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New physics X at the LHC

The overwhelming
majority of the work of

/ the LHC experiments

New physics could be
hiding here
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Open questions before 4 July 2012

Electroweak symmetry breaking ) J4 ]
[ Does the Higgs boson exist? Ruarks ar eptons
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
other forces?
O Are there more than three
dimensions of space?
O Do all forces unify at high energy?
O

Are there other forces?
Dark matter

3 What is it? WIMP, sterile neutrino, axion,
NLSP, other hidden sector particle?

Only one type?
Y YP Neutrinos

O Why do neutrinos have masses? And what
are these masses?
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 . Shipsey
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Only gravitational or other interactions?
Are we wrong about gravity? An emergent
phenomenon?




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 VL VL cross-
section at high my,v;? Or new dynamics?
Elementary or composite Higgs?

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

Origin of couplings to fermions? Physics toward the Planck scale
Coupling to dark matter? O How does gravity play with the
Connection to hidden sectors? other forces?

Does it violate CP? Are there more than three
Cosmological EW phase transition? dimensions of space?

O
O Do all forces unify at high energy?
[ 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
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Dark matter
O 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 h1257?
Majorana or Dirac?
CP violation

epochs of Universe’s accelerated expansion : :
P P 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 . Shipsey
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New physics at the LHC in 2017

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

ATLAS Preliminary ¢ Dam
\s=13TeV 3810 P ?
G 27 =010 [ itav. vvv =

There are no more
ggF-enrche B Z-jcts, tF .
e — P ; guarantees and no ace-in-
puss] Uncartainty . .
the-hole motivations.

We must shift from theory-
driven search strategies to
signature-driven ones.
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We would certainly love some old-school theoretical guidance, but we don’t really
have it (WIMP miracle in tension, lack of plain vanilla SUSY, lack of twenty-jet
events filled with strong gravity, etc.)

What do we have? Some of the most sophisticated devices ever built.
How do we extend their reach into new physics parameter space?

And how do we shape the attitude of the outside world, as well?
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CERN heers thousands of scisngsts, representing 22 mem e counties, 1 woriang to understand how Bz undverss was created. CMS iz one af seven deleciors on 2

ysics at

CERN, in a Post-Higgs Way

Physicists monitoring the Large Hadron Collider are seeking
chies ta a rh:—n:‘.l"_-,' that will answer He—':—’p:-'r r11:r—-:;rir-r < ahnut the
cosamos. Put the silence fram the fronticor has been aminans.

Yearning for New

Uy SENNIS GNLRETL  JUSL I8, 27
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The paradigm is shifting — you are part of

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 — you are part of

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 Collid k : L - : : :
|,.:;g kl, a r{: r,x ,}T?,i.]f,ntm:ir d:‘_,,[:[: ,11°Hir,',:,rr uf},,:e Our job as physicists is to reduce, to negligible, the chance that we'll miss any possible new particles over
casmos. Put 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.

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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CERN, in a Post-Higgs

Physicists monitoring the Large Hadron Collider are seek
|1|¢=‘. ta a theo iy that will answer rhd-'p-'r ql estinns about
cosmos. Put the silence fram the fronticr has been amina

Uy CEMNIS ONBRUTL  JUSLIE

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

ifting — you are part of

e

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
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95% of our analysis effort is dedicated to understanding five prompt objects
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95% of our analysis effort is dedicated to understanding five prompt objects

What we want:
* To reduce to negligible to 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

New Physics with Displaced Vertices

at NCTS/¢
| like the sound of that.

U V/)) niip.//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

Cate: [+ Filler hy dale - S

Joumal referanca Dale Links
Submitted o PRD 04-MAY-18 HepData | Briefing
BpVa SN

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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Long-lived particles at the LHC — SM & BSM

B. Shuve

Same principles apply to BSM LLPs, which can generically appear

e Lifetime is usually best treated as a free parameter
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The LHC Community

We map 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

! trackless
: g 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 all its energy or decays to SM) somewhere in the
detector acceptance of LHCh, CMS, ATLAS, MilliQan, MoEDAL,

FASER, Codex-b, MATHUSLA, etc.
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The LHC Community Initiative

Long-lived particle searches at ATLAS, CMS, LHCb are

« Challenging triggering strategies

* Non-standard objects and reconstruction methods

 Baffling backgrounds irrelevant to standard searches for
prompt or stable objects

e Difficult also means fun, but there’s a danger we’ll miss a
possible discovery because of the atypical nature of these
signatures

Answer: Construct a space for the inter-experiment/theory
community to discuss and collect the results

Space: Working-workshops

Results: White papers and website
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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 last month: progress now
LHC LLP May 2018 (likely public July)
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

The LHC Community white paper

Many dozens of people working
for months with the consultation
of dozens more — a community

James Beacham NPDV Workshop — NCTS — Taiwan 20 June 2018
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White paper: Experimental signature based focus
https://github.com/jbbeacham/LHCLLP

Searching for long-lived particles beyond the Standard Model
at the Large Hadron Collider

Version: 0.1.4

May 16, 2018

Abstract: Searches for long-/ived particles (LLPs) beyond the Standard Mode! at the Large Hadron
Collider — particles that can have nocn-nagligible lifetimes and decay to SM particles within detec-
ters but substantially displaced from the interaction vertex — constitute a rich, challerging, &nd
increasingly fascinating avenue via which new physics may be discovered at the LHC. Members

of the ATLAS, CMS, and LHCb experiments in conjunchicn with theaorists, ohenomenclogists, and
those wor<ing on dedicated experiments such as Moeda!, MilliQan, MATHUSLA, CODEX-b, and
FASER, here report upon the state of LLP searches at the LHC; propose a set of simplified mod-
els for LLP searches; survey the existing searches, the experimental coverage of LLP signatures
and enumerate gaps in this coverage,; identify high-priority studies to be performed by the experi-
mental co'laborations to ensure that LLP signatures are not missad in detecter upgrades planned
for the upcoming high-lumincsity era at the LHC; propcse recommendations for new triggering
strategies for LLPs in ATLAS, CMS, and LHCD; |ist ideas for new searches for LL”Ps, propose a sel
of recommendations for the presentation of search results to ensure future reinterpretation and
recasting for LLP searches; discuss new frontiers for LLP searches such as those involving dark
sector QCD-like theoretical ideas; and describe the often unexpected experimental challenges
inherent in LLP searches, including atypical cr non-standard background sources.

The LHC LLP Community CERN, Geneva, Switzerland and worldwide

Contact editors: |he-llp-admin@cgern.ch
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https://github.com/jbbeacham/LHCLLP

White paper: Experimental signature based focus
https://github.com/jbbeacham/LHCLLP

Searching for long-lived particles beyond the Standard Model
at the Large Hadron Caollider

Introduction
Version: 0.1.4
P Simplified Models Yielding Long-Lived Particles
vial * ) rav_ ¥ g . .
4 2.1 Goals of the Present Simplified Model Framework

. " 2.2 Exsiine Well-Motivated Theories for LLPs
Abstract: Searches for long-/ived particles (LLPs) beyond the Standard M nsting Weil-Motivated Iheortes for LL5s 13

Collider — particles that can have ncn-nagligible lifetimes and decay 10 §
ters but substantially displaced from the interaction vertex — constitute a
increasingly fascinating avenue via which new physics may be discovered
of the ATLAS, CMS, and LHCb experiments in conjuncticn with thearists, » 2.6 Challenges in Simulating Charged or Colored LLPs 29
those working on dedicated experiments such as Moeda!, MilliQan, MAT} « 2.7 Future Opportunities and Challenges 29

FASER, here report upon the state of LLP searches at the LHC; propose
els for LLP searches; survey the existing searches, the experimental r.nvz 3 « Experimental Coverage of Long-Lived Particle Signatures
and enumerate gaps in this coverage; identity high-priority studies to be

mental collaborations to ensure that LLP signatures are not missad in de

2.3 The Somplihed Model Building Blocks 15
A Simphfied Mode! Proposal 20

Proposal for @ Simplified Model Library 26

3.1 Survey of the Current Experimental Long-Lived Program 32
3

: ; : . 2 Overmew of Gaps 50
for the upcoming high-'umincsity era at the LHC; propese recommendatig

strategies for LLPs in ATLAS, CMS, and LHCDb; |ist ideas for new searcheg
of recommendations for the presentation of search results to ensure futuy
recasting for LLP searches; discuss new frontiers for LLP searches such 4.1 Introduction 53

sector QCD-like theoretical ideas; and describe the often unexpected exy < 4.2 Known long-ltved particles 53

inherent in LLP searches, including atypical or non-standard background 4.3 Real particles generated in tie detector

4.4 Real particles generated outside the detector

Some Sources of Backgrounds for LLP Searches 53

The LHC LLP Community CERN, Geneva, Switzerland and woridwide « 4.5 Fake particie signatures 57
4.6 Algorithmically induced fakes
Contact editors: |help-admin@cgern.ch « 4.7 Summary 59

Trigger and Detector Upgrades 61
5.1 The ATLAS and CMS experiments 61
5.2 LHCDE Upgrade 82

5.3 Dedicated Detectors for LLPs o4
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White paper: Experimental signature based focus
https://github.com/jbbeacham/LHCLLP

Searching for long-lived particles beyond the Standard Model
at the Large Hadron Caollider

Introduction
Version: 0.1.4
May 15. 2018 Simplified Models Yielding Long-Lived Particles
vid) [+ 8 ) ” - ~ . .
4 .1 Goals of the Present Simplified Model Framework 12
Existing Well-Motivated Theories for LLPs 13
J

Fhe Stmplihed Model Building Blocks 15

and decay 10
constitute a

be discovere 7 .
with thearists. o 2.6 Challenges i Simulating Charged or Colored LLPs 29

A Simphfied Mode! Proposal 20

Proposal for @ Simplified Model Library 26

MiliQan, MAT « 2.7 Future Opportunities and Challenges 29

LHC; propose
primental covd 3 . Experimental Coverage of Long-Lived Particle Signatures 31
studies to be « 3.1 Survey of the Current Experimental Long-Lived Program 32

it missad in de

Overmew of Gaps 50
ecommendati

", s Q. CeS [ s ickero Je #r J ’S!:'" oo
o enstife futu Some Sources of Backgrounds for LLP Searches 53

searches such « 4.1 Introduction 53

4.2 Known long-itwed particles 573

4.3 Real particles generated in tie detector

4.4 Real particles generated outside the detector
Fake pariicie signatures 57

> Algorithmically induced fakes

Summary 59

Trigger and Detector Upgrades 61

5.1 The ATLAS and CMS experiments 61

5.2 LHCE Upgrade B2

5.3 Dedicated Detectors for LLPs a4
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https://github.com/jbbeacham/LHCLLP

White paper: Experimental signature based focus

https://github.com/jbbeacham/LHCLLP

Searching for long-lived particles beyond the Standard Model
at the Large Hadron Caollider

Version: 0.1.4

May 16, 2018

Simplified model .
D€ discovere
proposal organized with thecrists,
around generic classes MIICERRAT
of LLP production and
decay mode, always
with an eye toward
what the detectors g
mlght be able to do searches such

James Beacham NPDV Workshop — NCTS — Taiwan
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Summary 59
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White paper: Simplified Models chapter

Signature first, model second

* General classes of motivations that can give rise to LLPs are many

* Dark photons

Hidden valleys

R-parity violating supersymmetry
Dark QCD-like sectors
Heavy neutral leptons

Etc.

Instead of probing the parameter space of your favorite model, think
about the more generic kinds of ways an LLP could be produced at the
LHC interaction points and then how it could appear in the detector

* Much clearer way of comparing searches and noting whether and to
what extent certain signatures have been covered

* Creates a useful grammar of LLP signatures/searches across experiment

This kind of focus also makes it easier to point out where experimentalists
have opportunities for new searches or to significantly extend the reach
of existing searches — new projects with discovery potential!
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Experimental coverage chapter

Excellent work done by the experimental coverage group,
spearheaded and edited by José Zurita; for the rest of this talk, a
few thoughts about uncovered realms in LLP/DV searches

Chapter functions as both a review of existing LLP-related
searches at ATLAS, CMS, and LHCb and a clear enumeration of
gaps in coverage, a.k.a., open opportunities for discovery-
oriented projects for experimentalists to take on

3.2 Ooeroiz f Gup'«; * Low masses (like Majorana neutrino)
® Making sure to cover all flavor combinations (for example, one
1. All-hadronic CMS search only covers e=u *), as well as same-sign vs. oppo
. . . . _ . site sign leptons
Use assodaled object Liggers (especially molivaled by Higgs

. . = Trigger on associated objects or use dilepton trigger if there
like VBE and VH) B8 } I 88

are two LLPs?
Try to push to lower masses & lifetimes
‘ 4. Photonic
Online reconstraction of hadronic cisplaced objects

. e At ttn S dn e o
Exdlusion limiz for displaced hadronic taus. Opportunity for No coverage for LLPs decaying into iy, fy or without E7™
Poor coverage (non-dedicated search) for single 7, only if

CMS displaced trigzers?
two jets are present, needs recasting of CMS delayed photon

2. Leptonic study [186].
Prompt photons searches useless, as they veto "non-standard”

® Inrermediate region herween low-mass (lepton-jets) and high-
p ) —~ o ) ohotons.
mass (resolved ATLAS/CMS searches) I
. . = No coverage [or softer photons.
* Continue to pusk to go to lower masses, pr thresholds 5 ‘

5. Other exotic long-lived signatures

® Tau leptons in LLP decay, in particular if they come from ID.
Opportunity for NS displaced triggers? * DTs: cT ~ mm are very hard to probe. Unclear if ATLAS IBL
will be present in HL-LHC run. What is the lowest distance

3. Semi-[eptonic .
new layers (or double layers) can be inserted at?

James Beacham NPDV Workshop — NCTS — Taiwan 20 June 2018 17



Experimental coverage chapter

Excellent work done by the experimental coverage group,
spearheaded and edited by José Zurita; for the rest of this talk, a
few thoughts about uncovered realms in LLP/DV searches

SUENIIE N ot covered in this talk

searches

gaps in
oriented about

* Semi-leptonic decays (ask Giovanna

her excellent new work on how

to improve sensitivity to heavy neutral
lepton-like signatures in a model-
indepdent way)

SIMPs, particles with anomalous
ionization (monopoles, HECOs,

millic
partic
partic

® Tau leptons in LLP decay, in particular if they come from ID.

narged particles), stopped
es, heavy stable charged

es, disappearing tracks, etc.

5. Other exotic long-lived signatures

Opportunity for OMS displaced triggers? * DTs: cT ~ mm are very hard to probe. Unclear if ATLAS IBL

3. Semi-[eptonic

will be present in HL-LHC run. What is the lowest distance
new layers (or double layers) can be inserted at?
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Uncovered LLP/DV realms

* Start with a simple example everyone loves:
h125 —> LLPx2 —> jets

* Many searches for this already, but there are known limitations
* What if mup < 10-30 GeV?

* What if ~mm < ctau < ~10 cm? .
Long-lived Ty

. Regions where B(H" — wpmy) > 50% is excluded at 95% CL
|

we ATLAS 20.3 fb ' at 8 TeV
wollmpy = 125 GeV |w= LHCb2.0fb ?at7-8TeV

weee CMS 185fb - at 8 TeV

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

LHCb: arXiv:1705.07332
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Uncovered LLP/DV realms

h125 —> LLPx2 —> jets

* Many searches for this already, but there are known limitations
* What if mup < 10-30 GeV?

* What if ~mm < ctau < ~10 cm?

ATLAS
Is=8TeV, 195", 203"

m,, = 125 GeV : Decay in either inner
' detector or muon
spectrometer

—
=

Decay in or just
before the HCal with

a special trigger

= arXiv:1504.03634 “ arXiv:1501.04020 > (CalRatio)
m, =10 GeV m, =10 GeV

- — m, =40 GeV m, =40 GeV

—
<
n

=
w
O
\
©
c
o
E
-
—
@
Q
a
-
i
@)
32
0
o

n, proper lifetime (ct) [m] * How to trigger on
ATLAS: arXiv:1504.03634 these regimes?
arXiv:1501.04020
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Uncovered LLP/DV realms

* Same limitations hold for H —> LLPx2 —> jets, mny > 125 GeV
e What if mup/ mx < 5%?

e What if ~mm < ctau < a few cm?

What about for my < 125 GeV?
ATLAS CalRatio for higher-mass scalars
* Low mass H decaying to low
mass LLP decaying to soft
hadrons — buried signal

* Thresholds on, e.g., ATLAS
CalRatio trigger too high?

E=13TeV 3210’ * Will ATLAS photon-jets triggers
mg, = 1000 GeV ’ - ., . .
m=50GeV ) be sensitive to this?

—— m, =150 GeV
mg = 400 GeV

ATLAS Preliminary =" * Could new ideas for inner-
detector triggers (e.g., hit
multiplicity) catch these
events?

Q
Z
oC
m
X
)
c
o
£
0
S
@
Q
Q
-
_
O
3
Yo)
o

107 10~ 1 10
S proper decay length [m]

ATLAS-CONF-2016-103
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Uncovered LLP/DV realms

* What about pair-produced, long-lived scalars decaying to jets?
* CMS has a good inclusive search: PLB 780 (2018) 432-454

e 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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Uncovered LLP/DV realms

Very short-lived LLPs decaying to jets

« Still unclear how some of our searches match together

*E.g., h125 —> xx —> 4b, for x either prompt, for which searches
exist (for associated production), or fairly long-lived (ctau > a few
mm), for which searches also exist (for primarily ggH)

-
<

IR

13 TeV, truth level Prompt search | 1 MSDV +inv
H>ss,s=2>11 — 1 DV + prompt VH, H-> inv
-« VBF + H == inv

—

'r'rn'rr"'r'rrr'rr:'W'W'rr1'|"'1'n'1'r1

—L
S

H.Russell truth study

Fiducial acceptance ™ o, 4/ 0,
z

-
<

—h
o
O -
[

10 10° 10
Proper lifetime (c*t) [m]

* How big is the gap between these two? ATLAS central recasting of
prompt to non-negligible but still small lifetime version public
very soon
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Uncovered LLP/DV realms

Very short-lived LLPs decaying to jets

e Still unclear how some of our searches match together

 Related question: Exactly how well do our existing b-methods (b-
tagging and triggers) provide sensitivity to the very short (just past
the optimal b-thresholds) lifetime regime? What about alternate b-
tagging methods using RNNs, etc., that we don’t use for actual b-
tagging because they don’t provide a sizable enough gain in
efficiency compared to the effort or complication?
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Uncovered LLP/DV realms

Very short-lived LLPs decaying to jets

e Still unclear how some of our searches match together

* Related question: Exactly how well do our existing b-methods (b-
tagging and triggers) provide sensitivity to the very short (just past
the optimal b-thresholds) lifetime regime? What about alternate b-
tagging methods using RNNs, etc., that we don’t use for actual b-
tagging because they don’t provide a sizable enough gain in
efficiency compared to the effort or complication?

- _

o o - . .

B ATEAD Simuiaton Freliminary  Experimental collaborations
ot T (—ths), m%") = (800, 200) GeV '

& F>5,(~tbs). mfz,) = (800, 200) Ge need to do these studies

E = 1lepton, jet p_ > 40 GeV

& centrally

>

(L]

« ATLAS SUSY group recently
did this for a few RPV-
meets-RPC searches: ATLAS-
CONF-2018-003 [ Karri
Folan DiPetrillo talk ]

* Need to do the same in a
S 6 7 comprehensive way for h125
b-jet multiplicity
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Uncovered LLP/DV realms

« From, e.g., axions / ALPs, or h125 —> LLPx2 —> {photons or
electrons}

* Most existing LLP-related photon searches are for non-pointing or
late photons in a rather model-dependent context: GMSB with a

neutralino decaying to a gravitino and a photon

« Searches require a large amount of MET

« How do we target different
kinds of non-standard
photon (or electron)
signatures that could be
evidence of LLPs?

* Essentially looking for
atypical blobs of energy
in the ECal with little to
no energy in the HCal —
photon-jets triggers could
help here
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Uncovered LLP/DV realms

Challenge is extending to lower mass LLPs, softer deposits
*Trigger rate limited by energy of two deposits (~20 GeV)

*Typically mitigated for individual photons with hadronic
isolation (also good here) or ring isolation (not good here)

eCan use substructure
at HLT in ATLAS —
this could help lower
ECal deposit
thresholds

* What are the CMS
capabilities here?
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Uncovered LLP/DV realms

How to trigger on photon-jets?

Signature:

* An ugly blob of energy in the
electromagnetic calorimeter

« Little-to-no energy in the hadronic p s
Ca|Ol’ImeteI‘ ~ Electromagnetic

calorimeter
Trigger towers An x Ag = 0.1 x(1.1)
' Electromagnetic

isolation<e.m.
isolation threshold

N
} Vertical Sums

=i=) Horizontal Sums Hadronic isolation

¥ De-cluster/Rol region: | < inner & outer
4 : isolation threshold
= | local maximum L1 . Isolation thres s

« Too wide to be an isolated photon and be
caught by standard high-level photon triggers

« Use hard veto on HCal activity and possibly jet
substructure variables applied to ECal-only
objects

« Some combination of extra techniques are
necessary to ensure the trigger rate doesn’t get
too high — still to be determined what this
would do for LLP signatures for, e.g., soft
electron or photon decays from low-mass LLPs
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Uncovered LLP/DV 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

James Beacham NPDV Workshop — NCTS — Taiwan 20 June 2018 27


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.105.211803
https://indico.cern.ch/event/649760/timetable/#sc-11-2-quirks-part-2

Uncovered LLP/DV realms

Why should beyond-
the-Standard Model

physics be simple, like

a U(T) symmetry/? | | \ |
What about dark QCD? “\.Displaced Di-Jet! _Emerging Jet

Ex: arXiv:1502.05409

Dark QCD One corner of dark-QCD-like

X4 models: A novel LHC signature
where dark or hidden sector quarks

decay to the visible sector via

asymmetry

sharing multiple displaced vertices of

varying displacements within the

Pds Ndy - - -

annihilation |

same jet object. Pair-produced dark
quarks then give rise to neither
Tdy Pds - - - prompt jets nor a pair of displaced
jets pointing to the same displaced
vertex, but to emerging jets.
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Uncovered LLP/DV realms

Atypical jets and jets with non-standard tracks

* Hidden sectors with strongly coupled dynamics — dark QCD

* Pencil-like jet regime —

60750 COGL-AIXIE

Dark QCD —> dark quarks —> dark pions w/variable lifetimes —> jets w/
multiple displaced vertices / tracks in a single jet or event

Analysis strategy could target 4-jet signal:
2 QCD jets + 2 dark-QCD / emerging jets

Emergingness defined per jet or per event? Count number of displaced vertices
per event? What if generators don’t yield jets with DVs clustered near a jet?
How do we trust existing generators to give us reliable pheno?

Searches underway in ATLAS & CMS (see A. Belloni talk on Friday)
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Uncovered LLP/DV realms

Atypical jets and jets with non-standard tracks

* Hidden sectors with strongly coupled dynamics — dark QCD
. »arXiv:1612.00850

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
of low-energy SM states
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Uncovered LLP/DV realms

Atypical jets and jets with non-standard tracks

* Hidden sectors with strongly coupled dynamics — dark QCD
. »arXiv:1612.00850

,,,,,, : : wy BV A ¥4 w1 1l 4 L., L

SUEP — arXiv:1612.00850
g |

Emerging jets —
arXiv:1502.05409

Could a high multiplicity soft

muon trigger be useful here?
A

Images by M. Strassler
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Uncovered LLP/DV 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 last month at our CERN workshop |

e Perhaps displaced-vertex gun approach would simply work best
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Uncovered LLP/DV 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

James Beacham NPDV Workshop — NCTS — Taiwan 20 June 2018 33


https://arxiv.org/abs/1707.05326

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

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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Conclusions

Discoveries could be just around the corner

« LLP and displaced vertex signatures are moving from the edges of
our research programs in ATLAS, CMS, and LHCb to benefit from a more
coordinated effort to identify uncovered realms

« LHC LLP Community focuses on signature-first / model-second

« Upcoming white paper includes entire chapter on Experimental Coverage,
functioning as both a review of the existing searches and an enumeration 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 or technique 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.”
« The LHC LLP Community endeavors to reduce this chance to as small as
possible

Workshops like this one right here are vital to map the future of
the LHC’s research program!
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There’s no failure

in particle physics

when you're an
explorer

The only failure is/

to stop searchim%//

Here’s to a

productive

and
Invigorating

workshop!

James Beacham

@jbbeacham
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