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Where to search for New Physics at colliders?
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Direct and indirect searches did not reveal NP, yet.
« New Physics (NP) scale is unknown.

%

Exploration of uncovered parameter space is important.

Potential for new light particles feebly coupled to the Standard Model (SM).
® Could be a dark matter (DM) candidate, as well.

*
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What do we know so far about Dark Matter?

Fluctuations of CMB

e Dark Matter (DM) composes around 27% of
matter and energy content of our universe.

e Gravitationally interacting.

e Neutral or only weakly charged under SM
forces.

m—— —— e No or small self-interaction.
Rotation curves of spiral

galaxies .
o Stable on cosmological scales.

Proposal of “dark sector”, interacting with the SM
through a new mediator.
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The dark sector
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Dark sector particles could address...

Hierarchy problem Baryon number
Strong CP problem asymmetry
t
— ; " -
[\ | 0e@@® || " Q‘ T
= axion = dark scalar
= dark scalar, HNL

Neutrino masses DM candidate

= heavy neutral lepton = dark photon, axion,
(HNL) dark scalar, HNL
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What do we need to detect such signatures?

1. Particle identification 2. Mass resolution
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3. Decay time resolution
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« Tagged mixed
o Tagged unmixed
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4. Balance between large luminosity
and soft trigger thresholds, especially
important for low-mass searches
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LHCDb is excellent for low mass
searches in pp collisions.
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Int.J.Mod.Phys. A30(2015)1530022
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https://arxiv.org/abs/1412.6352

Dark sector searches at LHCb

Dark Photon A’ Dark Boson Yy
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Non-exhaustive selection of results and future prospects!
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The Dark Photon

IDEA: Extend SM with new U (1)p gauge symmetry.
Kinetic mixing of U (1)p with U(1)y :

Couplings to fermions
inherited from mixing

with y.

1., Uy
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Mass term via dark
Higgs or Stueckelberg
mechanism

DP couplings to
dark current.

@ my > mpy: Prompt A’ decay to DM — invisible

@ my < mpy: A’ decay to SM particles — visible
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The Dark Photon

IDEA: Extend SM with new U (1)p gauge symmetry.

Chin.Phys.C 41 (2017) 6, 063102

05—

. . L. . Branching fractions
Kinetic mixing of U (1)p with U(1)y :
04
_ lighthadrons
Couplings to fermions Vanishes in 03 y
inherited from mixing minimal DP
with y. model.
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Mass term via dark DP couplings to

Higgs or Stueckelberg dark current.
mechanism my
JHEP 02 (2015) 157
10° .
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@ my > mpy: Prompt A’ decay to DM — invisible e=ve N MW"’]T
. . . 20m
Q@ myu < mpy: A’ decay to SM particles — visible L I
@ Minimal DP model — only A’ in dark sector > ?"\
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https://arxiv.org/abs/1612.09284
https://arxiv.org/abs/1412.0018
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Prompt A’ — u*u~ search

*

Normalisation to y* — u*u~ yield cancels most
experimental systematics.

Templates from data and simulation.

Scan my, in steps of oy, /2.

Candidates/ 0.4

Pull

. . E
Prominent resonances vetoed, tail modeled. LI

Candidates / o[m(utp)]/2

PRL 124 (2020) 041801
55fb~! LHChH 3

10° = isolation Vs=13TeV 3
applied prompt it E
10°
Bl ione
10* Bl b+ hpg

m(t ) [Gev)

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

" i

First 11m1ts on masses above 10 GeV & competitive limits below 0.5 GeV.
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https://arxiv.org/abs/1710.02867
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Displaced A’ — u*u~ search

> Search in my € [214,350] MeV. ‘ JINST 13 (2018) P0G00S
LHCb .

0 500 T000 !
2 [mm]

> Even looser pr(u) requirement.

(signed) r [mm]
3

> Main background from photon
conversions in VELO material. -0

(U RARRRRARRNRAARNCARRN RS

> Material map to suppress decay
vertices originating from material.

!
g

PRL 124 (2020) 041801

90% CL upper limit on nd[m(A'),2] / n&[m(A'), 2
10°® T T 10

> Fit in bins of mass and lifetime.

No significant excess found.
Small parameter space region excluded.

First limit ever not from beam
dump in a displaced region.
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https://iopscience.iop.org/article/10.1088/1748-0221/13/06/P06008
https://arxiv.org/abs/1710.02867

Resulting limits on A’ mass and kinetic mixing strength

Dimuon
threshold B~

Prompt A’ search.

Displaced vertex search,
short A’ decay length. .

Minimal dark photon model
PRL 124 (2020) 041801

P PP | o
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JHEP 12(2023)070
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.041801
https://link.springer.com/article/10.1007/JHEP12(2023)070
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Dark scalar searches

IDEA: Extend SM with scalar singlet, mixing with the Higgs-boson.
> If mg << EWK scale, coupling to fermions proportional to Higgs-scalar
mixing angle sin 6.
> Leptonic decay rate of S well known, but large theoretical uncertainties on
hadronic decay rates.

PRD 99 (2019) 1, 015018
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3 — kK
% 107 47,n,0p,...
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Theoretical predictions show disagreements.
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https://arxiv.org/abs/1809.01876
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Dark boson searches in B — K™ u*u~ decays

u* » Both analyses exploit full Run 1 dataset.
i X< w » Search for prompt and displaced
i Vwm”s X — uu decays.
BB 4 K%K+ » B normalised to B(B* — K*J /) or
Ay d/u B(BO N K*OM+#_)-

PRD 95 (2017) 071101, PRL 115 (2015) 161802 » Scan m## in StepS of Umw/z-

> B-mass constraint improves oy, .

® @ PRL 115 (2015) 161802 JU W(2S)+y(3770)
T T T T
20 —— Prompt B - K"y
—— Displaced
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Candidates/ 10 MeV
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No evidence of signal observed.
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https://arxiv.org/abs/1612.07818
https://arxiv.org/abs/1508.04094
https://arxiv.org/abs/1508.04094

Resulting limits on ALP and dark sector models

e Results published as limits on 8(B — K y(uu)) as function of 7, and m,.
e Setting limits on dark scalar and ALP models.

e While LHCb exploits uu final state only, Belle II combines ee, uu, 77 and
KK.

PRD 108 (2023) 11, L111104
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LHCb’s dark boson searches set stringent limits.

Felicia Volle
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https://arxiv.org/abs/2306.02830
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LHCDb detector in Run 3

Increased instantaneous luminosity (pile-up =~ 6).

New Vertex
detector

New Particle
Identification
detector

New tracking
system

New read-out

upgrade

Removal of hardware trigger = Fully software-based trigger.
* Reconstruction of charged particles.
« Potential for trigger on tracks starting outside of vertex detector
(“downstream”) = Advantageous for long-lived particles.
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Neural networks at the first trigger steps

» Buffer scanner at first trigger level
to detect long-lived particles is

running on 2024 data.

» Improved muon and electron
identification at first trigger level

via Lipschitz constraint NN.

LHCB-FIGURE-2024-036
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https://cds.cern.ch/record/2914494
https://cds.cern.ch/record/2912183
https://cds.cern.ch/record/2897528
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Future prospects of dark photon searches

o Clean dimuon mass spectrum in LHCD-FIGURE-2024-015
2024 data out of first trigger step.

o Search for A’ — e*e™ to access
my. below dimuon threshold and
normalise to y* — e*e”.

o Prompt A’ — ee has high yields
but large backgrounds. -

o Inabundant 70/n — ete”y
decays. arXiv:2203.07048

o Better resolution via mass
constraints in D*® — DO%*e™
decays, but rarer. PRD 92 (2015)
115017

LHCb HLT1 Preliminary 2024 (partial)

No. entries / -

arXiv:2203.07048

7 = oM (or = 14um)

LHCD could cover unexplored e
10 5 - -
parameter space. 10 10 1 0 GV
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https://arxiv.org/abs/2203.07048
https://arxiv.org/abs/1509.06765
https://arxiv.org/abs/1509.06765
https://cds.cern.ch/record/2899695/files/LHCb-FIGURE-2024-015.pdf
https://arxiv.org/abs/2203.07048

Future prospects of dark scalar searches

Dark scalars (BC4) Improved

B ‘\E)‘(clud‘ed \/ = sensitivity for

B B* — K* x(up)

search in Run 3,

where the u’s are
long tracks.

IR

Further
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‘ : : ~  reconstructed as
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downstream

ms [GeV] tracks.

EPJC 84 (2024) 6, 608

Several ideas to exclude free parameter space with LHCb data.
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https://arxiv.org/abs/2312.14016
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Prospects for HNL searches

v

HNL coupled to active neutrino v, (BC6), v, (BC7) or v; (BC8) with mixing
angle U,.

\4

Unexplored U, vs. my phase space can be tested with downstream tracks
(~ 2m displacement).

v

HNL’s produced in D-meson or 7 decays (my < 2 GeV) not competitive.

v

Promising HNL search in b-hadron (2 GeV< my < mp, — me) and W decays
(mN > mBC).
EPJC 84 (2024) 6, 608
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v N v < Q y
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HNL searches could profit from downstream tracking.
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https://arxiv.org/abs/2312.14016

N —
Conclusion

o

= 2024 (13.6 TeV): 9.56 fb™'
2023 (13.6 TeV): 0.37 fb!
|- —2022(13.6 Tev): 0.82b™"
2018 (13 TeV): 2.19 fb™"
— 2017 (13 TeV): 1.71 o'
6 ~— 2016 (13 TeV): 1.67 o'
- 2012 (8 TeV): 2.08 fb™'
— 2011 (7 TeV): 1.11 fo”"

Broad spectrum of searches at LHCb:

©

o Prompt and displaced decay topologies.

@ From resonance searches in dilepton
mass to exploitation of electroweak
penguin decays.

!
Mar May Jul Sep Nov
Month of the year

Integrated Recorded Luminosity (fo™)

Exciting prospects for dark sector searches:

@ Large data sample via luminosity increase in Run 3.
@ New ideas to explore uncovered parameter space.

@ Higher purity already at first trigger step via lepton identification neutral
network.

@ Downstream tracking offers new possibilities for long-lived particles.
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Mass range of dark matter candidates

CD axion WDM limit unitarity limit

102eV Sk keV  GeV 10w My 10 My,

106-104eV
<_} + | 1 | (I
I I I B I

“Ultralight” DM “Light” DM WIMP  Composite DM Primordial

(Q-balls, nuggets, etc) black holes

non-thermal dark sectors
bosonic fields sterile v
can be thermal

“Dark matter models and direct detection” TASI Lectures 2018 by T.Lin
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https://arxiv.org/abs/1904.07915

.
BC4 model

Lagrangian of the interaction of the dark scalar S with the Standard Model
fermions and gauge bosons after electroweak symmetry breaking:

mr — m2 m2 1 1
Lo 0 LSFF+20- W SW W™ +6-257% 4+« (—s2h2 + —Szh)
v v Vv 4y 2

S Higgs-like dark scalar.
6 S-Higgs mixing angle.
a coupling of the hSS operator. « = 0 in “BC4 model”.
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Sensitivity study of true muonium search

o Standard Model pu true 0
muonium bound state, 7 M. ”

o Kinematically mixing with 2
photon.

£

@ Study vector state 135, 0

predominantly decaying to sl — e [
ete™ == (ii) e*ey

[
0.00 0.05 0.10 0.15 0.20 0.25 0.30

@ Proposed search for displaced < fonitles]
7 — yT M(e*e™) and inclusive PRD 100 (2019) 053003
TM—ete .
@ Required integrated luminosity
for a 5o4,¢ discovery as function
of the reconstruction efficiency
er (figure right).
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.053003
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Anomaly detection for showers in muon detectors

e Muon detectors as sampling

——— Train signal - Test signal
deteCtorS to SeleCt Showers' ——— Train background =~ Test background
—— 99.9% bkg rej

e Trigger on such showers, allows to
be less impacted by data and
simulation differences. 10

a.u.

ET T T T TS

————
HCb Simulation

e BDT used to compare

performances (right) using 3
H — AA with the axion A o1k ]
decaying to hadronically decaying ; \ ]
7-leptons. ootk M

0.00 025 050 0.75 1.00

Prediction

LHCb-FIGURE-2024-015
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https://cds.cern.ch/record/2899695/files/LHCb-FIGURE-2024-015.pdf
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