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Preamble

With the discovery at the Large Hadron Collider (LHC) at CERN of the
Higgs boson, the main missing block for the experimental validation of the
Standard Model is now in place.

An additional LHC result of great importance (and totally unexpected) is
that a large new territory has been explored and no unambiguous signal
of New Physics has been found (so far).

These results, indicate that there might be no New Physics with a direct

and sizeable coupling to Standard (Model) particles up to energies ~10°
TeV unless specific flavour structures/symmetries are postulated.

A very unexpected situation.
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...really unexpected!

Google

Expectations for New Physics at the LHC

http:/ /1hc2008.web.cern.ch/1hc2008 /nobel /
Nobel expectations for new physics at the LHC, 2008

What did leading figures in particle physics expect from the LHC in 20087
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What leading physicists expected from the LHC in 2008

http://lhc2008.web.cern.ch/Ihc2008/nobel/

David Gross: "a super world”
(Nobel prize in Physics in 2014, with D. Politzer and F. Wilczek)

I expect new discoveries that will give us clues about the unification
of the forces, and maybe solve some of the many mysteries that the
Standard Model (SM) leaves open.

I personally expect supersymmetry to be discovered at the LHC; and that
enormous discovery, if it happens, will open up a new world - a super world.
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What leading physicists expected from the LHC in 2008

http://lhc2008.web.cern.ch/Ihc2008/nobel/

David Gross: "a super world”
(Nobel prize in Physics in 2014, with D. Politzer and F. Wilczek)

I expect new discoveries that will give us clues about the unification
of the forces, and maybe solve some of the many mysteries that the
Standard Model (SM) leaves open.

I personally expect supersymmetry to be discovered at the LHC; and that
enormous discovery, if it happens, will open up a new world - a super world.

Gerardus 't Hooft: "a Higgs, or more”
(Nobel prize in Physics in 1999, with M. Veltman)

The first thing we expect - we hope to see - is the Higgs. I am practically certain that the
Higgs exists. My friends here say it is almost certain that if it exists, the LHC will find it...
My real dream is that the Higgs comes up with a set of particles that nobody has yet predicted and
doesn’t look in any way like the particles that all of us expect today. That would be the nicest of all
| possibilities. We would then really have work to do to figure out how to interpret those

4 results.
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What leading physicists expected from the LHC in 2008

http://lhc2008.web.cern.ch/Ihc2008/nobel/

L1 Berk

George Smoot: "the nature of dark matter”
2006 Nobel Prize in Physics with |. Mather

I am looking forward to hearing about the Higgs, because I'd like to see the
Standard Model completed and understood....

.... But what I am really looking forward to is supersymmetry or

something that shows what dark matter is made of, so I have really high

hopes, perhaps too high hopes.
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What leading physicists expected from the LHC in 2008

http://Ihc2008.web.cern.ch/Ihc2008/nobel/

George Smoot: "the nature of dark matter”
2006 Nobel Prize in Physics with |. Mather

I am looking forward to hearing about the Higgs, because I'd like to see the
Standard Model completed and understood....

.... But what I am really looking forward to is supersymmetry or

something that shows what dark matter is made of, so I have really high

hopes, perhaps too high hopes.

Douglas Osheroff: "lots of new particles”
shared the 1996 Nobel Prize in Physics with David Lee and Robert Richardson for
their discovery of superfluidity in helium-3"

If we don’t get the Higgs, that would in fact be a bit more interesting,
but I am hoping that there will be lots of new particles and resonances that
no one ever expected. That will be really exciting.
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2017, 9 years later:



2017, 9 years later:

Higgs discovered with mass ~ 125.5 GeV.
No new particles found.
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AN

The Standard Model is in excellent shape!
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SM works in all laboratory/collider experiments

LHC 2012 - final piece of the model discovered: the Higgs boson
- Mass measured 125 GeV -
- Perturbative and predictive for high energies
Add gravity:
- get cosmology
- get Planck scale Mpy,,o =1.22 10" GeV as the highest energy to worry about.
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The masses of the top quark (~172.5 GeV) and of the Higgs boson
(125.5 GeV) the Nature has chosen, make the Standard Model a
self-consistent (effective field) theory all the way up to the quantum
gravity Planck scale, even in absence of New Physics at the TeV
scale.

The theory is mathematically consistent and does not loose
predictability up to very high energies, My, ~10¥ GeV.

.... Is this the end of the story ?......



NO!
Experimental evidence for New Physics beyond the Standard Model

1) Observations of neutrino oscillations:
— in the Standard Model neutrinos are massless and do not oscillate.

2) Evidence for Dark Matter
— Standard Model does not have particle candidate for DM.

3) No antimatter in the Universe in amounts comparable with matter:
— baryon asymmetry of the Universe is too small in the SM.

4) Cosmological inflation is absent in canonical variant of the SM.

5) Accelerated expansion of the Universe (?):
— though can be “explained” by a cosmological constant.

Hence: we do need New Physics !
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Courtesy of S. Gori

We are living in a Dark world
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What is the scale of New Physics?

=

Masses of right handed neutrinos
107 - 10 GeV

Mass of Dark Matter particle
1031 - 102 GeV

Mass of new particles required for baryogenesis
102 - 100 GeV

Mass of New Particles for Higgs hierarchy
10° - 1018 GeV

Today — more than ever - we must keep a broad view

Search for New Physics at the Intensity Frontier 10
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What is the scale of New Physics?

v" So far the experimental efforts have been concentrated on the discovery
of new particles with masses at (or slightly above) the Higgs mass and
sizeable couplings with Standard Model (SM) particles.

? New Phy51cs ?

Search for New Physics at the Intensity Frontier
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What is the scale of New Physics?

v So far the experimental efforts have been concentrated on the discovery
of new particles with masses at (or slightly above) the Higgs mass and
sizeable couplings with Standard Model (SM) particles.

? New Phy51cs ?

v Another viable possibility (largely unexplored) is that new particles are
below the Higgs mass and couple very weakly with SM particles
and are “dark” or “hidden”

G. Lanfranchi Search for New Physics at the Intensity Frontier
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What is the scale of New Physics?

v" These particles could be light, long-lived, and mix with SM particles that not
carry electromagnetic charge, like for example Higgs (Dark scalar or pseudo-
scalar), photons (Dark Photon) and neutrinos (Heavy Neutrinos).

Standard Model world (our world)

C@@
o €

“Tiny” coupling constant

Hidden or Dark world
between the two worlds :
M e e that could explain all the open problems
(“kinetic mixing”) . . :
in particle physics
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J. Jaeckel, arXiv:1303:1821

G. Lanfranchi

Below the Higgs mass... but where?

kinetic mixing of a dark photon-ordinary photon versus mass of dark photon

MeV-GeV region

Cold Dark Matter

Log,, MxleV]

.... lost among the orders of magnitude ....

Search for New Physics at the Intensity Frontier

High intensity frontier:
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MeV-GeV region: Light Dark Matter with thermal origin

G. Lanfranchi

=

As universe cools below DM mass, density decreases as exp{-m/ T}
- Dark Matter interacts with SM to stay in equilibrium

- eventually Dark Matter particles can't find each other to annihilate

- and a (minimal) DM abundance is left over the present day.

DM SM

DM SM

DM annihilation cross-section necessary to obtain the observed Dark Matter density:

6 V (relic) = 3x10%°cm?/s

Search for New Physics at the Intensity Frontier
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MeV-GeV region: Light Dark Matter with thermal origin

DM SM

DM mediator SM

——_—-———--—--
-y

<10 keV f;lght Dark M atter‘ My, Heavy IDark Matter I > 100 TeV
DM too hot, spoils ( | L vi | | 2 DM overproduced
structure formation ‘~~ " ’
1 MeV-===—-===-~ 1 GeV M, 10 TeV

The equilibrium can be reached:
- either with an heavy DM particle (~TeV) with a Standard Model mediator (excluded by current limits)
- or with Light Dark Matter (LDM) particle (~MeV-GeV) with a light new mediator (hence new forces).
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MeV-GeV region for Light Dark Matter with thermal origin
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MeV-GeV region for Light Dark Matter with thermal origin

Light Dark Matter
with light mediators
(hence new forces) that
couple very weakly to SM
and are therefore hidden
or dark

~ 107 SR :

E -pE Cratskell Mind . Fsppith N
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- a, 7 (WIMP at TeV )
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How we can study Dark Matter and related mediators with mass in this range?

G. Lanfranchi
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Light Dark Matter: connection between relic density

Direct DM annihilation (main process to
get the thermal relic abundance)

ov ~ ap€ea X

and production of LDM at the accelerators

et , P
+ other modes

& _
I e,p
2
m 1
2 X 2
1 xmx X 5

m A’ my
kinematics
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Light Dark Matter: connection between relic density
and production of LDM at the accelerators

Direct DM annihilation (main process to

get the thermal relic abundance) —

ul e
X 7)Y
+ other modes
€ _
X I e ,p
2 mi L
OV ~ QDE“Q X —5— XMy X —5
T msi
kinematics

Production of DM (and mediators) at accelerators
via, eg, electron or proton bremsstrahlung

Direct annihilation is controlled by the same couplings relevant for DM production at accelerators,
leading to well defined predictions, once we assume the thermal origin target



Production of Hidden Particles

Standard Model Particles Dark Sector Particles

K N
KD, B Use K, D, B decays and photons

Proton "

or electron PROTOns, to search for light mediators or
BN g

beams ) neutrons, protons, I1 Light DM in the MeV-GeV region

muons from K/m decays
and light resonances,
Qeutrinos, etc.. /

fixed
target
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Production of Dark Photons via kinetic mixing

SPS protons
400 GeV/c

—>

G. Lanfranchi

/K, D,B
photons,
| neutrons, protons, 1

\

- muons from K/11 decays

and light resonances,

@eutrinos, etc..

/

Eg: Production of Dark Photons:

Photon produced in light meson
resonances, bremsstrahlung, and
QCD processes.

Search for massive particle mixing
with the photon and decaying to
visible final states (e+ e- , p+p-, etc.)

Y N
\VAVAVAVAVA® “VAVAVAVA
photon dark photon
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....Background, background, background.....

A dump with suitable length stops all beam-induced backgrounds but neutrinos

and muons:
Eg: protons
400 GeV/c MUONS Heavy neutrinos
_______ >
CLLLLLT RN Dark photons
— S e i e B B >
9 S it e EanLE T > Dark Scalars
_1.-4.__}~- .
e Light Dark Matter
neutrinos 7= >

Any kind of feebly-interacting
long-lived particle or LDM
(put here your favored model);

Background is the name of the game !
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How to produce and detect Hidden Particles in the MeV-GeV range?

1) Light and feebly-interacting particles can be originated by the decay of beauty, charm and
strange hadrons and by photons produced in the interaction of protons with a target. As the
heavy quark cross-sections increase steeply with the energy, a high-intensity, high-energy

proton beam is required to improve over the current results:
— To date the world best line to produce high intensity fluxes of beauty and charm hadrons and

photons through the interactions of protons on a high-Z target is a 400 GeV/c proton beam line
extracted from the CERN SPS .

2) The smallness of the couplings implies that the hidden sector mediators are also very long-
lived (up to several km) compared to the bulk of the Standard Model particles:
—The decays to SM particles can optimally be detected only using an experiment with decay

volume tens of meters long..

G. Lanfranchi Search for New Physics at the Intensity Frontier
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The CERN accelerator complex

[ 7 F & . ~n

2015: 2-3 10" pot delivered to the North Area.
Highest energy proton beam delivered for fixed target experiments in the world



Fixed Target Experiments @ CERN

Three experiment
North Area will search fo
hidden particles ir

coming years: _
NAG62 (running),
NA64 (running) |
SHiP (proposed) ©_
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400 GeV

beam

Target KTAG GTK

proton _é
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The NA62 experiment: conceptual scheme

Detectors for decay products

E.M.

Detectors for calorimeters
secondary beam

(Charged

-

ASTRAW _.pt”” |CHOD
LAV i o

-

(Beam

(Kaon ID)  Tracker)

Acromat for
precise beam

(Iarge angIeS) (Straw spectrometer) MUVO HOdOSCOpeS)

(Hadron

MUV1,2 calorimeters)

] Dum
momentum selection 4/_,—'—J IRC P

—_— LKr

(E.M. calorimeter (forward))

o 4
[EEN
o
o
[ERN
a1
o

N iy
P

200 250

NA62 ~ (2.0-3.0)x10!8 protons-on-target/year @ 400 GeV/c
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G. Lanfranchi

The NA62 experiment: the real apparatus

Search for New Physics at the Intensity Frontier
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NA62 in kaon (normal) operation mode

LN

PSS A
eIl EIGIER (3.2 m of Cu + Fe) L. - . H
Be target H H H H |
Y collimator counter n | -
p‘roztdnélé W R, o7 ] ] ktagged —— — I
—- Kpm ff : —— S YL T E R B -‘-‘-‘-‘-‘-‘-T":fg]["‘ E
il L L LI | R N
< S < g 8 § 0§ '..‘. ..')
20 m ‘A H H H '

The 400 GeV/c proton beam impinges on a Be-target
producing a mixed beam of K, pions, protons. A magnetic
system and two 1.6-m long, water-cooled, copper collimators
(TAXes) select a monochromatic beam of 75 GeV/c
momentum.
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NA62 in “dump”operation mode

(i

\_

— this operation is easy, quick (15 minutes)

\ |

n dump mode the target can be moved away
from the beam and the beam let impinging on
the copper. Hence: the collimators can act as a
dump.

and fully reversible. )

collimators

NA62 dump H [ ﬂ | m
(3.2 m of Cu + Fe)

G. Lanfranchi

80m

Heavy Neutrinos, Dark Photons, Dark scalars, and ALPS
can be originated by charm, beauty and photons
produced in the interaction of protons with the dump.

30



NA62 in kaon and dump modes: scientific scheduling

NAG62 has the main goal of measuring the BR(K* — m * v vbar) with 10% accuracy;

- Before LS2 (2017-2018) many searches in the hidden sector will be performed using the kaon beam.
- After LS2 (2021++) there is a window of opportunity to run NA62 in beam-dump mode to collect

at least 10'8 pot to search for hidden particles from charm, beauty decays, and photons.
today

Acoelerator schedule a5 | 2006 | 2007 | ame | ame | e | 2021 | w2z | 2003 | 2020 | a5 | 206 | 202

LHC
SP3

| NA stop?|

\ J | S2 \ J LS3
| |
NA62: K* — 1 * v v, LFV/LFU modes NA62 in dump mode
Hidden sector from K decays and kaon thSiCS

Goal: integrate at least ~10'® protons on target in dump mode by 2023
(corresponding to ~ 3 months of dedicated data taking in 2021-2023)
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Production of Dark Photons via kinetic mixing

SPS protons
400 GeV/c

—>

G. Lanfranchi

/K, D,B
photons,
| neutrons, protons, 1

and light resonances,

@eutrinos, etc..

- muons from K/11 decays

\

/

Production of Dark Photons:

Photon produced in light meson
resonances, bremsstrahlung, and
QCD processes.

Search for massive particle mixing
with the photon and decaying to
visible final states (e+ e- , p+p-, etc.)

Y N
\VAVAVAVAVA® “VAVAVAVA
photon dark photon
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Search for Dark Photons decaying to SM particles @ NA62

¥
:

Fixed target domain:

-6 MeV-GeV region

Logio £

-12

Cold Dark Matter

-15

Log,, mxleV]
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Search for Dark Photons decaying to SM particles @ NA62

90% CL exclusion limit

]
“ &
|
=} anll v C
L " Rix*+yete)
- Fixed target domai NAG62 projections
- 1 .
L MeV-GeV region &, With 10% pot
= B .
g& =
j i -
= —— Excluded regions
Belle II, 50 ab ', 2024
- = = = LHCb, 150 ™', 2023
“12 — HPS, 2016-2020
2 APEX, 2018+
= SeaQuest, 2017-2019
VEPP, proposed
| =] Mu3e, 2017+
= 15 MESA, 2020+
SHiP, 2026++

Log,, mxleV]
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102

10°

4
m(A) (MeV/c12?

M(A’) (MeV/c?)
A lot of experimental results expected on the Dark Photon in the near future
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(Pseudo)-Scalar Portal: Dark (Pseudo)-Scalars

The discovery of the Higgs provides strong evidence that fundamental scalar bosons exist in nature:
- timely and well-motivated to search for additional scalar or pseudo-scalar particles that could be
mediators of light Dark Matter

At the SPS energy we cannot produce directly the Higgs because it is too heavy, we can produce it only
indirectly via decays of quarks.

[ AtSPS energies: A
o (pp — ssbar X) /o (pp— X) ~0.15

o (pp— ccbar X) /o (pp— X) ~2103

o (pp — b bbarX) /e (pp— X) ~1.6 107

G J
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Search for Dark (Pseudo)-Scalars: NA62 in dump and kaon mode

Secluded DM annihilation via mediators (only possibility compatible with CMB and rare mesons
decays constraints), mediators then decay to SM particles

(8%)
:>; ‘Tlglo‘w T T T T 1717 T T 1 ||||“|| | I|_IHICI|;;IéLBeIIé I"I',~||LUX||&
:|| m10U4 NEWS “~ . “\\ B [0 K oo ",’ Super CDM
< 5 cHarRM || &7
C). 10 S e e, ot o«
CF\I| 10° Super COMS**" "
m SN. LAB"¢' “ L7
i 10D7 K et LHCb ‘u.
X cHeh
'>2 10 8
= . NAG62 projections
— 10 with 10®pot
@ loulO )
4 in dump mode
o SN1987a
hCI) 10\ 11
S
112
S 10
E lo\ 113
DM never ther malizesthrough mixing

N 10U14 1 IIIII| IIII| 1 1 IIIIII| 1 1 IIIIII|

O 102 102 101 1

Mg [GleQ//cz]
In dump-mode, from b decays

b—dS
SPS protons T,
400 GeV/c —

target



Axion and Axion-Like Particles

d Pseudo-scalar particles can be Pseudo Nambu-Goldstone bosons of a spontaneously
broken U(1) symmetry:

- The prime example is the axion introduced to solve the strong CP problem in QCD: m~ 10~ eV
- Other pseudo-scalar particles can feature very similarly to the axion but with larger mass: ALPS

d Axions and ALPs can couple to: gauge bosons, fermions, gluons

- gauge bosons, eg: photons: - fermions:

1
LD-— FHVE 0 N
4 9ayy¢a v I ;‘P ByHy S
a

o™

d In both cases their interactions are suppressed by a scale 1/f,, scale of the
spontaneous symmetry breaking.
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- Search for ALPs with photon coupling @ NA62 in dump mode

Log19g.ss [GeV ™
-

HB stars
W Cosmology . S
-8
_121l|ll|IIIIIIIIIIIIIIIIIIIIIII 1072 10-1
-12 -9 -6 -3 0 3 6 9 12
Logqo MaleV] m, [GeV]

NAG62: projections j
with 108 pot i

See also Dobrich et al., JHEP 02

(2016) 018 for details.

ALPS production via Primakov effect at target

G. Lanfranchi Search for New Physics at the Intensity Frontier
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The Neutrino Portal: the vMSM VaV,

SHiP

Add three right handed neutrinos to the SM pattern

Three Generations
af Matter (Fenmions) spin ¥
I I 1l
. —t ' b 1
Suitable values of my, and U, allow  ™*° ALy o B B 3z
N 2f RS
. . ﬂ'lEl.rgE'—r yj % % ﬂ wn =x
to simultaneously explain: u C ~ &
. . . . ® o
- oscillations induced by massive — up - top gluon ==
@ 5
states N2, N3 S 4.
) . 4.8 MeV 104 Me’ 426 0 QA
— dark matter: N1 with mass keV i; Y d 1 By b . =
. . (@)
- BAU: leptogenesis due to Majorana (:,;,; S 'Y S g
mass term dowin strange o w a1 | photon G 8
— 1 _
10 keaf ~aZEV = = |or26er g 126 GeV IG Ew
0 0 0 ~lo 0 & O
Ve/N, VN, Vi/N, £ Z]| cH|
Lau A5
ki ' 2 Higgs
rgnlaulr - neur] FisUtn = ‘FEEE!( w?g
" 0,511 Mav 105.7 Mev 1.777 G LJ-: 80.4 G spin @
= |1 -1 1 =
e Pttt | MW
- electron muon tau @ ‘E%

G. Lanfranchi
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The Neutrino Portal: the vMSM

HNLs can be produced in decays where a neutrino is replaced by a N (kinetic mixing, U?);
Main neutrino sources at fixed target: c and b mesons.

/ Production processes \
- D— KE{N
- Dy EN ve, by
- Dy — 7v, followed by 7 - pvNor7 - N
- B—{¢N
- B— DIN
\_- Bs = DN W
vf
N - 8 - q, lv KDecay channels \
UJ% ) N — H%, with HY = 79, p% n, ¢/
4, W N — HE0F, with H = 7, p
N — 3v
N — tFtFv

i b v

‘1 ff v kw — Ijt-f?:fj: J

They can then decay again to SM particles through mixing (U?) with a
SM neutrino. This (now massive) neutrino can decay to a large amount
of final states through emission of a Z" or W boson
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Search for Heavy Neutral Leptons @ NA62 in dump-mode

U2 enhanced

J DELPHJ

| NA62 projections
i .with 10 pot
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NAG62 projections
| with 1018 pot
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»
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»
»
»
*
»

%
%
»

102
m,[GeV]

10

10 1

U%:U?:U% = 0.061:1:4.3
Normal hierarchy of active v masses

These sensitivities assume to detect all 2-track final states, including open channels, and zero background.

G. Lanfranchi
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....Background, background, background.....

A dump with suitable length stops all beam-induced backgrounds but neutrinos
and muons:

SPS protons

400 GeV/c MUONS Heavy neutrinos
_______ >
CLLLLLT RN Dark photons

S > ------------------------ >

9 S it e EanLE T > Dark Scalars

_1.-4.__}~- .

e Light Dark Matter

neutrinos == >

Any kind of feebly-interacting
long-lived particle or LDM
(put here your favored model);

Background is the name of the game !
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NA62-DUMP: data driven background estimate

=

In November 2016, few hours long run taken in dump mode, 2x10'° pot collected for
ALPs search and in preparation for the longer physics runs in dump mode in 2021-2023:
- This small dataset already provides crucial information on the background level,

- More data in short runs have been collected in 2017 and will be collected in 2018.

Very simple selection applied to search for generic 2-track final states:
- Good quality tracks and 2-track vertices

- No further activity in time with the 2-track candidates

- Particle Identification information

- Isolation of the vertex: no further track close to the selected vertices.

Results: no background left for fully reconstructed final states pointing backwards to the dump,
O(20) events left for partially reconstructed final states.

G. Lanfranchi Search for New Physics at the Intensity Frontier



NA62-DUMP: residual background in dump mode

Extrapolation of the 2-tracks of the remaining 0(20) events at the beginning of the decay vessel:
—> they are all concentrated either in the “empty” zone not covered by any detector in NA62

gmoo:— 660\’&‘3 [ Entries 56 |
L . ite-ch k
so0f- Q‘Q&e\“: *‘Q@ Y | opposite-charge tracks I
LSS
0-_ ® & o ° 0.0 L
= ] °
[ " & ’
—500:—
EThe tracks are all within a radius < 60-70 cm
-1000—
I I IR BRI BRI
-1000 -500 0 500 1000
X [mm]
Adding a new detector in front of the decay vessel
(missing in the current setup) the background can be reduced (almost) to zero
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Production of Dark Photons via kinetic mixing

:Eg: Production of Dark Photons

Active dump Search for massive particle mixing
with the photon and decaying to
visible final states (e+ e- , p+p-, etc.)

Electrons of

~ 100 GeV a

) DM
Y A
\JAVAVAVAVA® ‘VAVAVAVA
photon dark photon DM

Any discrepancy between the energy of the electron measured before and in the active dump
would be sign of the production of some non-interacting particles, as for example Dark Matter
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Fixed Target Experiments @ CERN: NA64

Approved in March’16 for dark photon to invisible searches with 100 GeV e- beam;
electron beam dump, search for missing energy.

Current status: running https:/ /na64.web.cern.ch/

==

~

o
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Dark Photons in invisible modes: NA64 current and future sensitivities

Searches for A’ — Light Dark Matter (invisible states)
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Dark Photons in invisible modes: beam dump vs direct searches

Beam dump

Beam dump
—

+ other modes

>
e g
DT>
=
(V) ml

oV ~ anpe-a X X ><I7I2 X i
D 4 X 2
mA/ X

kinematics

Direct searches

Direct searches

1 m,. Gev/cﬂ)0
M(A’) (GeV/c?)
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Dark Photons in invisible modes: beam dump vs direct searches

EFraez&—mLCmpExE:ﬂar,mﬁ=3mx u_ﬁDiat:FammDM,AsymrHﬂn,mﬁ=3mx

Presented by
T. Volyansky
at EPS 2015

51, 10 kgyt, Ey=16

10 1l|]3 10t 10 102 10° 10*
my [MeV] My MeV]
[Essig, Fernandez-5erra, Mardon, Soto, TV, Yu, 2015 (upcoming)]

For specific models, direct DM searches and beam-dump results can be directly comg
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Perspectives for searches for Hidden Sector particles:

From CHARM, NuTeV (1980++)....
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Perspectives for searches for Hidden Sector particles: e -';.;-9'-'-” o

.... to next generation’s experiments
(SHIP/LBNF, 2026++)

From CHARM, NuTeV (1980++)....



AVa
The SHiP project: a dedicated experiment to Search for Hidden Particles

(one of the projects proposed for the next European Strategy for Particle Physics in 2019-2020)

Beam:
400 GeV/c p
4x10"° pot/sp B,K, D, photons L
2x10% pot/5 years NN

SHiP target,
W-Mo based

A facility to Search for Hidden Particles (SHIP) at the CERN SPS arXiv: 1504.04956
. . The SHIP Physics case, arXiv:1504.04855
x40 beam intensity

x15 larger acceptance
Optimized for hidden sector physics
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3:‘;‘ The SHiP target:
SHiP

Longitudinal cross-cut

1340
48, 1280
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16x5
7x25%5

=10 nuclear interaction lengths long production target (~ 120 cm)

»High-Z target, hybrid solution composed of TZM (Molybdenum alloy) & pure W
=30x30 cm?, segmented target

=58 cm TZM (13 layers) + 58 cm W (4 layers)
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G. Lanfranchi

SHIP target configuration: main parameters

= SHiP target 1s a high pulse intensity “spallation” target

= 90% of the beam energy (2.56 MJ) is deposited in the target

= SC-averaged beam power (355 kW) similar to SNS and JSNS

SHiP

= Pulse-averaged power is similar to ESS (2.6 MW), but more challenging due to

high intensity pulse

Baseline
Beam protons
Momentum [GeV /] 400
Beam Intensity [10'° p/cycle] 4.0
Magnetic cycle length [s] 7.2
Spill duration [s] 1.0
Expected r.m.s. spot size (H/V) [mm] 6/6
Average beam power on target (deposited) [kW] 355 (320)

Average beam power on target during spill (deposited) [kW]

2560 (2300)
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SHiP: detection of decay products of hidden mediators

=

Tracking . onet

system
e

“

Dark Photon
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A

\/ \/
SHiP
Timing
detector Muon
‘ system
\ calorimeters
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SHiP: Light Dark Matter direct detection vy

SHiP

DM particles can scatter on the electrons of the
dense material of the Emulsion Spectrometer in
the Upstream Detector:
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( a taste of the ) SHiP Physics Reach
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Physics Beyond Colliders: A new initiative at CERN

http://pbc.web.cern.ch/

Projects discussed in this framework:
NA62 in dump mode, NA64 (electron dump),
SHiP (proton dump), and others

Physics

*Beyond (IAXO, ALPS-II, proton and deuteron EDM, etc.)
“Colliders

Organization PBC@work Resources

Physics Beyond Colliders is an exploratory study aimed at exploiting the full scientific potential of CERN's accelerator complex and its scientific
infrastructure through projects complementary to the LHC, HL-LHC and other possible future colliders. These projects would target fundamental

mandate of the study team may be found here.

physics questions that are similar in spirit to those addressed by high-energy colliders, but that require different types of beams and experiments. The
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Using the LHC to Search for Hidden Particles

Three new proposals in the last 12 months to search for hidden particles using the high-intensity flux of
and photons produced in some of the LHC interaction points.

CODEX-b @ LHCDb MATHUSLA @ surface (top of ATLAS)

FASER @ ATLAS

30 Aug 2017

arXiv:1708.09395v 1 [hep-ph]
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FASER: Forward Search ExpeRiment at the LHC

Jonsthan Feng,b* Jfiak Calos, ! Folix King,"* and Sckastian Trojancwki%

! Department of Physics and A sironomg,
Unisersily of Califormia, Jrsne, CA PROTJETF US4
National Cenire for Nuoleor Hesconch,
Hofn &9, 0088 Warsma, Polomd

Ahbstract

New physies hes credilomally beon expoeasd Inche high-pr moglon s high-energy colllder ox-
perimens. [ new pamicks wre g snd weskly-coupdod, however, this Foous may be somplocly
misguided: Tght particies am wypleslly highly eoncemcraced wikhin s few mrad of the beam line, &l
lowing sensitbve sourshos wih small depaoms, and oven cxuremely wokly-coupled parisis may be
prodused In lerye mumbors thore. W proposs 4 e oiperimen, ForwAn Smreh ExpeRimem,
or FASER, which would be plarcd dowsss resm of the ATLAS or CME erseslon polm (IF) In
ahe wry Feward reglon snd opersaed eoacurtendly there. Two mpresenuacive oo-axl losackons
are mudied: & far lootion, 400 m from che 1P and jum off the beam wnned, and & nesr oeakon,
Jm= 150 m from the IF and dgn bebind che TAN noutsl pankk sheorter. For meh ocakon,
we craming leading nowrino nd beam-Indusd heckgrounds. As & eonenoe cxsmple of g,
weakly-souplsd pastieis, wo snskier dark phowims produesd Chrough lght moson dersy and fro-
0N bromesrrahlung. We find thes owen & roachvely small and inopensive eylindrizal doceor, wih
& Mol of - 10 =m snd lengeh of B — 10 m, depending on the loeaion, san discmr derk phooons
In & lsege &nd unprobed region of parsmee spare with dark phouwn mes m -~ 10 — 500 MeV
and kinale mixing peramensr € ~ 100 — 103 FASER will clearly aln be smsicive 0 many
other fonms of now physis. We soneisde with o dissesion of copls for funher sudy they will be
mmnciad for undersianding FASERS feasihiliy, opimiing hs deign, and malking ke dsaowery
Powemial.

Physics Letters B 767 (2017} 28-36

Contents lists available at SciencaDirect

Physics Letters B

www.alsavier comilocateiphysleth

FISEVIER

New detectors to explore the lifetime frontier

John Paul Chou?, David Curtin®*, HJ. Lubatti®
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ARTICLE INFO ABSTEACT

Antide hishary: Long-lived particies (LLPs) are a coammon feamre in manmy beyond the Standard Maodel theories, including
Beceived | Novemiber 2015 supergymmerry, and are generically produced in exotic Higgs decays. Unfomunarely, no existng or
Beceived ';‘D“""‘“d""';';?s Jamuary 2017 proposed search strategy will be able to observe the decay of non-hadronic electrically neurral LLPs
mmﬂ:"%"pm . m;n masses abave ~ GeV and lifetimes near the limir set by Big Bang Muckeosynchesis (BEN). cT <
‘e C.E Gindice 107-10° m. We propose the MATHUSLA SUMace detector concepe (MAssive Timing Hoooscope for LI
Stable peutral pAmicles), which can be implemented With existing technology and in time for the high
minosity LHC upgrage o find such ulr-long-lived paricles (ULLPS), whether produced in exstic Higgs
decays or more general ProducTion modes. We also Avocate 3 dedicared LLP derectnr ar 3 forure 100 Tev
collider, where 3 modestly sized uncerground design can discover ULLPS with liferimes ar the BEN limit

produced in sub-percent level exotic Higgs decays.
© 2017 The Authors. Published by Elsevier BV, This is a0 open access amicle under e CC BY license
(haTp:) fCrearvecommens. orgicenses/ty 4.07). Funded by SCOAPS.

The interest @ CERN is growing......



- SLAC Dark Sector Workshop 2016: Community Report — arXiv: 1608.08632
- Maryland Dark Sector Workshop 2017: Cosmic Visions — arXiv:1707.04591

.. and not onlz at CERN ! __

Large (and continuously growing) “hidden sector” community:
Ex: current and proposed experiments searching for Dark Photons

Searches for A’ — visible states

Name Wher Soupee II'JI.I.'I'.h.IL;l.' Production mode Detestion mode Statis
Belle-T1 Super KEK-T8 [ete™ = T(A8) | = 100 BT @ T(35) | T(38)— vA' A" eFem pFpu” Commis, 2018

Apex JLAR e, Gy IF ECT (W) A-strahlung A = ete Clommis, 2018

HF5 CEBAFI12 @ JLAB £, 1-2 GeV 10" EOT (W) A-strahlung A —=ee | Running 2016-20
MAGEE MESA B Maing e, 155 Me¥ | 10" BOT (Xe gas) A-strahlung A" = eTe Clommis, 2]

Muse zE5 line @ PSI | p, 28 MeV 101518 g — A’ I A —=ete | Commis, 2017

ATLAR/CMS LHC BCERN | B, 13 TeV few fb=" H — 4l 4+ MET Al = pTum Running

LHCH | LHC GCERN mld TeV | 15 fht ' D* = DA A = ete ¥ Running

MAGE aPs BCERN o, 40 Gal 2 10°" POT Meson, A'-strahlung A = etem pTum Running -2013
Senluest Main Inj. & FNAL p 120 TeV | 1.5 Meson, A'-strahlung ' A =ty | Propossd 2017-19

SHiF SPS GCERN o, 0 Ge'y' 2 1F" POT Meson, A'-steahlung [ A Sete pFu | Praopossd HIZ6

Searches for A> — Light Dark Matter (invisible states)

Linbnr PEP-II & SLAL ete™ — T(E5) 67 tht T = vA Singhe- trigger ICHER #0016
VEPP-3 | VEPP-3 @i Budker Inst. | ef, 500 MeV | 1.5 MHz | ere” = Ay detect 5 + Mpm Proipesed
PALKE BTF @ Frascati [INFIN et 6ol MeY 15 He v et = Ay detect 7 + Mo Approved, HI17-19
MMAPS CESR fi Cornell [ et 53 CeV 2.2 MHz 4 . eta” o Ay detect v + M1 I Mot Munded

NAG SPE@CERN [ e, M0GeV | e N—se NA' | 107-10" EOT detect ¢~ + Eiw | Running, 2006-17

LIMX OIS BSLAL | e.40eV | e N e A W10 ET Jetoct &= 1 Enum | Proposed, 2020

Direct detection of LDM via the process A’ — LDM — LDM scattering in the detector
SHND FNAL [ oGV | 21IP"POT | Meson, A-strahlung A = a0 | detect ¢ @@ 110m | Under study
T2k b= Knminka | p, a0 GeV WFEL POT Meson, Astrahlung A" —+ @ | detect ¢ @ 280 m Running
COHERENT | SN8 @ Oak Ridge p, 1 GV 1™ POT | Meson, A strahlung A — g | detect ¢ @ 30 m 2°-0A | Proposed
SHiP | SPS BCERN P, 40 GeV ZIPTPOT | Meson, A-strahlung A — 2 | detect @ @ 10m | Proposed 8126
LBNF DUNE GFNAL o 13 GeV 3 107! POT | Meson, A%strahlung A" — o | detect ¢ @ 500 m | Under study 2020

Very lively communities in Europe and US !




What is the scale of New Physics?

=

Masses of right handed neutrinos
107 - 10 GeV

Mass of Dark Matter particle
1031 - 102 GeV

Mass of new particles required for baryogenesis
102 -10% GeV

Mass of New Particles for Higgs hierarchy
10° - 1018 GeV

We really do not know.
Today — more than ever - we must keep a broad view



Conclusions

“I think Nature is smarter than physicists. We should have the courage to say:
Let Nature tell us what is going on.

Our experience of the past has demonstrated that in the world of the infinitely
small, it is extremely silly to make predictions as to where the next physics
discovery will come from and what it will be.

In a variety of ways, this world will always surprise us all.
The next breakthrough might come from beta decay, or from underground
experiments, or from accelerators.

We have to leave all this spectrum of possibilities open and just enjoy this

extremely fascinating science.”

Carlo Rubbia
http://Ihc2008.web.cern.ch/Ihc2008/nobel/
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- Thank you for your attention !-



