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A BRIEF HISTORY OF PARTICLE PHYSICS

* In the last century, we
have been tremendously
successful in
discovering new
particles and deepening
our understanding of the
laws of nature and the
contents of the
Universe.

« The workhorse tools leading to much of this progress have
been particle accelerators and colliders.
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PARTICLE ACCELERATORS AND COLLIDERS

 |nthe 1930’s, E. O. Lawrence made a
cyclotron, which accelerated particles
to higher velocities and energies.

» The first cyclotron was small, but
soon, bigger accelerators led to
higher energies, which allowed

heavier particles to be produced and
discovered.
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THE LARGE HADRON COLLIDER

The latest realization of Lawrence’s vision: the LHC in Geneva

_ Colliding protons at a.center-of-mass energy of 13 TeV
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THE ATLAS DETECTOR

One of several giant detectors that observe particle collisions at the LHC
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HOW BIG IS BIG SCIENCE?

« Size: Big. Colliders the size of cities, detectors the size of
buildings.

« Timescale: Long. The LHC was conceived in the 1980’s. It
was constructed from 1998-2008, and has been running
since 2008, with periodic shutdowns to upgrade and fix
equipment.

« Budget: Expensive. The cost of constructing the LHC and
the various experiments was roughly $10 billion. The
annual operations budget of CERN, the host laboratory, is
about $1 billion/year, or roughly 1 coffee per year per EU
citizen.

* People: Many.
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LHC: CURRENT STATUS

« The discovery of the Higgs boson in 2012 completed the
standard model of particle physics, an amazing achievement.

« So far there has been no other evidence for new particles.

o Peak luminosity  ==Integrated luminosity

« The LHC is currently in R RERE | R R
Long Shutdown 2, butwill =~ 1 R
start up again in 2021 and - | .
run till ~2037. Will we find & s e 2

. q e | | L 2000
new par.tlcles through ARPOVINEN - RREN O\ NEN O 1RRN - BN/ :
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S U | 100 &
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new particles? Vear
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THE UNIVERSE TODAY

Periodic Table of Elements

dark energy
68.3%

 We now have an overall picture of the Universe
« We know a lot about a little: the normal matter (5%)

« But we know little about a lot: dark matter / dark energy (95%).
Most of the universe is still to be discovered and understood.
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DARK MATTER

t (ns)
What properties should DM have? T T T T e
74; m, =100 Ge E
A simple mechanism for generating DM: ~ ©f
DM particles exist in the early universe, <
then pair annihilate until they “freeze out.”" ..}
The weaker their interactions, the more
dark matter survives to the present day: T |
1 77,2/2 101 T (GeV) 10°
{ —~ _X 100 §' I TI
QX X <O‘”U> 94 ; fg
X 10" 3 3 g
WIMP Miracle: ~100 GeV to 1 TeV 0l g
masses, strong couplings - right & | 1=
abundance 107 18
WIMPless Miracle: lighter particles, L —— WIMPless DM 18
weaker interactions - right abundance 1% - L ' ' =
10° 10 102 10° 102 4

—_
o

my [GeV]
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THE LIFETIME FRONTIER

« What are the basic properties of light and weakly interacting particles?
Consider a neutral particle with energy E ~ TeV, and

— mass between electron (0.5 MeV) and proton (1 GeV): take m ~ 100 MeV
— coupling between milli-charged and micro-charged: take ¢ ~ 10-°

* They pass through matter essentially without interacting: radiation length
is (10 cm) ¢2 ~ 109 m. The distance to the moon!

« They go straight; unaffected by E and B fields.

« They may decay to visible particles, but only after a long time:

1075127100 MeV12 [ E e

e

« Strong dependence on m and g, but these are long-lived particles and
decay lengths may be meters or kilometers: human length scales!
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LOTS OF ACTIVITY

Searching for long-lived particles beyond the Standard Model
at the Large Hadron Collider
1903.04497

March 6, 2019

Particles beyond the Standard Model (SM) can generically have lifetimes that are long compared

to SM particles at the weak scale. When produced at experiments such as the Large Hadron Col-

fider (LHC) at CERN, these long-fived partices (LLPs) can decay far from the intaraction vertex cT (m) ‘

of the primary proton-proton collision. Such LLP signatures are distinct from those of promptly A p

decaying particles that are targeted by the majority of searches for new physics at the LHC, often e

requiring customized techniques to identify, for axample, significantly displaced decay vertices, 10 +

tracks with atypical properties, and short track segments. Given their non-standard nature, a com- -

prehensive overview of LLP signatures at the LHC is beneficial to ensure that possible avenues

of the discovery of new physics are not overlooked. Here we report on the joint work of a com- 10 _L

munity of theorists and experimentalists with the ATLAS, CMS, and LHC experiments — as well 10

as those working on dedicated experiments such as MoEDAL, milliQan, MATHUSLA, CODEX- IJ’

b, and FASER — to survey the curent state of LLP searches at the LHC, and to chart a path for KL

the development of LLP searches into the future, both in the upcoming Run 3 and at the High- 1 N i’ T Bi

Luminasity LHC. The work is organized around the current and future potential capabilities of LHC ™ . .

experiments to generally discover new LLPs, and takes a signature-based approach to surveying 0 s

classes of models that give rise to LLPs rather than emphasizing any particular theory motiva- m . )

tion. We develop a set of simplified models; assess the coverage of current searches; document 10~ 10 0 .'q .J/ v T(4S) H
P

v

AN\
-
-

known, often unexpected backgrounds; explore the capabilities of proposed detector upgrades;

provide recommendations for the presentation of search results; and look towards the newest .

frontiers, namely high-multiplicity “dark showers”, highlighting opportunities for expanding the LHC

reach for these signals. 10—20 A VA
| // | | | | | | |

Editors: /e | | ! ! { —>

Juliette Alimena'!) (Experimental Coverage, Backgrounds, Upgrades), James Beacham'?) (Document 10 _3 2

Editor, Simpified Models), Martino Borsato®) (Backgrounds, Upgrades), Yangyang Cheng® 10 10 1 10 M (GeV)

{Upgrades), Xabier Cid Vidal'3) (Experimental Coverage), Giovanna Cottin(®) (Simplified Models,

Reinterpretations), Albert De Roack!”! (Experimental Coverage), Nishita Desai(®! (Reinterpretations),

David Curtin'®) (Simplified Models), Jared A. Evans!'%) (Simplified Models, Experimental Coverage),

Simon Knapen ") (Dark Showers), Satine K" (Reinarpreations), Ances Lessa ™) (Ranteprotaiond — Figruire 1.1: Particle lifetime c7, expressed in meters, as a function
Zhen Liu(1#) (Simplified Models, Backgrounds, Reinterpretations), Sascha Mehlhasa('S) (Backgrounds),

Michas!J. Ramsey Musalf'129) (Simplffed Models),Heather Russal?7) (Experimental Coverage) of particle mass, expressed in GeV, for a variety of particles in the
Jessie Shelton!'®) (Simplified Models, Dark Showers), Brian Shuve %2} (Document Editor,
Simplified Models, Simplified Models Library), Monica Verduceil2!) (Upgrades), Jose Zurital223) Stand ard MO del [1]

(Experimental Coverage)
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LOTS OF ACTIVITY

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-PEC-REPORT-M018-007

Physics Beyond Colliders at CERN
Beyond the Standard Model Working Group Report

J. Beacham!, C. Burrage?®, D). Curtin®, A. De Roeckd, 1. Evans®, J. L. Feng®, C. Gatto”,
9. Cuinenko®, A. Hartin®, 1. Irastorza”, J. Jaeckel'!| K. Jungmann'®* | K. Kirch'™*,
F. Kling®, 3. Knapen'!, M. Lamont!, G. Lanfranchi*!5* ™ C. Lazzeroni'f, A. Lindnes'?,
F. Martines Vidal'®, M. Moulsn!S, N. Neri'®, M. Papuccit®, 1. Pedraza™, K. Petridis,
M. Pospelov™, A Rownov™”, G. Ruoso™", P, Schuster™, Y. Semertzidi™,

T. Spadar't, C. Vallee® and G. Wilkinson™,

Abstract: The Physics Beyond Colliders initiative is an explogffory study aimed at
exploiting the full scientific potential of the CERN's accelerator dlmplex and scientific
infrastructures through projects complementary to the LHC andbther possible future
colliders. These projects will target fundamental physics questidlls in modern particle
physica. This document presents the status of the proposals present® in the framework of
the Beyond Standard Model physics working group, and explore thi physics reach and
the impact that CERN could have in the next 10020 yeans on the interfati

arXiv:1901.09966v2 |hep-ex]| 2 Mar 2019

* PBC-BEM Coordinators ond Edttors of this Ropart
** Corresponding Author: Goin Lanfraneiiing imfn it

Timescale of the PBC BSM projects accelerator-based
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 Many experiments, including some on short timescales
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THE BASIC IDEA

 If new particles are light and weakly interacting, they can
also be produced in the decays of light particles.
— Light = they may be produced in &, K, D, B decays...
— Weakly-interacting - ...but extremely rarely in n, K, D, B decays

* More promising to go where the &, K, D, B particles are:
along the beamline.

— For example, the LHC produces ~10'6 pions per year

— But for E > 10 GeV, 10% of these (and most of the high energy
ones) are produced within 2 mrad of the beamline.
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THE BASIC IDEA

« 2mradis very small (n>7)
— Moon diameter is 9 mrad.

— Moreover, the ATLAS and
CMS detectors have holes
here to let the proton beams
in and so are completely
blind to these particles.

« Can we cover this “blind spot”? A detector on the beamline would block
the proton beams. However, our target particles do not interact and travel
straight for a long time. We can therefore place the detector on the “line
of sight,” a few 100 m away, after the beam curves.

* (100 m) (mrad) = 10 cm - particles are still highly collimated.

« These considerations motivate a small, inexpensive experiment placed in
the very forward region of ATLAS/CMS, a few 100m downstream.
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FORWARD SEARCH EXPERIMENT

FASEA

* “The acronym recalls
another marvelous
Instrument that
harnessed highly
collimated particles
and was used to
explore strange new
worlds.”

Feng, Galon, Kling, Trojanowski (2017)
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LOCATION, LOCATION, LOCATION

Point 1

M15

PX14
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LOCATION, LOCATION, LOCATION
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New Particles
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PARTICLE PATH FROM ATLAS TO FASER

Dougherty, CERN Integration (2019) i



FASER SEARCH EXAMPLE: DARK PHOTONS

« Suppose there is a dark sector that contains dark matter X and
also a dark force: dark electromagnetism.

« Generically, the force carriers of the SM and dark EMs will mix

A Ap

« The resulting theory contains a new gauge boson, the dark
photon A’, with mass my, and €Q; couplings to SM fermions f,
where ¢ is loop-induced and so expected to be small.

Okun (1982), Galison, Manohar (1984), Holdom (1986)
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DARK PHOTON PROPERTIES

« The dark photon is like the standard photon, but
— It is massive, with a mass my
— Its coupling to SM particles is suppressed by a small

coupling ¢
It can be produced, for * |t can decay to
example, in pion decay: particle/anti-particle pairs:

A’

5 J
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DARK PHOTON SENSITIVITY REACH

« Consider two cylindrical detectors

— FASER: R=10cm, L = 1.5 m, tabletop experiment!
— FASER 2: R=1m, L =5 m, a possible upgrade

1073}
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 FASER probes new parameter space with just 1 fb-' starting in 2021

« Without upgrade, HL-LHC extends (L*Volume) by factor of 3000; with
possible upgrade to FASER 2, HL-LHC extends (L*Volume) by ~10°

5 Sep 2019
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PHYSICS SUMMARY

« Many other studies: FASER has discover prospects for all candidates with
renormalizable couplings (dark photon, dark Higgs, HNL); ALPs with all types of
couplings (y, f, 9); and many other examples; see 1811.12522.

Benchmark Model mm References

V1/BC1: Dark Photon
V2/BC1’: U(1)g.. Gauge Boson

BC2: Invisible Dark Photon
BC3: Milli-Charged Particle

S1/BC4: Dark Higgs Boson
S2/BC5: Dark Higgs with hSS

F1/BC6: HNL with e

F2/BC7: HNL with p

F3/BC8: HNL with t

A1/BC9: ALP with photon
A2/BC10: ALP with fermion
A3/BC11: ALP with gluon

5 Sep 2019
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Feng, Galon, Kling, Trojanowski, 1708.09389

Bauer, Foldenauer, Jaeckel, 1803.05466
FASER Collaboration, 1811.12522

Feng, Galon, Kling, Trojanowski, 1710.09387
Batell, Freitas, Ismail, McKeen, 1712.10022

Feng, Galon, Kling, Trojanowski, 1710.09387

Kling, Trojanowski, 1801.08947
Helo, Hirsch, Wang, 1803.02212

Kling, Trojanowski, 1801.08947
Helo, Hirsch, Wang, 1803.02212

Kling, Trojanowski, 1801.08947
Helo, Hirsch, Wang, 1803.02212

Feng, Galon, Kling, Trojanowski, 1806.02348
FASER Collaboration, 1811.12522
FASER Collaboration, 1811.12522
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FASER TIMELINE

September 2017: First theory paper
November 2017: Support from the two most famous living physicists
July 2018: Submitted LOI to CERN LHCC

October 2018: Approval from ATLAS SCT and LHCDb Collaborations for use of
spare detector modules

November 2018: Submitted Technical Proposal to LHCC

November 2018 — January 2019: Experiment funded by $1M grants from the
Heising-Simons and Simons Foundations

March 2019: FASER fully approved by CERN LHCC and Research Board along
with support for infrastructure costs

April 2019: 1st FASER Collaboration Meeting

May 2020: Install FASER in tunnel before cool down in Long Shutdown 2, begin
commissioning detector

April 2021: Start collecting data in Run 3

5 Sep 2019 Feng 35



FASER ON BIG BANG THEORY
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Season 11, Episode 9, “The Bitcoin Entanglement” (November 2017)
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IRST FASER COLLABORATION MEETING
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FASER COLLABORATION TODAY

* 46 collaborators, 18 institutions, 8 countries

Henso Abreu (Technion), Claire Antel (Geneva), Akitaka Ariga (Bern), Tomoko Ariga (Kyushu/Bern), Jamie Boyd (CERN), Dave
Casper (UC Irvine), Franck Cadoux (Geneva), Xin Chen (Tsinghua), Andrea Coccaro (INFN), Candan Dozen (Tsinghua), Yannick
Favre (Geneva), Jonathan Feng (UC Irvine), Didier Ferrere (Geneva), Iftah Galon (Rutgers), Stephen Gibson (Royal Holloway),
Sergio Gonzalez-Sevilla (Geneva), Shih-Chieh Hsu (Washington), Zhen Hu (Tsinghua), Peppe lacobucci (Geneva), Sune
Jakobsen (CERN), Roland Jansky (Geneva), Enrique Kajomovitz (Technion), Felix Kling (SLAC), Susanne Kuehn (CERN),
Lorne Levinson (Weizmann), Conggiao Li (Washington), Josh McFayden (CERN), Sam Meehan (CERN), Friedemann Neuhaus
(Mainz), Hidetoshi Otono (Kyushu), Brian Petersen (CERN), Helena Pikhartova (Royal Holloway), Michaela Queitsch-Maitland
(CERN), Jakob Salfeld-Nebgen (CERN), Osamu Sato (Nagoya), Kristof Schmieden (CERN), Matthias Schott (Mainz), Anna
Sfyrla (Geneva), Savannah Shively (UC Irvine), Jordan Smolinsky (UC Irvine), Aaron Soffa (UC Irvine), Yosuke Takubo (KEK),
Eric Torrence (Oregon), Sebastian Trojanowski (Sheffield), Dengfeng Zhang (Tsinghua), Gang Zhang (Tsinghua)

The

University \\%// KYUSHU ucC
/s Of Z UNIVERSITY IRVINE
=  Sheffield. S
b UNIVERSITAT v Technion iZ@ NAGOYA UNIVERSITY IQJTG E RS
B E RN u Israel Institute of Technology I)l: EN SEINAI E RUSNE|YV ERSITY
UNIVERSITE Y 1% 1O (E) KE K w UNIVERSITY of
DE GENEVE WEIZMANN INSTITUTE OF SCIENCE WASHINGTON

]GlU INFN r{f/\ Z UNIVERSITY OF
Tsinghua University OREGON
ROYAL b . ‘ h
HOLLOWAY : ,I n‘
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HELP FROM MANY OTHERS

The FASER Collaboration has received essential support from the Heising-Simons
and Simons Foundations, CERN, the ATLAS SCT and LHCb Collaborations, and
also many others at CERN and elsewhere

5 Sep 2019

We are grateful to the ATLAS SCT project and the LHCb Calorimeter project for letting us use spare
modules as part of the FASER experiment. In addition, FASER acknowledges the invaluable assistance from
the CERN Physics Beyond Colliders study group; the LHC Tunnel Region Experiment (TREX) working
group; the LHC Machine Committee; the LS82 Committee and the LHCC. FASER gratefully acknowledges
the contributions from:

e Jonathan Gall, John Osborne (civil engineering);

e Liam Dougherty, Francisco Galan (integration);

e Pierre Thonet (magnets);

e Francesco Cerutti, Marta Sabate Gilarte (FLUKA simulation and background characterization);
e Salvatore Danzeca, Serge Chalaye (radiation measurements);

e James Storey, Swann Levasseur (beam instrumentation);

e Pierre Valentin, Tobias Dobers (survey):

e Caterina Bertone, Serge Pelletier, Frederic Delsaux (transport);

o Gael Girardot, Olivier Crespo-Lopez, Yann Maurer, Maria Papamichali (LS2 works);

e Marzia Bernardini, Anne-Laure Perrot, Katy Foraz, Markus Brugger (LHC access and schedule);
e Marco Andreini, Olga Beltramello, Thomas Otto (safety);

e Dave Robinson (ATLAS SCT), Yuri Guz (LHCDb calorimeters);

e Stephen Wotton, Floris Keizer (SCT QA system and SCT readout);

e Burkhard Schmitt, Raphael Dumps, Sune Jacobsen, Giovanna Lehmann (CERN-DT contributions);
e Mike Lamont, Andreas Hoecker, Ludovico Pontecorvo, Christoph Rembser {useful discussions).

Thanks also to the CERN management for their support!
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FASER IN TUNNEL TI12

 The beam collision axis has been located to mm accuracy by
the CERN survey department. To place FASER on this axis, a
trench is required to lower the floor by 46 cm.

« The goal is to convert before (left) to after (right).
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FASER LOCATION NOW

* A hoist and stairs have been installed to move equipment over
the LHC.

« The FASER work zone has been surrounded by a plastic
barrier to contain dust, prepare for trench digging.
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FASER LOCATION NOW

* In TI12, unused ventilation ducts, cables, etc. have been
removed to prepare for FASER trench excavation and
installation.
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THE FASER DETECTOR

» The detector consists of
— Scintillator veto
— 1.5 m-long decay volume
— 2 m-long spectrometer
— 3 tracking stations
— EM calorimeter

100.00 mm Tracking stations
3 planes of silicon strip

detector per station

L

Trigger/preshower
scintillator station

Scintillator/Pb Veto
to veto incoming charged
particles and protons

Electromagnetic
/7 g:6 ]{esla pemtlanent Trigger/timing calorimeter
: 1poic magnets scintillator station (Lead/scintillator)
particles from ATLAS with 20 cm aperture
Feng 43
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THE SIGNAL

e+

e

« The signal is spectacular: 2 ~TeV-energy, oppositely-charged
tracks originating from a common vertex in the decay volume
and with a combined momentum pointing back to the IP

* No signal in the veto scintillator
* For e*e signature, also a large EM deposit in the calorimeter

« Magnets separate the 2 charged tracks sufficiently to resolve
them in the tracker

ecl? 1 TeV ¢ 1°T B
’?B”EB?’“““{ E ”10 m] {m]
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BACKGROUNDS

« FASER’s location is very quiet — 100 m of rock and concrete between IP
and FASER. The only SM particles that get through from the IP are muons

and neutrinos.
~90 m from the entrance of the DS to the TI18 ESSS

Line of sight FASER (~480 m)

* A high-energy muon that radiates a photon or an EM or hadronic jet is a
leading background if the incoming muon is not vetoed, but this is under
control with 4 layers of scintillator veto.

« Backgrounds have also been studied with FLUKA simulation, which finds
that beam-gas background (from “beam 2” traveling in the other direction) is
also negligible.

* The FLUKA results have been validated with in situ measurements taken

with emulsion detectors installed and removed in Technical Stops in 2018.
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TRACKER

 The FASER tracker is composed of spare SCT modules from ATLAS.
About 350 spares were prepared. They were not needed, and the ATLAS
SCT collaboration has allowed us to use 80 of them. QA now completed.

« 8 SCT modules make up a 24cm x 24cm tracking layer, 3 layers make up
a tracking station, and FASER has 3 tracking stations. Tests of prototype
tracking layer have started.

Tracking layer Tracking station Prototype tracking layer
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CALORIMETERS

« The FASER ECAL consists of spare LHCb outer ECAL
modules, which the LHCb Collaboration has allowed us to
use. Provide ~1% energy resolution for 1 TeV electrons.

« All modules passed QA, ready for assembly.

Module under test

LHCb PMT
(with their PS
and readout)

137(Cs-source |
662 keV 7y
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OTHER COMPONENTS

* On-schedule progress on magnets, base plates, chillers,
cabling, electronics crates, power supplies, TDAQ, computing

Main Crate

Chillers

Tracker Crate

i =

Cable Tray ~ 7t "

/¢

\ Upper Frame

Aluminum + Steel plates
(interface to the floor)
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FASER INSTALLATION

Dougherty, CERN Integration (2019) ‘:‘
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FASERvV
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COLLIDER NEUTRINOS

« FASER will search for light, weakly-interacting new particles.

« But we already know of some light, weakly-interacting particles:
neutrinos!

« Neutrinos have been detected from a variety of sources: nuclear
reactors, beam dump experiments, cosmic ray interactions in the
atmosphere, the Sun, the Earth, supernovae, and other astrophysical
bodies outside our galaxy, with interesting implications for particle
physics, nuclear physics, and cosmology.

« But so far, no collider neutrino has ever been directly detected
— Probability to interact in a meter of water: P ~ 4 x 107 (E,/GeV)

— The largest flux of high-energy neutrinos travels down the beamline and
have escaped all collider detectors so far.
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FASERv EMULSION DETECTOR

« FASER is ideally located to detect collider neutrinos.

« FASERv is a proposed 25cm x 25cm x 1.35m emulsion detector
consisting of 1000 emulsion layers interleaved with 1Tmm-thick tungsten
plates. FASERYVv is at the front of FASER, required trench is in the plans.

* In Run 3, ~10"3 neutrinos and anti-neutrinos will pass through FASERYv,
and we expect 1300 v,, 20,000 v,, and 20 v, to interact.

FASER Collaboration (2019)
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FASERv PHYSICS GOALS

« 1stdirect detection of a collider neutrino
» Reconstruct ~20 v, (doubling current world’s sample)

« Measure neutrino cross sections at E, ~ TeV, the highest energies ever for
electron and tau neutrinos, and a new energy range for muon neutrinos

» Constrain forward particle production

Ve+ Ve T Vu+ Y, VetV

081 - 0.8} = 08 FASERwv
> FASERv = I FASERv B s )
506 T n QOBM.%}&:; _ 505
t N E 0o C T t
3 Ik . 3 Coon i 3
= 04} | d B 2 04} L +'*' f L = 04}
"';'3', E53 DONUT | % mm LY. R % l

0.2 02} ] 0.2}

accelerators i DONUT
IceCube
10? 10° 10* 102 10° 10* 10° 10° 104
E[GeV] E[GeV] E [GeV]

FASER Collaboration 1908.02310 (2019)

FASERVv is guaranteed to provide interesting neutrino measurements
and will complement FASER’s searches for new particles.
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SUMMARY AND OUTLOOK

* A new target for particle physics experiments: light and weakly-interacting
particles at the lifetime frontier.

» Fast, small, cheap experiments can provide world-leading sensitivities.

« FASER: 18 months from theory paper to beginning of construction, fits on a
tabletop, ~$2M. Data-taking begins 2021 with new neutrino measurements
and discovery prospects for a host of proposed new particles.

Branigan, Symmetry Magazine (2019)

« More info: https://twiki.cern.ch/twiki/bin/viewauth/FASER/WebHome.
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