2017)076
https://link.springer.com/article/10.1007/JHEP05(2015)059

Uncovered LLP realms

Atypical jets and jets with non-standard tracks

* Hidden sectors with strongly coupled dynamics — dark QCD

. — this is where we really don’t know what we
don’t know

'8 4 4
$ Emerging Emerging Dark showers working group
> 3 — ————y & (Knapen, Shelton, Scholtz,
N | § Displaced HiddenValley.Iu in Displaced Stolarski, Linthorne, Freytsis,
= pilug Reece, Cesarotti, et al) began
g Jets SUEP investigating this in earnest
O last year — many unknowns
DT w.r.t. phenomenology
.Q .
. resulting from any of the
2 Narrow Itltsreaistce)r;:blo methods used for any of
~ & LHEoﬁ‘:zbyhaend\‘ SUEP these regimes!
# Maybe odd [ Summary from Trieste |
E Jets
o e How do we model these?
0 1

Event Sphericity

e Does it make sense to interpolate some key distributions between the edge cases and
generate events based upon these?

e Strassler: “Has anyone even tried to validate the Pythia Hidden Valley module?”
[ Talk at our CERN workshop in May 2018 |

e Perhaps displaced-vertex gun approach would simply work best
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https://indico.cern.ch/event/714087/timetable/#23-the-challenging-diversity-o

Uncovered LLP realms

Atypical jets and jets with non-standard tracks

* Hidden sectors with strongly coupled dynamics — dark QCD
* One version of in-between —

* Jet of visible matter + dark matter from, e.g., hidden valleys

Talk by Mishra-
Sharma at Trieste
LHC LLP Workshop

Invisible fraction

Neither an emerging jet (where there’s no sizable MET) nor a completely
detector-invisible object

* Looking for a di-jet-like resonance with jets wider than QCD and non-
zero MET

« Cohen, Lisanti, Lou, Mishra-Sharma pointed out this discovery avenue
we may be overlooking: arXiv:1707.05326
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https://arxiv.org/abs/1707.05326

Uncovered LLP realms

* Intriguing approach by C. Cesarotti and M. Reece: Abandon the
SU(N) scheme, use a model for dark shower with more control
using AdS/CFT correspondence where they look at KK modes to
understand hidden sector hadrons

xtra Dimensions

Promising way to
Toy to build intuition for SUEP-to-Jet problem interpolate pheno
Extra finite 5*" dimension (x4, z) between the two regimes
Warp space with A; <0 - AdS (RS1)
Boundary on interval: UV, IR cutoffs

to calculate hidden sector dynamics

| U Sphericity of KK Modes
ds= (?) <’qf széxd + Jz’*)

Back-to-Back Jet Perfectly Spherical

Sphericity

C. Cesarotti talk
In Trieste

James Beacham IPA 2018 — Cincinnati 9 October 2018 50


https://indico.cern.ch/event/649760/timetable/#sc-15-4-dark-qcd-jets-vs-suep

L HC Community

...building on the work of a few prior workshops

EXPERIMENT

...in collaboration with the
theory/pheno community and
MoEDAL, milliQan, MATHUSLA,
FASER, Codex-b, etc.

Workshops — two per year LHC white paper in
Most recent: progress now
LHC LLP May 2018 (likely public November)
Join the CERN egroup: |hc-llp Website coming soon: cern.ch/longlivedparticles
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https://indico.cern.ch/e/LHC_LLP_May_2018
http://cern.ch/simba3/SelfSubscription.aspx?groupName=lhc-llp
http://cern.ch/longlivedparticles

