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13.7 billion years ago in a far gone place >~

Is this some kind of joke?
It's completely empty!

We have also Dark Matter to thank for our existence!

LHC Operations Workshop, Evian, 31 January 2019 R. Jacobsson (CERN) 2



Our dawn on Dark Matter = : - ... (™

yro e 0
PR b ~'--' .
- 5 = o . e
% Observation of cl| .Zwidke(t933)f nNnebul a e* o
Helvetica Physica Acta, 6, 110, 1933 3 ‘3'--:‘?"; .

The Redshift of extragalactic Ne

Die Rotverschiebung von extragalaktischen Nebeln
von F. Zwicky.
(16. 11. 33.)

bulae

§ 5. Bemerkungen zur Streuung der Geschwindigkelten 5. Comments on the velocity dispersion in the Coma cluster of Nebulae

im Coma=-Nehelhaufen,

In order to obtain, as observed, a medsired Doppler effect of
1000 km/s or more, the average density inGbena systemvould
have to be at least 400 times greater than that derived on the ba
observations of luminousmatter [A. Einstein and W. De Sitter, Proc
of the Nat. Acad. Sci. Vol. 18, S.213, 193®]this shouldbe verified,
it would lead to the surprising result that dark matter exists in mug
greater density thalmminous matter

Rotverschiebung extragalaktischer Nebel. 125

Um, wie beobachtet, einen mittleren Dopplereffekt von 1000
| km/sek oder mehr zu erhalten, miisste also die mittlere Dichte
| im Comasystem mindestens 400 mal grisser sein als die auf Grund

von Beobachtungen an leuchtender Materie abgeleitete!). Falls

sich dies bewahrheiten sollte, wiirde sich also das iiberraschende

Resultat ergeben, dass dunkle Materie in sehr viel grisserer Dichte

vorhanden ist als leuchtende Materie.

ApJ 159, 379, 1970
Observed
_E-—-f--‘f"_'_

ROTATION OF THE ANDROMEDA NEBULA FROM A SPECTROSCOPIC
SURVEY OF EMISSION REGIONS®

Vira C. Rumnt ann W. Kext Forn, Jx.f
Department of Terrestrial Magnetism, Camegic Institution of Washington and
Lowell Observatory, and Kitt Peak Natioual Observatory)

v Dark Matter is non-interacting!
LHC Operations Workshop, Evian, 31 January 2019 R. Jacobsson (CERN) 3
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/ Establishing Dark Matter — direct observation %E/Rm,

—

N

v Tracing DM: Gravitational lensing confirms previous observations (2003)

. NP é - . .
& 2 A BT, , 2T o ; : v~

https://arxiv.org/abs/astro-ph/0608407
.
L
F
I, : ' .r; .., \. Vi
3
-
£
Credits: NASA, ESA, M.J. Jee and H. Ford

(Johns Hopkins University)

Collision between two galaxy clusters

A In red, X-ray emitting plasma = dominant baryonic mass (5-15%)
A In blue, reconstruction of total mass distribution from lensing

Dark Matter remains around galaxy clusters (1-2% of mass) undisturbed

C Almost collisionless

C Very different density profile and dynamics from ordinary matter!
Why does it form a halo?

C Independent limits on Dark Matter self-interaction, and interaction with ordinary matter

LHC Operations Workshop, Evian, 31 January 2019 R. Jacobsson (CER 4




DM evidence from Cosmic Microwave Background (CMB) (2003)

v Thermal photons decouple from matter at ~T=3000 K at an age of 380 000 years
C Universe gets transparent to light

C The CMB carries a snapshot of the seeds to structure formation
(Aacoustic peakso)

Soviet Astron
Vol. 22, p.52

C Gravity turns primordial density fluctuations into structures

SM:DM:DE=30%:70%:0

Powel| Fluctuations (uk2)

SM:DM:DE=100%:0:0

NASA education CMB analyzer

Scale (angle)

»w Di stance scale over which mass coll apse and fc

0Qi o dda G OO aXTiE | "Qordrdinary matter)

A Gravity and electromagnetism collaborate to form gas clouds, stars and galaxies
A Withnoselfcoupl ing there is no energy transfer or #dAsti)c
CDM distributiohi bedomes fdhal o

LHC Operations Workshop, Evian, 31 January 2019 R. Jacobsson (CERN) 5



Structure formation and Dark Matter (&)

N

v DM can contribute in two ways:
A Increasingmassdensity (increasing Jeansod6 scale for grn.

A Damping clustering of (too) small structures due to free-streaming’Q © 0 Q& £ &/@OwI A QE i QO .

CDepends on fvelocityo-rdatvisticiat i vi sti c=radiation/ non

Gravitational
potential

pressure

Gravitational wells Cold Dark Matter

v DM could produce a drop-off in the power spectrum of structures as a function of the scale
A Wash out of structures with sizes in the range 10%7 108 solar masses
A How to measure?
A Structures of <108 solar masses are very unlikely to have formed stars!

LHC Operations Workshop, Evian, 31 January 2019 R. Jacobsson (CERN) 6



Current matter power spectrum cErn)

1. Gravitational lensing sensitive sub-structures “ p 1 solar masses

2 fnLymafnor est 0 measur ed by siprecgalactc $iydrogen ctumging |
High red-shift quasar
Hydrogen rich emitting Lyman-a hydrogen
ST TS line at 122nm Wavelength A [h-! Mpc]

\ 1000 100 10
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bl Glusters

[
‘ Gravitational
A Tensing
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= Cosmic Microwave Background
® SDSS galaxies

‘ Hydroger_l absorption due to_-galaxy «—— Emission lines from the Quasar #Cluster abundance
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A Lyman Alpha Forest
Tegmark & Zaldarriaga, astro-ph/0207047 + updates
0.01 0.1

Wavenumber k [h/Mpc]
Large scales a A Small scales

A. Magalich

4000 4500 S000 5500 6000
¢ Lyman alpha forest =*  [o5ncerved wavelength (A) —>

LHC Operations Workshop, Evian, 31 January 2019 R. Jacobsson (CERN) 7



Open issues o)

. : SALS
Not everything is singing and dancing:
AMi ssing sa+tigtof at Eopoobhemo iCocwesp probl emo
g . >0 CDM model
__ S i expectation T g
© Q L e _gevy
‘ . rme 8 ','E e L]
.9 ' | ek g =1.0 l_ q
‘ ' MilkiWay | é \>_; f ; V &
- . = 5 3
. _ ('m:'xn. LMC ;_ R f E Observed * 8
(b . SMC [©] = NFWE — ©
0 < 20 30 40 50 70 90 =
2 Viw (km s7) 5
v Simulated halos retain many DM substructures v, Central density profile:” 1 © 1|
from initialthadomlsloddpse (fAsub A Simulation with CDM:| p p® ( Guspyo )

v Only ~10 satellites strongly visible around Milky Way A Observed profile closerto:|x T( A Cor e o)

Y e v, Supernovae outflows drive flattening of DM profile?
Klypin et al. 1999 o CDM
) L o toow M, =4.2 X108 M,
% Collisionless CDM
X o e
-8 (o))
& Self—interacting DM (=]
z ©
© 8
Increasing Mass -
=
50 102 <
Veire(km/s) rlkpe/h] <
v Jury is still out on this
A An option is self-interacting Dark Matter (SIDM), non-gr avi t at i onal ADar k | nt

A How was Dark Matter created, how was the abundance regulated?
A 1s there some dynamics, DM stable/decay? C particle physics questions!
LHC Operations Workshop, Evian, 31 January 2019 R. Jacobsson (CERN) 8



The Big Picture - ACDM )

13.7 Billion Years Ago Present Day
Planck scale g 72%
63% Y
GUT scale 10 : ~ =
0% 23% 4:6%

1 X
\
k!

Neutrinos Photons Dark Dark Baryonic -V‘\

Dark Atoms  EMergy  Matter  Matter
Matter

Dark Matter
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Fundamental questions = Evidence for “New Physics” ﬁ@

large angle MSW)

Two types of evidence for New Physics:

Experimental evidence for New Physics
1. Neutrino masses and oscillations

2. Matter/antimatter asymmetry of the Universe, BBN and CMB — <—> X @ pTU

3. Dark Matter
4. Dark Energy
C No prejudice on mass/ energy scale of the fAnew |

Theoretical Nnevi deinicperoe jfuodri cNeeOW Phy si c s
1. Hierarchy problem and stability of Higgs mass 1 Naturalness/Fine-tuning
2. Flavour structure of Standard Model
3. Strong CP problem (why CP violation is suppressed in strong interactions?)
4.  Unification of interactions
5. Gravity
6. Inflation
7. é.

C Preference for high mass/energy scal esé.

LHC Operations Workshop, Evian, 31 January 2019 R. Jacobsson 10



Planck scale g

GUT scale

LHC Operations Workshop, Evian, 31 January 2019

Energy frontier

The Big Picture

13.7 Billion Years Ago

63%

Neutrinos Photons Dark

Dark Atoms ~ EMergy
Matter

Dark Matter

Present Day

\{? .“.‘_\
23% 46%
4 \
Dark  Baryonic -v"\v
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?? o)

Nima Arkani-Hamed

Why still SUSY searches OSUSY anywher €
in 2040++ ? ] t han SUSY nowj

Indeed, even if fine -tuned,

it makes our universe more likely

LHC Operations Workshop, Evian, 31 January 2019 R. Jacobsson 12



Mass scale vs coupling scale ?E/RW

| NS
'« What are the alternatives? fiNew part

%
Energy Frontier "€€€. * .
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Known physics R

Pl 2 ite

" Neutrino phy,s‘;c_s'_"i;} 3
| Flavour phySics: et

Hidden Sector

Y’ Intensity Frontier’ 4€(

» DM tells us there could be a fivery wea

LHC Operations Workshop, Evian, 31 January 2019 R. Jacobsson (CEBN>/13




Dark Matter options

W. Pauli (1930) about the neutrino: @ have done something very bad today by proposing
a particle that cannot be detected; it is something no

t heori st shoul d

Light
Force Carriers

] Theories of
\‘&3 Dark Matter
W N

QCD Axions
Axion-like Particl
ion-like Particles Lielest Higes

LHC Operations Workshop, Evian, 31 January 2019

ever

Little Higgs

do. 6

Tim M.P. Tait, University of California

R. Jacobsson (CERN)
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Mass scales for New Physics... G

Too hot DM _) DM over-produced

Suppressed by coupling < » Suppressed by mass scale

-21 -18 -15 Sili2 -9 -6 -3 0 3 6 9
STANDARD MODEL

18
| | @ [OQJw

1073
107#
g 10 §
v Room for searches below 10 GeV/c? 8 07 3
- 4o :
% ManyreasonsMeVi GeV region i s § s o v My
g =
1.  We know this mass scale exists !... I 100 L
2. Absence of hints for new particles at higher energies § 107! §
3. Cosmologically interesting 1075 e e ot sy 107
. 10_49 1111.0293 . . ", _(if\prep.) . L 1206.4321 0_13
4. Largely unexplored territory 1 100 1000 10¥
5.

2
And because we can! WIMP Mass [GeV/c?]

(étest many very -realing theoreticdl rmodash d f_

LHC Operations Workshop, Evian, 31 January 2019 R. Jacobsson 15




Building a dynamic model of Hidden Sector ‘{E?W

N7 %
% Anot her Aprejudiceo: SM not only successful
%w Extending SM with a AHi dden Sectoro using |t

A Lagrangian equation of motion + wave function + relativity + quantization + symmetries P conservation
+ renormalizability, €

A Lagrangian fl k [0 "Q¢ 'DOCRH i 0 € 0 QEQE"@D TQ['OI QQ & £ 1 aflE AL ONG Q1 G DO Q

v, Toy example

LHC Operations Workshop, Evian, 31 January 2019 R. Jacobsson (CERN)~ 16



Building a dynamic model of Hidden Sector ‘{E?W

NS
% Anot her Aprejudiceo: SM not only successful

%w Extending SM with a AHi dden Sectoro using |t

A Lagrangian equation of motion + wave function + relativity + quantization + symmetries P conservation
+ renormalizability, €

A Lagrangian fl k [0 "Q¢ 'DOCRH i 0 € 0 QEQE"@D TQ['OI QQ & £ 1 aflE AL ONG Q1 G DO Q

v, Toy example

r-==-- L R s ;
e r 1 1 ”n ”n (0 0
f QT T T, =00 Qo
L/___'y_.. Lol L—- e
Fermion mass Interaction %
Rl e Free photon  fermion-photon [ 0

LHC Operations Workshop, Evian, 31 January 2019 R. Jacobsson (CERN)~ 17



Building a dynamic model of Hidden Sector ‘(QW

N

% Anot her Aprejudiceo: SM not only successful

%w Extending SM with a AHi dden Sectoro using |t
A Lagrangian equation of motion + wave function + relativity + quantization + symmetries P conservation

+ renormalizability, €
A Lagrangian fl k [0 Q¢ ‘DOCRH i 0 £ 6 QEME@D FQe'OI QQa & e SO DO Qi OO0 Q

oM Interaction
. . )M masg dark fermion i dark photon
» Toy example (Higgs in the_,hi & 0Gedakphoton DMSe”_imer;mM

SSooo D —X--. BN

== L [ . f I
% 1~ 1 I, ”n e e 1 e | I ’ ’ Iz o 1
fl Qr T arrp m00 0 QQ o7 | +HOF T % 6 -o o BRI 6 L8
I— ————— ! — -— | - | I — - I_____J |___| L————l e o o - - -
/ — B
Fermion mass / Interaction  ~amnns <
Free fermion Free photon fermion-phaton]] 4 Dark glectric charge
Q Coupling extremely weak

LHC Operations Workshop, Evian, 31 January 2019 R. Jacobsson (CERN)~ 18
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CERN)N

/ Building a dynamic model of Hidden Sector )

% Anot her Aprejudiceo: SM not only successfu

w Extending SM with a AHi dden Sectoro using
A Lagrangian equation of motion + wave function + relativity + quantization + symmetries P conservation

+ renormalizability, €
A Lagrangian fl k [0 Q¢ ‘DOCRH i 0 £ 6 QEME@D HQe 'Ol Q' Q4 &) e OO DNO Qi DKo

v Toy example

f O T 4] 00 QF O 1--0® +OLT? 4. -0 DL .8

Lecompaool

Kinetic mixing between
ordinary photon and dark photon (can be massive) !

One more fully valid term possible! 7'/ o'cv 6¢ portal o
A Coupling_extremely week

|6’|

\I\MM’%WWV

Adb g

R. Jacobsson (CER
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I " " 1 CERN /
/ Building a dynamic model of Hidden Sector \/\,
NS
% Anot her Aprejudiceo: SM not only successful
%w Extending SM with a AHi dden Sectoro using |t
A Lagrangian equation of motion + wave function + relativity + quantization + symmetries P conservation
+ renormalizability, €
A Lagrangian fl k [0 Q¢ ‘DOCRH i 0 £ 6 QEME@D FQe'OI QQa & e SO DO Qi OO0 Q
v Toy example
(A} I_ _n_ _1_ - w, /4 ] ] N ©n
f O T 4rr -0’0 QA 6 1--0®m AT 4. 0w WL .8
Loomool
Kingtic mixing between _
One more fully valid term possible! grg”;a;ytp';":"“ 3”3 ?atrkaprogon (can be massive)
A Coupling extremely week
e
\IW\NV%\/WW\/
A6 9
Dark versions can be considered for al (neutra) SM features! | M-
hh
LHC Operations Workshop, Evian, 31 January 2019 R. Jacobsson (CER 20




Hidden Sector D)

fl fl fl fl

dar d

C Dynamics of Hidden Sector may drive dynamics of Visible Sector!
A Dark Matter (trivial!) i fermionic or scalar : :
Indirect detection
A Neutrino oscillations >
A Baryon asymmetry

=

A Inflaton

: Dl\/ \M
Aéé

<=
-~

s] DM SM
A Higgs mass B EFT

= )/
A Dark Energy é ///

(]

=)

Accelerator production

LHC Operations Workshop, Evian, 31 January 2019 R. Jacobsson (CER 21




Hidden Sector options (1) o).

fl fl fl fl

»w Composite operators as fportal so:

% Vectorportal (F7/L) (aka fiDark photonsao)

C Motivatedi n part by i dea of L/Rsyinmetrydark matterlg®éan o ma't 9Ar°| é@g
% Scalarportal (3 ) ( ak a HidoBesd K /
A Mass mixing with dark singlet scalar ? D('Q.. _...) oo ctmmeeeey Hemmeo- H

C Mass to Higgs boson and mass generation in dark sector, inflaton, dark phase transitions BAU,d ar k mat ter , é

LHC Operations Workshop, Evian, 31 January 2019 R. Jacobsson (CERN)~ 22



Hidden Sector options (2) o)
NS
v ANeutri no (poka aisterile neutrinoso)
o (]
A Mixing with right-handed neutrino . (Heavy Neutral Lepton): 9 p{ . , g, | 1.
(O 1 (O
C Neutrino oscillation and mass, baryon asymmetry, dark matter x|
) 6 l’_’) ’
E.g. NMSM (Shaposhnikov et al.)
0 : O(keV/c?) mass HNL as decaying dark matter & :
0 f: Mass in range 100 MeVc2i 100 GeV/c?, 0 > >
origin of neutrino oscillations/mass and o 1
baryon asymmetry o Y @
G
v NAxion portaldo  ( not s axion)iaga akidh-like particles ALPS) Qwizig )
A Mixing with Axion Like Particles, pseudo-scalars pNGB: -="O 'O ,—([ 7 [ [ ,etc ________° DY A . %%
W W
C Arise in spontaneous breaking of approximate symmetries at a high mass scale F gwizig Q
C Extended Higgs, SUSY breaking, dark matter, possibility of inflaton, é
C Or combinations thereof!!
LHC Operations Workshop, Evian, 31 January 2019 R. Jacobsson (CERN)~ 23



Hidden Sector options (2) CERN)N
\ /
N/ S
v%w ANeutrino portalo
o °
A Mixing with right-handed neutrino . (Heavy Neutral Lepton): 9 p{ . , g, (QI | (O
1 1
C Neutrino oscillation and mass, baryon asymmetry, dark matter lﬁ%’
) U l!_l) f
E.g. NMSM (Shaposhnikov et al.)
0 : O(keV/c?) mass HNL as decaying dark matter & :
0 f: Mass in range 100 MeVc2i 100 GeV/c?, v > >
origin of neutrino oscillations/mass and o 1
baryon asymmetry o 0 @
C
v AAXionportald (( not s axion)ng CP gwizig 2¢)
A Mixing with Axion Like Particles, pseudo-scalars pNGB: -="O 'O ,—([ 7 [ [ ,etc ________° DY A . %%
C Arise in spontaneous breaking of approximate symmetries at a high mass scale F gwizig Q
C Extended Higgs, SUSY breaking, dark matter, possibility of inflaton, é
@

LHC Operations Workshop, Evian, 31 January 2019 R. Jacobsson (CERN) 24



Production and principal sources cErn)

NL S
v Darkvectors( i Dar k Phot onso)
A Loads of photons! i Bremsstrahlung, light neutral meson decays, quark annihilation
A Sources: electron fixed target beams, electron colliders, proton fixed heavy target E.q. Dark scalar
b.cs W sud
v Dark scalars (_ 1 D &ligglseso ) y [
A Loads of Higgses (real) or in Penguin decays of K, D, B mesons el

A Proton colliders, proton fixed heavy target, electron colliders(H factory) 30N & |G |

3(00 W 4 |& & |
360 W 4 |& o |

v Heavy neutralleptons(fist er i |l ®) neutrinos
A Loads of weak decays of hadrons, W, Z
; . ) E.g. Heavy Neutral Lepton
A Sources: proton fixed heavy target, proton colliders, electron colliders (W, Z) "

% Axion-l i ke partexles (AALPs =)
A Possible couplings to photons, gluons and fermions, loads of interactions!
A Proton colliders, proton heavy fixed target, space

X
v, (Light) Dark Matter direct detection ( VWIMPSO ) ;z\
A Through one of the portals or Space!

v Fixed target luminosities not to be ignored
A APrima$R®S FT |l uminosity f or "anutlemmdgnsityar get (e. g. 1m++ Mo
C SPSfl [wQ®I p ¢ ‘g " QlQa g " _=3.6x10%cm? (cascades notincl.)
C HL-LHC luminosity: fl [0 Q®il=p m 103 slcm? = 1042 cm2

LHC Operations Workshop, Evian, 31 January 2019 R. Jacobsson (CERN)~ 25



v We a k

couplings

Detection

and

A Four generic cases for detection ( L p :

Direct —

Indirect —

Production

an g
:SM
an
:SM
(93 (R
:SM
an

Hidden portal (long-lived)

-
— = &
e

LHC Operations Workshop, Evian, 31 January 2019

| i ght

—
—
e e -
—
—

ma $ ¢

SM

e .
—
—
—
—
—
—
—
—

10pum

1
100pm
!

Imm

Detection 1 1
001 0.1 T —

my (GeV)

Decay signature (Adi
Allow identification of model

Probability © T

"~ '_ - Dark matter scattering
Recoil against electron or nuclei

Probability © T

Escape detector
Missing energy/momentum/mass

Probability |
> Cannot be distinguished
If & ca

Escape detector
Missing energy/momentum/mass

Probability © |
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Detection

A' - Standard Model

»%w Weak couplings and | ight masgy
A Four generic cases for detectionf L p : L
100pm
|
Imm
Production Detection e
0.001 001 0.1
— my (GeV)
(fr] i Hidden portal (long-lived) Decay signature (Adi
_)ﬁ( _________________ SM Allow identification of model
SM i Probability © T
Direct — g
erl i Hidden portal (not long-lived) _ _ - =-"~ -
w __________ - __ - —__ _ ___ - Dark matter scattering
SM Hidden portal 1 Recoil against electron or nuclei
2 Probability © T
[ (fn T Hidden portal (very long-lived, or very light) Escape detector
w """""""""""""" Missing energy/momentum/mass
SM Probability |
Indirect — > Cannot be distinguished
™ Hidden portal (not long-lived) _-----"7" Ifa ca
(m f =" Escape detector
""""" e ——— e __ _ Missing energy/momentum/mass

LHC Operations Workshop, Evian, 31 January 2019
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Experimental techniques )

v, Direct search: visible decay to SM particles (i "Q"Q¢ 6 &)

(Absorber/sweeper) Decay volume

1, } HP
AL “’ai ENEEEE s EEEEEEREEEEEEEE

Assumes & ca ha ¢ where ..is DM particle

Protons or
electrons

Long high-Z/A targ—?ﬁ
OR
Collider

LHC Operations Workshop, Evian, 31 January 2019

Spectrometef

SM

_—

NS

AFi xed t asetgpedt: mo d e
NA62++@CERN (p@400, 10'8)

HPS, APEX, DarkLight@JLAB (e@1-10)
SHIP@CERN (p@400, 2x10%),
SeaQuest@FNAL (p@120, 10'8i 1029)
(LBNF@FNAL)

NRCollider mode setups
ATLAS, CMS, LHCb @LHC (no absorbers)
BELLE2@sKEKB (no absorber)
FASER@LHC

MATHUSLA@LHC (no spectrometer)

R. Jacobsson 28



Experimental techniques )

v, Direct search: visible decay to SM particles (i "Q"Q¢ 6 &)

7(Absorbe/_swe__eper) Decay volume 1 pectrometel

NS

AFi xed t asetgpedt: mo d e

Protons or I A e
- e = —/
TN _ HP
LG ""“'ﬂ- ENEEEE s EEEEEEREEEEEEEE
Long high-Z/A targ—?ﬁ - §
OR

electrons
Collider
Assumes @ ca ha CA&  where ..iis DM particle n

% Direct search: Scattering off atomic electrons and nuclei (i 'Q Q¢ 6 )

- sz

==

Abs
Electrons or =
protons ._ _ o] HP or vWIMP

llllIIlllllllQ‘

LHC Operations Workshop, Evian, 31 January 2019

NA62++@CERN (p@400, 10'8)

HPS, APEX, DarkLight@JLAB (e@1-10)
SHIP@CERN (p@400, 2x10%),
SeaQuest@FNAL (p@120, 108; 1020)
(LBNF@FNAL)

NRCollider mode setups
ATLAS, CMS, LHCb @LHC (no absorbers)
BELLE2@sKEKB (no absorber)
FASER@LHC

MATHUSLA@LHC (no spectrometer)

NfFi xed targedt: mode s|e

BDX@JLAB (e@11, 10%?),
MiniBooNE@FNAL (p@8.9, 10%9),
SHIP@CERN (p@400, 2x10%°)
(interest for BDX-like

experiments at

LNF, Mainz (MESA),

SLAC, Cornell é)

R. Jacobsson



Ya

Direct search: visible decay to SM particles (i "Q Q¢ 6 &)

Experimental techniques

Protons or
electrons

Long high-Z/A targ—i?c
OR
Collider

Assumes &

Y

7(Absorbe/_swe_eper)

2

Spectrometef
SM

Decay volume

CE/RW
\

NS
AFi xed t asetgpedt: mo d e

NA62++@CERN (p@400, 10'8)
HPS, APEX, DarkLight@JLAB (e@1-10)

_—

HP

Direct search: Scattering off atomic electrons and nuclei (i "Q"Q¢ 8§ &)

Electrons or
protons

Y

sz

==

Abs

HP or vWIMP

llllIIlllllllQ‘

Indirect search: Missing energy/momentum/mass (i "Q"Q& W &

Electrons

Spectromete

=

Tracking/Calorimetry
“ |

Nucleus

LHC Operations Workshop, Evian, 31 January 2019

SHIP@CERN (p@400, 2x1029),
SeaQuest@FNAL (p@120, 1018 1020)
(LBNF@FNAL)

NRCollider mode setups
ATLAS, CMS, LHCb @LHC (no absorbers)
BELLE2@sKEKB (no absorber)
FASER@LHC

MATHUSLA@LHC (no spectrometer)

AFi xed targed: mode s/e
BDX@JLAB (e@11, 1022),
MiniBooNE@FNAL (p@8.9, 10%9),
SHIP@CERN (p@400, 2x10%°)

(interest for BDX-like

experiments at

LNF, Mainz (MESA),

SLAC, Cornell é)

NA64/NA64++@CERN (e@100, 10%?)
LDMX@SLAC/CERN (e@8-16, 109)

C Operating with electrons

(production/detection)

assumes vector portal

R. Jacobsson 30



Scintillator/Pb Veto
to veto incoming charged
particles and protons

iy

0.6 Tesla pcrmz;ﬁcm

dipole magnets

with 20 cm aperture

Some new options for CERN

100.00 mm  Tracking stations
3 planes of silicon strip
detector per station

Trigger/preshower
scintillator station |
Electromagnetic
Trigger/timing calo
scintillator station
~120M

Scatteringand
neutrino detector

Muon shield

Target and
hadron absorber

Multi-laysr
tracker in the
roof

Scintillator
surrounds

detactor
*

Surface "
-
+
SIGNAL: *
neutral »

*
ATLAS LLFIJ

MATHUSLA

¢ DV
-

or CMS » QCD hadrons
I 3 -:-F"'

stoppad in rock

| I

RN |
= 8 Particle ID
Decay spectrometer

target
Vacuum s2

-
S

1L, 150 Gev \

Micromegas

Telescopes

P’

¢

100m

LHC Operations Workshop, Evian, 31 January 2019

Services

CERN

NS

NAG4++
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Opportunities for CERN

. Summary of the Physics Beyond Collider working group:

Proposal

Main Physics Cases

Beam Type

Beam Yield

sub-e¥ mass range:
TA X

JURA
CPEDM

LHC-FT
Me¥W-GeV mass range:
SHiF

axions{ALPs (photon coupling)
axions{ALPs (photon coupling)
p, d oEDMs
axions/ALFs (gluon coupling)
charmed hadrons oEDMs

laboracory
EDM ring

LHCbh I

axions from sun
LEW
p.d
p.d
TTeV p

MAGET

MABLHF

LDMX
AWAKE/NAG4

RedTop
MATHUSLA 200

FASER

MilliC}an
CODEX-b

ALPs, Dark Photons, Dark Scalars
LDM, HMNLs, lepto-phobic DM, ..
ALPs, Dark Photons,

Dark Scalars, HNLs
ALPs, Dark Photons,

Dark Scalars, LDM
+ Ly — Ly
+ CP, CPT, leptophobic DM
Dark Photon, LM, ALPs, .
Dark Photon
Diark Photon, Dark scalar, ALPs
Weak-scale LLPs, Dark Scalar,
Diark Photon, ALPs, HMNLs
Dark Photon, Dark Secalar, ALPs,
HNLs, 1 — I. paupe bhosons
milli charpe
Dark Sealar, HNLs, ALPs,

BDF, SPS
K12, SPS
H4. SP5
M2, SPS
H2-HZ, T
eSPs
AWAHKE beam
CERN PS

ATLAE TP

CME IP
LHCh IP

LHC Operations Workshop, Evian, 31 January 2019

ATLAS or CME 1P

400 GeV
A0 GeV p
100 GeV &~

160 GeV
~ 40 GeV w, K, p
& [(BLAC) -16 (aBP8) GaV &~
050 GaW e~
1.Bor 3.5 GaV
14 TeV p

14 TV p

14 TV p
14 TV p

2. 107" /5 yoars
up to 3 - 10" fyear
5- 10" sotfyear

1042 — 10'3 motyear
5- 10" fyear
10" — 10'* eot fyear
10" eot /year
10°7 paot
3000 fh-t

3000 it

J0-3000 fb—!
300 i1
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Searches for Long-Lived Particles at LHC ()

NS
v Access to higher masses

C Includes also Dark Matter candidates from SUSY and Extra Dimensions models: Neutralino,
sgoldstino, axino, saxion, é ) ..

v Signatures:
A Mono-jet + missing transverse energy

A Disappearing tracks

A Long-lived particle search with displaced vertices (leptons/jets) -

Secondary

A Invisible Higgs decays i rP ©©° & 8° Q¢ U Qi wa Q _ y pst

C Very challenging with the increased pileup in the future
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ATLAS Long-lived Particle Searches” - 95% CL Exclusion

Model

Signature

JLdu[m™)

Lifetime limit

CERN

Searches for Long-Lived Particles at LHC (§

NS

ATLAS Preliminary

[L£dt=(32-36.1)b"

\s=8,13TeV
Reference

RPV \? — eev/euv/upy
GGM y] -+ Z&

GGM ) — Z&

GMSB

AMSB pp - xix.xxy
AMSEB pp — xtx} ) a7
AMSB pp - xixl. i ay
Stealth SUSY

split SUSY

Split SUSY

Split SUSY

displaced lepton pair
displaced vix + jets

displaced dimuon

disappearing track
disappearing track
large pixel dE/dx
2 ID/MS vertices
large plxel dE/dx
displaced vtx + L';"'”

00,2 -6 jets +EM=

20.3

20.3

328

non-pointing or delayed y  20.3

20.3

36.1

18.4

19.5

36.1

328

36.1

‘tll lietime
l? Iitetime
;o lifetime
1
l? Ietime
v lifetime
1
lf lifetime
‘1‘ litetime
§ lifetime
g lifetime
@ lifetime

£ lifetime

0.057-1.53 m

0.03-13.2m

LR | T T TT

m(g)= 1.3 TeV, my])=1.0TeV
m(g)=1.1TeV, m{yJ)= 1.0 TeV
m(g)= 1.1 TeV, my]}= 1.0 TeV
SPS8 with A= 200 TeV
m(y} )= 450 GeV
m{i})= 450 GeV

m(i;)= 450 GeV

0.12-90.6 m m(§)= 500 GeV

m(Z)= 1.8 TeV, m(}J)= 100 GeV
m(g)= 1.8 TeV, m(;J)= 100 GeV

m(g)= 1.8 TeV, m(y]}= 100 GeV

1504.05162

1504.05162

CERN-EP-2018-173

1409.5542

1310.3675

1712.02118

1506.05332

1504.03634

CERN-EP-2018-198

1710.04801

ATLAS-CONF-2018-003]

H-ss
H-ss
FRVZH — 2y4 + X
FRVZH — 2ya+ X
FRVZ H — dyy + X

H— Z;2;

2 low-EMF trackless jets
2 ID/MS vertices
2 e—, p-jets
2 e— py—, nm—jets
2 e~ p—, n-jets

displaced dimuon

20.3

18.5

20.3

3.4

34

329

s lifetime
s lifetime
d lifetime
¥d lifetime
¥4 lifetime

24 litetime

0.022-1.113 m

0.038-1.63m

m(s)= 25 GeV
m(s)= 25 GeV
m{ya)= 400 MeV
m(y,)= 400 MeV/
m(ya)= 400 MeV

m(Z,)= 40 GeV

1501.04020

1504.03634

1511.05542

ATLAS-CONF-2016-042

ATLAS-CONF-2016-042)

CERN-EP-2018-173

VH with H — ss — bbbb
(300 GeV) — s s
$(300 GeV) — s 5
(600 GeV) — s s
$(800 GeV) — s 5
©(900 GeV) — s

(1 TeV) +ss

1 - 2{ + multi-b-jets
2 low-EMF trackless jets
2 IDIMS vertices
2 low-EMF trackless jets
2 low-EMF trackless jets
2 ID/MS vertices

2 low-EMF trackless jets

36.1

203

198.5

3.2

20.3

19.5

32

s lifetime

s lifetime

s lifetime

s lifetime

s lifetime

s lifetime

s lifetime

0.11-18.3 m

0.78-16.0 m

B(H — ss)= 1, m(s)= 60 GeV
o % B=1 pb, m(s)= 50 GeV
% B=1 pb, m{s)= 50 GeV
% B=1 pb, m{s)= 50 GeV
% B=1 pb, m{s)= 50 GeV
o % B=1 pb, m{s)= 50 GeV

o % B=1 pb, m(s)= 400 GeV

1806.07355

1501.04020

1504.03634

ATLAS-CONF-2016-103

1501.04020

1504.03634

ATLAS-CONF-2016-103]

HV Z’(1 TeV) = qua,

HV Z'(2 TeV) — quay

Vi=8Tev

2 ID/MS vertices

2 ID/MS vertices

Vs=13Tev

20.3

20.3

s lifetime

s lifetime

o x B=1 pb, m(s)= 50 GeV

: B=1 pb, m{s)= 50 GeV

Loeaaaal PR R
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100 e [m]

1504.03634

1504.03634
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Space prospects - Indirect detection D)

¥

N

Weak gravitational lensing to identify and characterize DM structures i Wide area sky surveys

A Ongoing: Dark Energy Survey (DES), Kilo-Degree Survey, Hyper Suprime-Cam, Pan STARRS,

A Future: Large Synoptic Survey Telescope (LSST), start 2022 “# G e Ry
Ko - . A
Survey of 30 billion objects expected in 10 years b R ;
- 8.4 m diameter primary mirror i ‘ T . -
- 3.2 gigapixel camera K - 9 - o, B
- Full-sky scan in 3 nights s e ¢
- 15 terabyte data/night -
"‘ s ¥ .. L ] | .
., G .’/ ’ " ‘:
% ‘-" V\ ..“ . * X
P il
o x‘. \ 2 K
- . ' -fv
i .

»w Smal | scale clusteringfateb]

A Dark Energy Spectroscopic Instrument (DESI), start 2019

LHC Operations Workshop, Evian, 31 January 2019

» 10 fiber cable bundles
» 3.2 deg.field of view optics

10 spectrographs z \ t

R. Jacobsson (CERN)

Mike Hudson
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Space prospects - indirect detection )

NS

v, Observation of decay/annihilation or decay products of cosmological WIMPs
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