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INntroduction

Naturalness does not seem
to be a guiding principle of Energy scale
Nature

There are some anomalies
in flavour physics which (if
true) seem again to point out
that our theory prejudice was
wrong

Explored

We should therefore not Unexplored

forget that we have a 2D
oroblem (Mass VS Coupling)

LHC, FCC

Interaction strength
Energy frontier:

Low coupling = Long Lived Intensity frontier:
Flavour physics, lepton flavour violation,
electric dipole moment, hidden sector
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L andscape today

The intensity frontier is a broad and diverse, yet connected, set of science opportunities

ight Dark Matter (LDM)

Portals to Hidden Sector (HS) (dark photons, dark scalars)
Axion Like Particles (ALP)

Heavy Neutral Leptons (HNL)

In this talk, | will concentrate on HS particles, specifically Long Lived Particles (LLP) at LHCD.

Landscape: LHC results in brief:

Parameter space for popular BSM models is decreasing rapidly, but only < 5% of the
complete HL-LHC data set has been delivered so far

NP discovery still may happen!
LHCDb reported intriguing hints for the violation of lepton flavour universality
In b—cpuv / b—ctv, and in b—se+e- / b—=sy+u— decays

Clear evidence of BSM physics if substantiated with further studies (possibly by BELLE 1)
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Exploring the dark sector

In the dark sector: L = Lsy + Lmediator +LHS y ﬁ

Hidden Sector decay rates into SM final states is suppressed
Sranching ratios of O(10-10)

Long-lived objects /M' R
Interact very weakly with matter = i

=xperimental challenge is background suppression

Full reconstruction and PID are essential to minimise model dependence
Two strategies of searching for mediators at accelerators:
Not decaying in the detector (missing energy and scattering technique)
Decaying in the detector (reconstruction of decay vertex)
Two means of production:
Produced in pp collisions (displaced di-jets and di-leptons) PFE;IE) Qﬁ,aaqug%gséﬁ:@

Produced in B/D decays (displaced di-leptons) PRD. 95, 071101 (2017)
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The LHCb detector / 1

* LHCDb is a dedicated
flavour experiment Iin
the forward region at &=

the LHC (1.9<n<4.9) (~1°-15°

 Precise vertex reconstruction ~ 10 pm vertex

resolution In transverse plane

e Jet reconstruction efficiency > 80% (pT>15 GeV)

' VELO

\ Tracking

 Muons clearly identified and triggered: ~ 90% p=* efficiency

* (Great mass resolution: typically 7-20 MeV

 Low pr trigger means low masses accessible.

Calorimeter

=X: Py > 1.5 GeV Muon system

Int.J.Mod.Phys. A 30,1530022 (2015) JINST 10 (2015) P06013
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The LHCb detector / 2

ower luminosity (and low pile-up) Present trigger Upgraded trigger
~1/8 of ATLAS/CMS in Run 1

~1/20 of ATLAS/CMS in Run 2
LO Hardware Trigger : 1 MHz

Real-time reconstruction for all charged readout, high Er/Pr signatures
particles with pl > 0.5 GeV 450 kHz 400 kHz 150 kHz

—Real-time calibration & alignment

Full real-time reconstruction for all particles
avallable to select events |
We go from 1 TB/s (post zero suppression) | Buttersventa o disk periorm oniine
to 0.7 GB/s (mix of full + partial events) ‘

30 MHz inelastic event rate

40 MHz bunch crossing rate (full rate event building)

Buffer events to disk, perform online
detector calibration and alignment

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Add offline precision particle identification
and track quality information to selections

Output full event information for inclusive

triggers, trigger candidates and related
primary vertices for exclusive triggers

Full offline-like event selection, mixture
of inclusive and exclusive triggers

LHCb will move to a trigger-less readout O o O
system for LHC Run 3 (2021-2023), and 12.z (o.6s) toge

Drocess
5 TB/s In real time on the CPU farm

Int.J.Mod.Phys. A 30,1530022 (2015) JINST 10 (2015) P06013
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Searching for Dark Photons / 1 Phys. Rev. Lett. 120, 061801 (2018)

Search for dark photons decaying into a pair of muons

Used 1.6 fb-1 of 2016 LHCb data (13 TeV)

Kinetic mixing of the dark photon (A’) with off-shell photon
(y*) by a factor €:

SM

A’ inherits the production mode mechanisms from y-

meson decays oM Drell-Yan T
A’ — pty- can be normalised to y+ = ytu-
No use of MC — no systematics from MC — fully n (A, 2] = 2 'nZZ[TA’)]' Flm(A)] X [m(A"), 7(A')
data-driven analysis LA

Separate y+ signal from background and measure its fraction | off-shell photorj phase_spac/eﬁ A’ Jv* eff ratio,

e=1 for prompt
Prompt-like search (up to 70 GeV/c2) — displaced search K

(214-350 MeV/c?)

Need to separate

A’ is long-lived only if the mixing factor is really small from background
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Phys. Rev. Lett. 120, 061801 (2018)

Suppressing
misidentified (non-
muon) backgrounds
and reducing the event
Size enough to record
the prompt-dimuon
sample

Accomplished these by
moving to real-time
calibration in Run 2

Hardware trigger is still
there, and only ~10%
efficient at low pl

Triggeroutput

; 10’ LHCb - | T Ipromf)t—likle sa:mf)lel B
g: 10° Vs = 13TeV pr(p) > 1GeV,p(u) > 20 GeV
£ 10} ] wtm

© +

© ] v

~ 10* |

[
-
(OV)

Candidates
3,

10° 10* 10°
- MeV
Final A' sample i) [MeV]
LHCb ,ii 1solation |

Co
prompt-like sample

2 Vs=13TeV | & applied pr(p) > 1GeV, p(p) > 20 GeV

5 - R [ |
\g 10 prompt f*pu
~ B 7h+ hpg -
n 10° =
% - vﬁ"j 4 3
= 10° . .
1= plt ‘%
- : C |
® 10° 10 10°

m(pp”) [MeV]
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Searching for Dark Photons / 3 JINST 13, PO6008 (2018)
) 1 — 1 T r r 1 T 1T T T 7
. L . < ELHCDb =
Sackground dominated by material interactions for = 10 . —
displaced searches at LHCb 5 107F o
o 10 H
Precise knowledge of the location of the material in the LHCb o _T_—f— e Data
VELO is essential to reduce the background in searches for . — y conversion
long-lived exotic particles 10 — 7(A')=1ps
107
. . . . = —17(A") =10 ps
LHCDb data calibration process can align active sensor R 7:.2 Y i
elements, an alternative approach is required to fully map log [material p-value]
the VELO material - _
g 20 A L] | . | — 10°
&5 F o 1 1
Z O— -
u O N e e, o Z
s aadiiie NIE P
_203_ ] | —f .
~500 0o 500 1000 !
z [mm|
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Phys. Rev. Lett. 120, 061801 (2018)

Search for Dark Photons / Displaced 2, 10 ' .

_ 1 RS,

©

(Prompt: no excess is measured) o ;

: - O

Looser requirements on muon transverse momentum 1077 -

Material background mainly from photon conversions 107 O

|solation decision tree from BYs—p+p- search § _3LU
107" 250 300 350 10

Suppress events with additional number of tracks, i.e. m(A") [MeV]

from b-hadron decays 107 p——————————————————— 10

- LHCb N long-lived excluded o -

it In bins of mass and lifetime — use consistency of decay 155

topology X2 7 %
6

Extract p-values and confidence intervals from the fit U 5 j
4

No significant excess found, small parameter space region 3 QC))

excluded 2 oS

L O

| | o O)

First limit ever not from beam dump 50 30 350


https://lphe-web.epfl.ch

5 XII 2018 | Federico Leo Redi | Ecole polytechnique fédérale de Lausanne | 11

Search for Dark Photons / Results Phys. Rev. Lett. 120, 061801 (2018)

The 2016 dimuon results are consistent with (better than) predictions for prompt (long-lived) dark
photons as discussed in [1603.08926]. We implemented huge improvements in the 2017 triggers
for low masses, so plan quick turn around on updated dimuon search - then onto electrons.

90% CL exclusion regions on [m(A’), €]

L 107
W
107
107°
107’

107

llten, Thaler, Wil
PRD 92 (2015

llams, Xue
) 115017 ‘ I

llten, Soreq, Thaler, Williams, Xue [1603.08926]

10—9 " . scaled to 2016 data sample LUMI & trigger
10710 ~J 15 invb to 500 invfb 1 nHeb
10°1! b:j - Previous Experiments

| IIIIII | | | IIIIII
1072 107" 1 10

10712
m(A") [ GeV |
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Off-shell Majorana neutrinos at LHCb / 1

Searches for the decays of heavy mesons to final states with two same sign leptons
Complementary to other searches, such as in neutrino-less double [3 decay (only coupling to e—)

LHCb searches (will) constrain models like the type-| seesaw model with three right-handed
neutrinos (e.g. HNL of Shaposhnikov et al.)

Very stringent limits are possible for rare B and D decays

Particularly true for off-shell Majorana neutrinos [T

Phys.Rev.Lett. 112 (2014) 131802:
n =11, with 3.0 fo—1 (7 TeV and 8 TeV) [T

Phys.Rev. D85 (2012) 112004 q
n =D, D+, Ds and DO, with ~40 pb—1 (7 TeV) W+ vu ¢

dhys.Rev.Lett. 108 (2012) 101601 g
h = K or 1, with ~36 pb—1 (7 TeV) W
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Off-shell Majorana neutrinos
at LHCb / 2

- Theoretical interpretation is extremely
challenging

_HCb and Belle limits revised in:
Phys. Rev. D94, 113007 (2016)
Phys. Rev. D95, 099903 (2017)

- Analysis of inclusive production of
Majorana neutrinos is completed on
Run 1 and ongoing on Run 2

Possibility to explore further (mixing with
e—, opposite sign muons...)
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. Phys. Rev. D 94, 113007 (2016)

revised limit

arxXiv:1805.00070
0.1 05 1 5 10 50
My[GeV]
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Massive LLP decaying to jet pairs / 1 Ty <
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- Search for LLP, SM Higgs boson acts as
a portal, hidden-valley pion (1)

- Experimental signature is a single
displaced vertex with two associated

jets, trigger on displaced vertex o~
O
+ Uses 2 invfb of 7 and 8 TeV data %
- Quality requirement on jets and di-jet %3
pointing =
- Material veto + selection optimised as =
a function of transverse distance from g
beam axis (2xy) g

- U B B / N . _

+ Search uses 6 bins of Ry 107 B TN E

0 20 40 60 30

14 | Federico Leo Redi | Ecole polytechnique fédérale de Lausanne Dl] et mass [GeV/ 02]
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Massive LLP decaying to jet pairs / 2

Minimum B

excluded at 95% CL

Published on

75 7
50 Y
30 %
20 %
5 Y0
2 %
1 %
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Run 1; Done for Run 2; Prospect for
00 -
H(0- 1l||||||"!' — |I
40- ‘| '
LI-L —ﬁsults
07 L Z 2 b1
20
10 L L LR LR
10-* 10° 1072 107t 10Y
Ty ¢ |[m]

Run 3 published soon
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104

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

m——  ATLAS 20.3 fb~! at 8 TeV
=== [,HCb 2.0 fb~! at 7-8 TeV _
= CMS 18.5 fb~! at 8 TeV

not updated

W ?

not updated

1073

102 107t 10Y 101 102
my e Im]

Fur. Phys. J. C77 (2017) 812
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LLP Decaying
Semileptonically

- Massive
oair)

- Uses full

P into y and quark pair (to jets

Run 1 dataset mass in range
20-80 GeV/c2. Lifetime in range 5-100 ps

Background dominated by combinatorial

strong MVA and tight selection

- Several models:

MS

neu

{

UGRA RPV neutralino, Majorana

ino, simplified topologies

+ NO excess Is observed, rejecting

3R

»X)>10% dowr

Ty=100 pSs
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Conclusions

HCb has an extensive program of searches even beyond flavour physics
Searches for on-shell new physics from heavy flavour decays
Searches for long-lived particles with low mass and short lifetime

Searches for dimuon resonances in very broad parameter space

Sright future ahead:

- 3fb-1inRun 1, 6 fb-1in Run 2 (with larger cross-sections)
- Alot of potential in the upgraded trigger (also 5x luminosity)

2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031 | 2032

LHCb 40 MHz LHCb Upgrade| L =2e34;

Upgrade LHCb Consolidation L = 2e33; 50 invfb Phase |l 300 invib
Phase | (oroposed) (oroposed)
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L CHb track types

Upstream track
4
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1T s’
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Long track T track j_ -

m —
Downstream track
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Search for Dark Photons / Prompt Phys. Rev. Lett. 120, 061801 (2018)

No significant excess found - exclusion regions at 90% C.L.

-irst limits on masses above 10 GeV & competitive limits below 0.5 GeV
10~

10~

-5
~ 10

107} - LHCDb prompt-like
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