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Particle physics

* Particle physics seeks to answer two basic questions:

e What are the fundamental constituents of matter?
e What are the fundamental interactions between them?

* And particle physicists are inventing new instruments and approaches
to address these questions



Events/5 GeV

Last piece of the puzzle: Higgs boson

* underlying theory developed and a new particle predicted in 1962-1964

» expected range for Higgs boson mass motivated and defined the LHC parameters

19.7 fb" (8 TeV) + 5.1 b (7 TeV)
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* Higgs boson discovered in 2012!



Standard model of particle physics

lst

2nd 3 rd

/ff ¥ Y W ) 126G
2/3 2/3 2/3 : Charge " 0
12 C 12 t 1/2 ' Spin —g H 0
\_ w» kcharm J o ) i\ Name ) R higgs
' =]
ATAYETT R YST ( 0 \ ?T
=1/3 -1/3 -1/3 . o] S
e[S b 2| g 1| g &
' o (<}
\\ down )\ strange J\ bottom J .\ _gluon ) o/ g
3 3
' &
(" osuim N 1osam N[ LG ) o 0 ‘ "(':;
-1 -1 -1 0 =
e 12 12 T 12| y 1 % <
\\electron -/ \_ muon ) \_ tau Y, : \_ photon gj g,;
] =
fv<2.2\ [vo.nM\ ( <i55M) (" 804G ) 912G g
0 0 0 =1 0 8
€ 12 /«l 12 VT 12| UV 1 Z 1 g
Keneutrim) \Eneutriny \Tneutrin()) - \W boson | Z boson ?y

—_—

FERMIONS

——

GALIGE BOSONS
GAUGE BOSONS

* is complete now:

* 3 generations of matter particles,
identical apart from their mass

e carriers for 3 forces
* Higgs mechanism for particle mass

» works very well for all observed in
the lab phenomena:

* several tensions here and there exist



Why particle physicists do not stop?

e standard model accounts
for about 5% of the
content of the universe
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* + there are many more arguments of why standard | All those motivate numerous
model of particle physics is not an ultimate theory “new physics” searches




> 100 years of DM?

J.C. Kapteyn

“First Attempt at a Theory of the Arrangement and Motion
of the Sidereal System”

Astrophysical Journal 55 302, doi:10.1086/142670
May 1922

45 years before the formulation of the SM in its modern form
... and DM still is a mystery!


https://ui.adsabs.harvard.edu/abs/1922ApJ....55..302K/abstract

Unknown matter is around us

* Ordinary Matter: Cosmic Collision of 2 Galaxy Clusteﬂ
) splitting normal matter and dark matter apart
 successfully explained by the Standard Model of i
particle physics Omeratory e\

e Dark Matter:

* has properties incompatible with known particles
* requires new fundamental particles to exist
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https://inspirehep.net/literature/1949822

Where is “new physics”?

Is the million-dollar question...



Where is “new physics”?

Is the million-dollar question...

or 11.0 million Swedish kronor to be more precise

according to https://www.nobelprize.orq/prizes/about/the-nobel-prize-amounts/



https://www.nobelprize.org/prizes/about/the-nobel-prize-amounts/
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Now | realize it is more like
20 BCHF question...



LHC and detectors: The LHC Accelerator Complex; ==

27 km circumference

Our maln tOO| nOW 100-m underground

-~ Lac Léman

First idea in 1976

Approved for construction in 1994
Started stable operation in 2009
Planned to run till ~2040

Basically like a star for astrophysicists

= need to explore all possibilities it
provides!
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Energy frontier: heavy particles search

* New particles can be produced in pp collisions: A general -purpose detector

g g

. 04/. N el
< N R

* need high enough energy of colliding beams
e can require a lot of data if the production rate is low
» searched for with general-purpose ATLAS and CMS experiments
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Research goals: global picture

New particles are too
heavy to be produced
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too feebly to SM particles (LLPs)
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Precision measurements track record

* Uncertainty principle in the works:
* heavy particles affect lower energy processes: can probe very high scales in
SM-suppressed transitions
* High-scale mass sensitivity in suppressed processes:
* Absence of K; — uu = charm quark (Glashow, lliopulos, Maiani, 1970)
* €, = existence of 3™ generation (t, b quarks) (Kobayashi, Maskawa, 1973)
* Amy = m,.~1.5 GeV (Gaillard, Lee; Vainshtein, Khriplovich, 1974)
* Amp = m; = 100 GeV (direct bound in 1987: 23 GeV) = large CPV and FCNC

* Now smallness of neutrino masses is the guide?
 And/or scout for other “anomalies”!
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Rare processes — test-ground for unknown

Y
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Far, far in the futu?e...
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https://arxiv.org/abs/1910.11775

Energy frontier & precision measurements

* Recent new hopes:

Standard model: New interaction: leptoquark LQ
Uu > Uu Uu > Uu
Bt W K+ Bt{_ LQ K+
SN TN g
b—>sf{ loop transition
v/Z° *
0~ A 0~

* the B* >K*¢*¢- decay is very suppressed in the SM (10 of all B* decays)

* requires a dedicated detector able to fish out such a rare process from the
very high-rate proton collision data — LHCb!
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LHCb detector

Forward detector optimized for b hadrons

Should operate in a very busy environment

Composed of:

precise vertex detector to distinguish pp
collision point and hadron decay vertices

tracker and magnet to measure
momenta of charged particles

calorimeter to identify electrons and
photons and measure their energy

Cherenkov detectors to distinguish
between species of charged particles

muon detector to identify muons

Pinpointing Bs Tracking particles Charged hadron

Millimetres from where ‘Trackers' trace particle g (such as a proton or pion)
collisions occur, short-lived paths. Two new detectors

B hadrons decay into other will better separate nearly —w#—— Electron

particles. A new ‘vertex locator’ identical paths and cut —— Muon

will measure this point with out the noise that mimics

greater precision. real tracks. Muon detector

Detector

Tracker

= . j
gy e
— .'Vtgl

Detector

Beamline:
particle bunches
collide here

L J ! Calorimeters:
Magnet: bends the path measure a
of charged particles particle’s energy
LHCb: top view Credits: CERN
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https://www.lhc-closer.es/taking_a_closer_look_at_lhc/0.lhcb

Lepton universality tests

* for theoretically precise observables, construct ratios:

K BB TR a K

B(BT— Ktutu™) B(BT— Ktete)
B(BT— Jhp(— ete

T)KT)

* R, should be equal to 1 in the SM
* but decays to muons looked

, Belle

B* decays to K*u*u look suppressed wrt K*efe

BaBar

0.1 < ¢?<8.12 GeV¥ ¢

10 < ¢2<6.0 GeV¥/c*

. LHCb 3 fb’!
suppressed — a hint towards 10 < g0 60 GoV/es
lepton universality violation or e o e
possible new interaction! 310 () | LHCho 1!

, I . . ) . l . .I<q76.0GeV/c
0.5 1 15

Nature Phys. 18 (2022) 3
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https://inspirehep.net/literature/1852846

Tests of
lepton universality

All “lepton universality” papers:

Date of paper 217/year

1960
e over 2k papers in total

2024

e over 94k citations

LHCb papers ranked by citation number as of May 2024

2,786 results |

The LHCb Detector at the LHC
LHCb Collaboration « A.Augusto Alves, Jr. (Rio de Janeiro, CBPF) et al. (Aug 14, 2008)
Published in: JINST 3 (2008) S08005

& DOI [= cite @ reference search

Citation Summary (

Most Cited

%) 4,646 citations

Observation of J /1p Resonances Consistent with Pentaquark Statesin AY — J /%K p

Decays
LHCb Collaboration - Roel Aaij (CERN) et al. (Jul 13, 2015)
Published in: Phys.Rev.Lett. 115 (2015) 072001 - e-Print: 1507.03414 [hep-ex]

pdf

@ links & DOl

5 cite [@ reference search
Test of lepton universality using BT — K T£"{~ decays
LHCb Collaboration - Roel Aaij (NIKHEF, Amsterdam) et al. (Jun 25, 2014)

Published in: Phys.Rev.Lett. 113 (2014) 151601 - e-Print: 1406.6482 [hep-ex]

pdf & DOI [= cite @ reference search

Test of lepton universality with B — K*0¢* ¢~ decays

LHCb Collaboration - R. Aaij (CERN) et al. (May 16, 2017)
Published in: JHEP 08 (2017) 055 - e-Print: 1705.05802 [hep-ex]

pdf & links & DOI [= cite H datasets @ reference search

%) 1,747 citations

%) 1,343 citations

%) 1,307 citations
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Lepton universality restored in b—>s€¥ ratios

Reconstructed B* mass in K*e'e- mode °~ NE€W combined analysis finalized at the

end of 2022
—r 1 r r T r T T T 1
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Tl + D - o
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background method to reliably estimate this
background
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* the new measurement is consistent with

the SM within 0.20
PRL 131 (2023) 051803, PRD 108 (2023) 032002

https://actu.epfl.ch/news/lepton-universality-restored/ -



https://inspirehep.net/literature/2615983
https://inspirehep.net/literature/2615989
https://actu.epfl.ch/news/lepton-universality-restored/

Lepton puzzles are not over

Orange: theory unc.; blue: experiment
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patrick.koppenburg@cern.ch 2024-03-21 Pull in &

b—>stf rates

b—>suu angular

b—>sf¥ ratios
(back to SM)

b—>ctv

e other observables in the
b—>sf transitions exhibit
tensions with the SM

* some enhancement of
b—>ctv decays vs b—>cuv

e follow-up and
complementary
measurements are in the
works!
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Special attention to the third generation

C x |Vts||th| C x |Vts|

C x |Vcb|

C X[Vl Vid

B(B* — K*w)

!

excess over SM

prediction

Gino Isidori

excess over SM
prediction

o(pp — 17)

!

excess over SM
prediction

o(v*N — N'7)
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https://indico.cern.ch/event/1300660/timetable/?view=standard

Flavor observables

* persisting anomalies in R(D) and R(D*) and recent enhanced evidence for
BT — K*vV motivate BSM models coupled to 3" generation
Bt - K*tvv:
R(D) and R(D*): 3.20 away from SM SM  Average 2.70 away from SM

0.4 0.497 4 0.037 {1.:&0.1
' A ! " 7 68% CL tontours |
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Moriond 2024
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1.0+£0.6 PRDY6, 091101

Belle (711 fb!, hadronic)

294+1.6 PRDS87, 111103

BaBar (418 fb!, semileptonic)

0.2+0.8 PRDS82, 112002

PY BaBar (429 fb'!, hadronic)

1.5+ 1.3 PRD87, 112005

O
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https://inspirehep.net/literature/2725943
https://hflav-eos.web.cern.ch/hflav-eos/semi/moriond24/html/RDsDsstar/RDRDs.html

Direct pp—>TT production

10 away from SM 2.80 away from SM
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JHEP 10 (2023) 001 My [GEV]

arXiv:2308.07826



https://inspirehep.net/literature/2688366
https://inspirehep.net/literature/2662587

Prospects with existing facilities

C X |Vts||th| C X |Vts| C X |Vcb| C C ><|\/ub||\/td|
et | M SaC e
c; v | b | T | 4 u;
B(K' — n'w) | B(B* — K'wv) R[D™M] o(pp — 1) o(viN — N'1)
Now [NA62]: Now [Belle-II]: Now [HFLAV]: | Now [ATLAS]: | Now:
A>1.7TeV A>13TeV A>0.6 TeV A>1.2TeV —
SBZS%[HIKE] 50ab™! [Belle-I1]: | 50ab’! [Belle-I1]: | 3ab! [HL-LHC]: | 86=5% [future ?]:
TA>47TeV:| A>36TeV | A>12TeV | A>1.7TeV =

- -’
~ -
-~ -
R

Gino Isidori
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https://indico.cern.ch/event/1300660/timetable/?view=standard

Prospects and alternatives

Cx Vil Vil

C X |Vts|

C X |Vcb|

C X[Vl Vil

B(K' — n'w) | B(B* — K'wv) R[D™M] o(pp — 1) o(viN — N'1)
Now [NAG62]: Now [Belle-II]: Now [HFLAV]: | Now [ATLAS]: | Now:
A>1.7TeV A>13TeV A>0.6" TeV A>1.2TeV —
50ab™! [Belle-I1]: | 50ab’! [Belle-I1]: | 3ab! [HL-LHC]: | 86=5% [future ?]:
A>3.6TeV A>12TeV A>1.7TeV | SND @ SHiP?
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LFU tests: b—>ctv to b—>cfv ratios

(N o)
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IIIIIIIIIIIII
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LHCb
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- # *+ _
- D™

0 5 10
m2. (GeV?/c%)

PRL 131 (2023) 111802

e tensions up to 3o with theory

* measurement which is hard to control

4

e can go for complementary channels
governed by the same transition:

* Bf 2> tvy*(>4'1)
* or sensitive to the same new physics:
* b>stT

 Neither of those observed to date
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https://inspirehep.net/literature/2629770

B—>34€v: ingredients

Start with y*—>puu . )S./gfl’c\ﬂrgt;ci)rg:lg?gl:‘r?g and validation of

* discover and study J/WY—>uuy*(uu)
* = done!

» Soft muon/decay in flight separation:

* develop dedicated muon ID
algorithm

* develop data-driven residual
decays in flight estimation

e discover and study B*=>K*J/yy*(uu)
* = in preparation
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J/WW—=>4u observation

* J/Y — 4u observed in both samples with large significance (>>50)

Prompt
| Rex=(18920172009)x10° |  Guof ' ¥ Dua ;
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— — A B 1 Background
By — pruptp”) = Ci0f 4P g
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5 60 + :
* most precise measurement to date 40F s g
e consistent with the SM prediction at 20 166+ 27
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https://cds.cern.ch/record/2894330

Kinematic distributions:
y*(up) in data and simulation
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Existing J /Y — 4u measurements summary

I 1 || 1 | I I 1 1 1 || I
|LO QED

BESIII (4.5x10° ¢ (2S)—J/y w*x ") |
-

CMS (33.6 b~ pp—J/y)
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I
I
!
I
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|
|
I
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1 1 1 1 1 1 1 1 I 1 1 1 1 I 1
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https://lhcb-outreach.web.cern.ch/2024/04/02/lhcb-observes-the-rare-decay-j-%cf%88%e2%86%92%ce%bc%ce%bc-%ce%bc%ce%bc/
https://cds.cern.ch/record/2894330

Next steps: muon identification improvement

ROC curves: B-KJ//yn*n~ BDT2 applied on mu3 AND mu4
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Residual decays-in-tlight estimation

B*>K*J/Yy*(uu) control sample  « Control sample (blue points):
* both muons satisfy isMuon

2 weighted distributions (weights from K-nm sample) o

2 . * one passes new classifier

o 30 - - predicted, N=182+54 . .

= + observed, N=188 e second fails it

': 20 .

0 it e Red line:

g 1 ‘i.—ﬁ* + L o

2 [+ + T Whem e * prediction of the blue distribution
© 4800 4980 5160 5340 5520 5700 from the sample with both muons
125 ] l—l 1T 1 failing new classifier (isMuon=1)
100 F . .-.##.$-.1$:F+__.d:.‘_._._ _____ i i ] ] —
[ L w— 0 1 el * weights measured in K->mn

480 498 5.16 5.34 -8y 5.70

obs. / pred.

Excellent control of the residual muon misID shape and yield!

= vital for 3fv measurements and anomalies validation .



LHC star is shining for another 20 years

2021 2022 2023 2024 2025 2026 2027 2028 2029
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https://indico.cern.ch/event/1224987/timetable/?view=standard

 precision era and LHCb intensity frontier is
just starting

I_H Cb endeaVOr t||| 2041 * plus an ambitious plan to take data at even

. higher collision rate after 2030!
Design future data

x40 increase

Upgrade | Upgrade i
Run 1 Run 2 Run 3 Run 4

* LHCb precision era is the chance to find the
next energy scale and to better motivate a
new large-scale facility beyond the LHC

Projection for the SM
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https://indico.cern.ch/event/1377881/timetable/?view=standard

LHCb not alone: a highlight of Belle Il prospects
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* high hope to observe B* - u*v and
significantly improve Bt —» 7ty
measurement: both to 10% precision

* use inclusive tagging developed for B* - KTvv

—\p.ynkﬂau:ﬂ:]

‘—lnl L[ab-1)

LS1

2024

LS2

2029

60

50

. 40

30

4 20

410

[,.qel i

* also include radiative modes B - u*vy

Vitalii Lisovskyi

Total uncertainty [%]

18 — R(X) (had FEI, lep 7)
16 R(r) (had FEI)

L =——_R(D) (had FEI, lep 7)
14; ---- R(D) (SL FEI lep 7
12:\ R(D*) (had FEI, lep 7)

p ===+ R(D*) (SL FEI, lep 7)
10F ====-- 7%([)

9 (had FEI, had 7)

Data sample in ab !

Timeline allows to inform future energy frontier!
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https://indico.physik.uni-siegen.de/event/42/timetable/

Other frontiers to tackle: intensity frontier

). EnergyFron'ti'erf «

L4 .,.:
LHC 2
FCC

strenath

—~
~
=
-
—_
-
—

Known physics < 2. o Y ¢ Unknown physics

» %  Neutrino physics. . s
Flavour physicsgs
» "

Hidden Sector

New particles are
produced too rarely

» Intensity Frontier 1«

e S T Energy Scale
A\ ? | - New particles are too => new accelerator
: Hilumi )

= | - ( 3
\/ \/ ( HL-lL%LFJROJEm heavy to be produced FCC ?

SHiP

Search for Hidden Particles




Feebly interacting particles (FIPs)

* “new physics” is cornered by precision
measurements and lack of discoveries
in direct searches

e can put it into “dark sector” which
talks with the SM via feeble
interaction — much less constrained

* detectors are made of ordinary matter
=> no direct signal from such particles,
but exploration of unusual signatures:

* very long-lived particles
* delayed signals
* anomalous energy deposits
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Heavy neutral leptons (or neutrinos)

e YMSM — a minimal extension of the

* right-handed neutrinos N are an
example of “dark sector” SM with adding N;, Ny, N3
* provides a dark matter particle N;:
~ 1 N ~ 1 W e very long-lived, decays as N,>vy
1 £ 5 .l & 8. * debated /pd/rect ewdepce frqm
o > S AT T astroparticle observations exists
Y W W "Ve/ Ny Vi/ N, 1*Vs/ N
*“"e . o =~ = * Nyand N;can explain matter
1 A = e S S dominance of the Universe
* N, and N3 can be found with

M. Shaposhnikov et al
conventional detectors at colliders



https://inspirehep.net/literature/677890

Viable HNL parameter space
for testable leptogenesis

]_0_1 E Ek
10-3 C preinpt ]
g AT |
i \\ FASER?2 ‘
[ e e,
2 _ 2 107} \ A\ \\ \ FeC A )
U“ = Za Ua i \\ NAG2 ODE \ -
107 | g‘\ \
. ; DUNEA Q~ I \ .
S % i/ MATHUSEA LG \1111 Get needed matter-antimatter asymmetry +
1077 SHiP (y{l'éﬁ n light neutrino oscillation data w/o fine-tuning
N, ~~~ >l 1/1'
, : ‘J// FCC-ee
107 = v
|
1013 Miightest = 0.1 eV
--- Thermal initial conditions
- = Vanishing initial conditions
-15 il L bl ) il ! L !
. 101 10° 10! B 10% 103 10
50 MeV M [GeV] 70 TeV

Phys.Rev.Lett. 128 (2022) 051801: Drewes, Georis and Klaric 40



https://inspirehep.net/literature/1873435

SHiP: to be or not to be?

107
]
10-3 ﬁ C preinpt ]
; o i
10-° ENL
U? = Za Ug g ,, A \/ MECCTh ]
8 : \'\\ E
1077} 1 .‘
™~ [\ \'\\
~ l‘ AL LHC (\\i.\'pln('(‘(l |
10°? CBPC
C( '-hll/,"“
s "/ FOCeoe
- 5/ FCC-
i
10-13 Miightest = 0.1 eV
--- Thermal initial conditions
— Vanishing initial conditions
107 G "100 poe 2 3 y
10 10 10 107 10 10
50 MeV M [GeV] 70 TeV

Even if there is FCC, SHiP is the only one closing fully allowed gap below 5 GeV (?)41



Possible parameter space of heavy neutrinos

. . 10_3 T T T LI — T T 1 LI B — T T T .« . .
feeble interaction: N§L ' ' ' '  value of mixing with
.. . Previous limits . . .
mixing with CMS ] active neutrinos is
active neutrinos ATLAS 1 constrained from
107 E below by very low
masses of SM v
107 | B
: O'““\E * can be as low as 1012
larger :
107 fitetime 7+ exploring all allowed
more rare 3 : parameter space is not
production - : possible with just one
R v :
0 S I S Y S S Instrument
erc 1 2 3 4 5 6

heavy neutrino mass  my [GeV]

European Research Council 42
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N, or N, signatures in the detector

~ prompt
M5
e
FT prompt
or
. displaced
v
o . .
T h * produced as SM neutrinos —in
N .
2, N electroweak decays of SM particles
4
' S

CMS: transverse view

214 m

* decays either close to production
point (prompt) or after having
travelled some distance (displaced)
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Long-lived N search with CMS

- e L3810 T3 TeV) * developed a dedicated search at

|2

1—2||H|| —— Observe ] . .
2107 CM T Medamexpected 3 CMS with displaced leptons
\ T siopected ]
0% N ... DELPHI isplaced
E N T oRReem®E 1 e needed to use unconventional
104N, = reconstruction techniques and
A TP ; develop new background
10°F o estimation methods
10°1 . :
: 1 * improvement by 2 orders of
o’L Dirac i} magnitude over the previous
..::..:..',: E v b b b b b b v by E res u |ts
"..e..trc 2 4 6 8 10 12 14 16 18 20
JHEP 07 (2022) 081 M (GeY)

European Research Council

Established by the European Commission


https://inspirehep.net/literature/2011095

Pushing the detector capabilities

pr> 10 GeV,; |n| <24

o | sllmmedMuons :
. dlsplacedStandAIoneMuons
. dlsplacedGIobaIMuons

—

reconstruction efficiency
o
(0 ¢]

o
(0))
=

currently used

. 04 .................................... .........................
displaced muons %

02 . .................... ................... Seeretins

| | ;
O'Ow +
- .“..W ‘W‘M‘“ ‘u‘” +++
..'.'::.’..::e" C | I | l L1l I L1l | [ | L1 I L1l I L1
E:::':....r 0 100 200 300 400 500 600 700
RRREE production radius [cm]

European Research Council
Established by the European Commission

* now exploring
much larger decay
volume: up to
several m

* using the muon
detectors only —
the longest and
the farthest from
the collision point
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Limitations for existing LHC experiments

E ‘ T ‘ T T | T T T T
E, 1 Bl tracker v=30 = =
— [ ECAL ——ct=0.01m . D)
o) [JHCAL 7 5>
© [] magnet ct=01m - =
'§ 10 [l muon — Cct=10m . -
Q | 3
sts signatures i
1072 FASER/SND/FACET... _
107° =
\ | 7 ¢ next unconventional step: use
Tracker- 10‘4O = 5 BT 15~ Muon system to look for large
displaced vertices, Muon system: huge decay volume L [m] energy deposits!
0(1 m) and shielding with other detectors .

O(5 m)



Decay volume for HNLs @ LHC

E T | T T T T
E, 1 Il tracker v=30 —g
:E:} %Egﬁt ——ct=0.01m ]
CU Dmagnet Ct = 01 m |
'8 10~ [l muon ——ct=10m .
¥ | g
p:"ss signatures ’
5 FASER/SND/FACET...
10 =
Decay volume of 5
* displaced vertices _
-3 —
* standalone muons 10 -
* muon detector E
showers 104 e e
10 15

,_
3
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Displaced vertices in the tracker
vs with standalone muons @ LHC

Sensitivity of
* displaced vertices (DV)
 standalone muons (DV,)

* muon detector showers

—

N

N
~_PreviQus searches

107° b
S 408 T e
1070 HL-LHC N
, )
10—12 | | ‘ R S ‘ ‘ ‘
1 2 5 10 20

Y Lower masses
Lower couplings

HNL mass [GeV]

Phys.Rev.D 100 (2019) 075015
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https://inspirehep.net/literature/1727207

Muon detector showers (MDS) @ CMS

=xample event display of a LLP signal event

CMS simulation & 33 segments in ME-2/1
~N|
m A
it i m
g
= steel \
active layer

Muon detector
CMS-DP-2022-062

FIP traverses the detector and
decays in the muon system

* signal is proportional to the FIP
energy rather than its mass

muon detector acts as a sampling
calorimeter

low SM background as only
muons typically survive there

muons have much lower hit
multiplicity than FIP-induced
hadronic/EM shower — clear
signature for a trigger
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https://cds.cern.ch/record/2842376?ln=en

Muon detector showers (MDS): ATLAS/CMS

= CMS Simulation _ 1 s, * signature sensitive to all visible non-
S. 700F>% MEYS ME22 MEIZMEW? - oo € muonic decays (no final state
c r ] — o
S go0E3 B 1 dos 2 suppression)
D : - © -
é - |1 1707  * efficiency depends on the decay vertex
> 500 3 06 &  and FIP energy:
- n : o
D MB1 4805 * if decay happens at the beginning of steel
L 400 -
- Solenoid ‘ 1F=0.4 layer, the shower can be absorbed before
300 — 03 reaching the sensitive layer
/ g B I : .
200 | JRHIHE & * - in future detectors, can optimize
- HCAL i = 1 0.1 absorber thickness to be also sensitive to
100 00 806 9001000 1100 © a typical spectrum of FIPs (e.g. at the FCC-
|zI decay position [cm] ee/-hh)

Phys.Rev.Lett. 127 (2021) 261804
Phys.Rev.D 106 (2022) 032005
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https://inspirehep.net/literature/1883075
https://inspirehep.net/literature/2040545

If triggering on MDS is accessible at (HL-)LHC

Solid: Run 3. Dashed: HL

- S
=4 N\
10 4§. Excluded N\
C \
[ )
-5 \
1 O _ \ A\
—6: N\
107° == - N
3 =~ R N
NS 10_7 T —— TN~ NN
\\\____.,/ \\\\\\ S - - /\ \b\\
10_8 \—/ \\\\\\ /j “\\\\ N W
Eq N 7 \\\\ \i
-9 N ~S—J
10 9; S — SHIP  —CMS
: N — ATLAS — LHCb
-1
10 0? N N
0.5 1 ) 10
my, [GeV]

PoS LHC

P2022 (2023) 094

* Back-of-an-envelope estimate for
HNLs in T-dominant scenario:
 HNLs produced in W, Z, B, D decays
e coupling only to tau

* visible decays within muon system
(endcaps for CMS)

e assume 70% detection eff-cy
* Sensitivity of 10 with Run 3 data!

e 2-3 orders of magnitude better
than existing results
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https://inspirehep.net/literature/2671960

If triggering on MDS is accessible at (HL-)LHC

At low masses x107%3 better than projections with more conventional techniques

Solid: Run 3. Dashed: HL

Displaced vertex search projection

10-4f  Excluded |
5 "!
10_ 10—° = }—:\?’
’ 10sf
wsl el T
- ——— ATLAS 4 ot
a
— SHIP —CMS To—F Cr;) o
e L 380 fb~!
— ATLAS — LHCb g . . . 1
; 2 3 5 10 20 30
L . . . . | — h L L | L L s s | Ml G
0.5 1 26Gev 5 10 2 GeV o
my [GeV]

PoS LHCP2022 (2023) 094

Rept.Prog.Phys. 85 (2022) 024201
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https://inspirehep.net/literature/1865621
https://inspirehep.net/literature/2671960

Muon detector showers in LHCb HLT?2

Profit from the absence of hardware trigger in LHCb

Put anomaly detection based on normalized autoencoder directly into HLT:
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Potential LHCb sensitivity to other LLPs

Dark photons

1078
10—107
10—12

W | — SHIP-ECN3, N, > 2.3
1 0_14 7 — LHCb-muon-chamber, Ng, = 2.3
10—16
10-18- 1 Dark scalars. Br(h-SS) = 0.
0.05 0.10 0.50 1 10—4, EXCIUded
my [GeV]

1076

* LHCb offers unique possibilities 108 7
. @ — LHCb-muon-chamber, N, = 2.3
for IOW-maSS FIPs produced N . '\ — SHIP-ECN3, Ny, 2 2.3
the forward regime! 107
10—12,
0,05 0.10 050 1 5
ms [GeV]
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(FEo)
Very far in the future: HNLs at FCC—ee/—hhg%

FCC-ee Eur. Phys. J. C81(2021)6 FCC-hh JHEP 01 (2023) 042

European Research Council
Established by the European Commission

10_4 - TW ! L S W
£ AA A
- DUNBE\ 9
10~5 | ‘ \\(;(,)DJ;_:}U? |
:1:0
10— B i
FCC-ee .
10-7 *.\ X . muon CEPC -

"\ \ chamber \Y

U2

1078 % N |

1079 * 'HECATE\ \ ! 1
- @FCC-ee N\ \ ] 1 i

10710 |- gpip CONT - 107" === Mid-n; T
[ THUNDERDOME " N i Mid—n,

10—t ?BBN seesaw \\\\ "// E —— FCC-ee
1 2 5 10 20 50 1 2 5 10 20 50

Future projections M [GeV] Future projections  p, (GeV]

Proposals for the LLP detectors on the walls of the FCC experimental caverns
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https://inspirehep.net/literature/2062327
https://inspirehep.net/literature/1827822

Another subdetector usage for HNLs @ LHC ?

E | | | | | |
E, 1 Il tracker v=30 —g
:E:} %Egﬁt ——ct=0.01m .
(4] []magnet ct=0.1m |
_8 10_1 [l muon —— ct=10m ]
o | :
p:"ss signatures -
1072 FASER/SND/FACET... |
Decay volume of E
* displaced vertices E
e standalone muons 1073 —
* muon detector .

showers
* missing particle? 10”

10 15
L [m]
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HNLs esca

10-°

10—10

Can smth be done?

10—12 L

PoS ICHEP2022 (2022) 608

0ing detector

HNLs decay

i promptly |
10° events -
10* events e \
10 events /
 10% events HNLs de - |
10 events outside detector,
1 event -
:“\
too few HNLs produced ' |
1 5 10 50
M[GeV]


https://inspirehep.net/literature/2173373

z

0.030 F

0.005 F

“Stable” low-mass particles: P;™ @ LHCb

Proposal to use fully reconstructed decay vertices to infer
missing particles:
* non-hermetic detector but excellent vertex resolution

* look for missing momentum in hadron decays!

Pr higM
'¢
Y(Ds) .°
4
Pr
> 1, SM
R h2
Lo SV
'¢
¢¢
o

0.000E
5600

B b background
BN signal with A — gpgKT ™

Taggingiby X, ) > A, 0mr*

6200

6100

5800 5900 6000
m(AJ7=) [MeV/2)

Eur.Phys.J.C 81 (2021) 964

573X

Entries/ (150 MeV/c)

» get access to much lower masses: 1-5 GeV

p™ss in hadron decays

500

1000

B bb background
7 signal m(yps) = 940 MeV/c?
N0 signal m(yps) = 2400 MeV /c?

2500

1500 2000

priss[MeV /c]

3000

Branching fraction

Systematic uncertainty is a challenge!

| SLALSLANLINS LA LANL I I N A B N N L B B B B
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—— BY— pgA(1520) |
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https://inspirehep.net/literature/1870149

Science fiction idea: M. ?

Looking for B* >K*'urt” * missing mass used in the LHCb

“%of’é Y heimuation | search for LFV decays with T:
2016 ST * B* momentum computed from its
%81‘2‘ e flight direction and known m(B*K’)
g o N S * missing T 4-momentum is
éggi £, : computed as P(B*)-B(K*w)
o __ : * can be applied for HNLs at FCC?
0 T _ e fully inclusive for HNL decays

() m2 [GeVz] * suppressed by B, cross section

Tagging by Bs; —» BK ™ e can consider B>D->HNL chains

* needs hadron identification and

ianl
JHEP 06 (2020) 129 excellent vertex resolution! .



https://inspirehep.net/literature/1784811

Meanwhile: new instruments proposals

Transverse
LLP Detector

Rock/shielding

* Location:
* using available LHC interaction points
* relying on mostly existing infrastructure

 Shielded from the collision point:
* no SM background
e can have large decay volume
* no need for trigger

LLIIiol;\gfer((:jtor * Forward LLP detectors:
* light mediators (dark photon, ...)

* Transverse LLP detectors:
* heavy mediators (H, Z, W, ...)

Credits: Carl Gwilliam
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https://indico.cern.ch/event/1128662/contributions/4889794/attachments/2452265/4202845/Gwilliam_Forward_LLP11_May2022.pdf

Proposals and realizations

* Existing:
FASER(V)

SND@LHC

MOeDAL
MAPP-1
milliQan demonstrator

— * Planned:
LHCb ATLAS ) « CODEX-b
MATHUSLA
MAPP-2
ANUBIS
FORMOSA
FLArE
FACET
milliQan
AL3X
FASER2
AdvSND

MATHUSLA
CMS wiitly

61

Credits: Emma Torro Pastor



https://indico.cern.ch/event/1128662/contributions/4889799/attachments/2452832/4203292/TransverseLLPDetectors_LHCLLP_2022.pdf

SND@ LHC: Cf.).é

Scattering and Neutrino Detector at the LHC

Scattering and Neutrino Detector

. ° ° !
480 m from the ATLAS collision point
L4y
o
[(/’7/7@ Charged A
/ particles ke ST
Neutrinos 3\
i N, ¢
NEUTRINO DETECTOR o - - - - . > T )
Residual hadrons e
AL —— LHC . g—
?’; : 100 m rock magnets "
% pp collisions
LA

new hybrid off-axis
detector for:

e SM neutrino
measurement

* FIPs searches

TARGET REGION

https://snd-lhc.web.cern.ch/ 62



https://snd-lhc.web.cern.ch/

SND@LHC in the tunnel Cilé‘

Scattering and Neutrino Detector
at the LHC

Started data-taking in 2022

Recorded data

—— Delivered
1 ==~ Recorded
—— Emulsion run 0
1 —— Emulsion run 1
—— Emulsion run 2
154 —— Emulsion run 3

10
5 l/
0 .

2022-07 2022-08 2022-09 2022-10 2022-11 2022-12

July’22 December’22

Integrated luminosity [fb~1]
N
o

already detected first neutrinos!
first data are being analyzed
data-taking planned till 2025

" SciFi tracke ~
built at EPFL

https://snd-lhc.web.cern.ch/ 63



https://snd-lhc.web.cern.ch/

And finally:
SHIP happens!

LDM/neutrino target and muon system (SND) ~ 2Rectrometer magnet Timing detector

Surrounding Background Tagger (SBT)

i [l

Upstream Background Tagger (UBT) Spectrometer straw tracker
Decay volume PID systems

64
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https://cds.cern.ch/record/2878604

SHIP sensitivity to HNLs

 Ultimate facility to discover HNLs (or other FIPs) with masses below 5 GeV:

| ~ HNLs (BC7) o HNLs (BC8)
104 @) Excluded _ 10.4;_b) Excluded

02 05 1 2 5 0.1 05 1
my [GeV] my [GeV]
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https://cds.cern.ch/record/2878604

SHIP (neutrino) physics with the SND

Expected neutrino flux and number of interactions:

CERN-SPSC-2023-0353

<E> beam <E> SND target | <E> CC DIS

|GeV | dump | [GeV | acceptance | [GeV | interactions
Nig, 2.6 5.4 x 10%® 8.4 1.5 x 10Y7 40 8.0 x 10°
NG, 2.8 3.4 x 108 6.8 1.2 x 10%7 33 1.8 x 10°
N, | 63 41x107| 30 13x10° | 63  2.8x 10°
Ny, 6.6 3.6 x 1017 22 9.3 x 10%° 49 5.9 x 10°
Ny 9.0 2.6 x 1016 22 1.0 x 10% o4 8.8 x 104
Ng_ 9.6 2.7 x 1016 32 1.0 x 10%° 74 6.1 x 104

Physics programme:

* V. V, Ve Cross section
measurement

* parton distribution
functions

V.4 measurement

neutrino magnetic moment

lepton universality

+ light dark matter searches
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https://cds.cern.ch/record/2878604

SHIP T neutrino physics

* “double-kink” topology:

* detector with superior vertex and tracking
capabilities: emulsion or Si-based
spectrometer

* event/shower shape variables:
* v_interaction vertex

°* L momentum

* hadronic shower energy and shape
measurement

= absorber interleaved with tracking
sensitive layers, e.g. SciFi mats

CERN-SPSC-2023-0353

Number of reconstructed taus
with emulsion:

Decay channel Uy U,
T — 1 4 x 10> 3 x 10°
T—=h 27 x 103
T — 3h 11 x 103
T —e 8 x 103
total 53 x 10°

= relevant for NP searches
and lepton universality tests!
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https://cds.cern.ch/record/2878604

SHIP timeline

Overall timeline

| 2026 | 2027 | 2028 | 2029 | 2030 | 2031 | 2032 | 2033

Accelerator schedule 2022 | 2023 | 2024 | 2025
LHC Run 3
SPS (North Area)
BDF / SHIP Study /// sign and prototyping
Milestones BDF R studies ;(%RR
Milestones SHIP 7 1DR studies sTQRR

Approval for TDR

% Producon C%donlhstala'on%

Submission of TDRs Facility commissioning

planning towards SHiP realization is happening now

expect first operation as early as 2031

possibility to have staged approach for detector subsystems

target of 6x10%° PoT is achieved in 15 years of nominal operation:
* it is necessary that SPS delivers beams after the stop of HL-LHC
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o, [cm?]

Independent source of news:

Astr

\

10728,
1024
1030
10731
10732
1033,
10734
10735,
107361
10-37F
10738}
107
107401
107411
107421

~,

DAMT‘Q—SNOLAB T .
< XENONI =

R

L

10—43:‘””\ e
100

2202.10518

Direct Detection

ophysics frontier

SM

Collider

Indirect Detection

DM

DM

e Lower DM and mediator masses

* Long-lived mediators

* Decaying DM

----- neutral displaced M BSM
charged HSCP dilepton M lepton
- any charge W quark
photon
M anything
disappearing displaced
track lepton
R AN
displaced ; displaced
dijet photon
displaced v dis Not pictured:
placed stopped particles
vertex conversion ppeap
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https://arxiv.org/abs/2202.10518
https://www.nasa.gov/image-feature/goddard/2022/japanese-nasa-x-ray-observatory-stands-tall-as-testing-begins

XRISM: operating in nominal phase

e is there a 3.5 keV line?

* contested reports of a
possible evidence of
DM->vy

* the answer might be
around the corner
already!

e XRISM achieves 5 eV
resolution in the

3

XTIV F— / X-ray energy necessary energy range

https://www.xrism.jaxa.jp/en/topics/news/990/
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Next decade is crucial

* Unique opportunity to open a window to
new energy scale through precision with
LHCb and Belle Il experiments

* An ultimate FIP search experiment can start
operating: SHIP @ ECN3

* Influx of astrophysical measurements can
corner the DM mass scale

BellelT
* And we have a decision on the next ‘“
to make! V‘V .

* While no guaranteed path to discovery, we SHiP

Search for Hidden Particles

have several promising venues to explore and
to determine a new energy scale!



Extra slides



SHIP @ ECN3

Ventilation wall

Access shaft (4x8m?)
(existing)

Hadron absorber

Service building
(existing)

Target complex

Access shaft (8x8m?)

Mo/W target

—

' C¢

Muon shield ’

Scattering and
Neutrino Detector

Decay volume

Spectrometer

Particle ID
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Long-term scintillator R&D

* collaboration with Kevin Sivula and Colin
Jeanguenat from chemistry

—

b CsPb(CI/Br), CsPb(I/Br), * aim to develop new fast, radiation hard, high-
CoPcl — ZsPbB, R light-yield scintillator for future applications

kit * they succeeded to enhance the dye-sensitized

scintillators by anchoring it to the perovskite
nanocrystals

Norm. PL

i e

ey * we are measuring samples light yield and

attenuation length

* potentially can expand collaboration to
colleagues at CERN (in the scope of ECFA
DRD4)
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The LHCb detector
| ) Particle identification (PID) .

/"’97% (u,e) ID rate @ 1-3% m misID;

¥

P
~ dedicated separation of hadrons m/K/p
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https://inspirehep.net/literature/796248

Candidates / (0.06 MeV/c?)

EPJ Tech. Instrum. 6 (2019) 1, 1

Rare decays: background control is crucial

* Large calibration samples are collected with dedicated triggers and used for:
* calibration of PID algorithms to correct MC simulation for data/MC differences
* measurements of misidentification rates for data-driven estimates of peaking backgrounds
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https://inspirehep.net/literature/1658455

14
1.2

Efficiency

0.8
0.6
04
0.2

Performance of

charged hadrons identification

* Very good discrimination power over wide kinematic ranges for hadrons

kaons
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https://inspirehep.net/literature/1841673
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Neutral calibration samples

* multivariate classifiers combine variables describing energy deposits in the

calorimeter subdetectors

 discriminate photons from hadrons, electrons and high-energy neutral pions
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Performance of photon identification

* Three different neural networks trained with simulation to separate photon signatures from other

species:

* yvs. hadron: IsNotH
* yvs.e‘e: IsNotE
* yvs. % IsPhoton

e Signal: reconstructed photon candidates matching the generated photons (B° — K*%y)

e Background:
* electrons: reconstructed photons matching generated electrons (B® — K*%e*e™)

* non-electromagnetic: reconstructed photons not matching to photon or electrons
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