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Direct searches for LLPs at LHCb

Long-lived (up to around 50 cm) tracks within VELO:

In reality more like 20 cm/∼ 700 ps (due to the efficiency of the reco algorithm).
Presence of a VELO envelope at ∼ 5 mm from beam:
→ Background dominated by heavy flavour below 5 mm.
→ Background dominated by material interactions above 5 mm.
A detailed material veto map is used. [LHCb-PAPER-2017-038]

Long-lived (up to around 2 m) tracks up to TT:

Worse vertex and momentum resolution → twice the VELO tracks resolution.
Not yet implemented in trigger → studies on-going by several groups.
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https://arxiv.org/abs/1710.02867


Direct searches for LLPs at LHCb

Unique coverage complementary to ATLAS/CMS:

Soft trigger and forward acceptance → lower masses (few GeV/MeV for jets/leptons).

Excellent vertexing capabilities → lower lifetimes (∼ 1 ps).

Exploit LHCb capabilities for direct searches:

Search for LLP produced in the pp collision,

Search for LLP produced in B and D decays:

  

VELO

UT
~ 2.5 m

Emerging Jets

~ 1 m

Measure detachment (∼ 0.1 ps) of LLP decaying into hadrons (+leptons) → future?
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Massive LLPs decaying into µ + jets [EPJC (2017) 77:224]

Massive LLP (5 – 100 ps) into µ + two quarks (→ jets).

Results interpreted in terms of several models:

mSUGRA RPV neutralino.
Four simplified MSSM topologies:

In particular, decay of a Higgs-like particle into two LLPs.
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https://doi.org/10.1140/epjc/s10052-017-4744-6


Massive LLPs decaying into µ + jets [EPJC (2017) 77:224]

Look for a single displaced vertex with several tracks + high pT muon.

Background dominated by bb̄ events and rejected by a tight selection + MLP.

Radial vertex position (Rxy) → very discriminant (left plot, mSUGRA RPV).

Fit (shape from MC) to reconstructed LLP mass (right plot, 38 GeV/c2).
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Massive LLPs decaying into µ + jets [EPJC (2017) 77:224]

Results interpreted in mSUGRA RPV (default Pythia 6, gluino mass of 2 TeV/c2):

Results interpreted in SM Higgs into two LLP process:

Stringent limits – rejecting B(H0 → χχ) >10% down to 30 GeV/c2 (5 ps).

No excess observed: results compatible with background-only hypothesis.
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Massive LLPs decaying into µ + jets – recast

Limits from this analysis recasted to look into sterile neutrinos [arXiv:1706.05990]

Could we get best world-limit (5–10 GeV/c2) with same kind of search?

Dedicated search with Run II data in preparation.

@ 95% C.L.
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https://arxiv.org/abs/1706.05990


Massive LLPs decaying into jet pairs [LHCb-PAPER-2016-065]

Search for SM-like H0 → πvπv (Hidden Valley πv ), where each πv → bb̄.

In most of the cases only one of the two πv decays into the LHCb acceptance.

Experimental signature is a single displaced vertex with two associated jets.

Explored several masses (25 – 50 GeV/c2) and lifetimes (2 – 500 ps) of the πv .
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https://arxiv.org/abs/1705.07332


Massive LLPs decaying into jet pairs [LHCb-PAPER-2016-065]

Analysis procedure (LHCb Run I):

1 Trigger on tracks passing a displaced vertex selection.

2 Reconstruct the displaced vertex and find two associated jets.

3 Quality cuts on jets – di-jet should point back to the candidate vertex.

4 Exclude material interactions + displaced vertices from heavy flavour.

5 Fit the di-jet invariant mass in 6 bins of Rxy (0.4 – 50 mm).
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Massive LLPs decaying into jet pairs [LHCb-PAPER-2016-065]

Background model (material + HF + SM di-jets).

Signal model (35 GeV/c2, 10 ps) for B(H0 → πvπv ) = 1.

Best-fit signal model (35 GeV/c2, 10 ps).
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Massive LLPs decaying into jet pairs [LHCb-PAPER-2016-065]

Limits at 95% C.L. as a function of πv lifetime for several πv masses:

No excess found – plan to analyse LHCb Run II + go to lower πv masses.
→ Working on new dedicated trigger lines for displaced jets.

Develop jet substructure tools to study multi-jets at lower masses.

Develop a selection for emerging jets → confining HV (dark showers) [arXiv:1708.05389]
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Massive LLPs decaying into jet pairs [LHCb-PAPER-2016-065]

Compare with recasted results from ATLAS and CMS (plot by M. Borsato):

CMS 18.5 fb−1 [PRD 91 (2015) 012007], recast [PRD 92 (2015) 073008]

ATLAS 20.3 fb−1 [PRD 92 (2015) 012010] [PLB 743 (2015) 15-34]
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Parameter space where B(H0 → πvπv ) > 50% is excluded at 95% C.L. is shown.

Disclaimer: new 13 TeV results from CMS not included in the recast [CMS-PAS-EXO-16-003]

Consider similar strategy for lower masses as in the h0 → χχ→ hadrons search

[EPJC (2016) 76:664]
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Hidden-sector bosons in B → K (∗)χ(µ+µ−)

B0 → K∗0χ [PRL 115 (2015) 161802] / B+ → K+χ [PRD 95 (2017) 071101 (R)]

Search for hidden-sector bosons χ→ µ+µ− in b → s penguin decays:

Axial-vector portal (χ as axion) [LNP 741 (2008) 3]

Scalar (Higgs) portal (χ as inflaton) [JHEP 05 (2010) 10]

1st dedicated search (K∗0χ) over such a large mass range:

Pro: K∗0 → K+π− vertex leads to better τ(χ) resolution and less background.
Con: B0 → K∗0χ has smaller branching fraction than the B+ → K+χ mode.

Allow for prompt and detached di-muon candidates – up to 1000 ps (∼ 30 cm).
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https://arxiv.org/abs/1508.04094
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https://doi.org/10.1007/978-3-540-73518-2_1
https://arxiv.org/abs/0912.0390


Hidden-sector bosons in B → K (∗)χ(µ+µ−)

Full LHCb Run I dataset (3 fb−1) used.

Look for a narrow di-muon peak (mass resolution between 2 and 9 MeV/c2).

Exclude narrow QCD resonances from the search - mass distribution below:
[PRL 115 (2015) 161802]

MVA selection almost independent of χ mass and decay time (uBoost).
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Hidden-sector bosons in B → K (∗)χ(µ+µ−)

BR normalised to B(B+ → K+J/ψ) (∼ 10−4) or B(B0 → K∗0µ+µ−) (∼ 10−7).

Constraints on τ(χ) between 0.1 and 1000 ps (left).

Constraints on mixing angle θ2 between the Higgs and χ in the inflaton model (right).
[PRD 95 (2017) 071101 (R)]

No evidence for signal observed.

Large fraction of allowed inflaton parameter space ruled out.
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https://arxiv.org/abs/1612.07818


Dark Photons

Search for dark photons at LHCb?

Excellent mass resolution → crucial if irreducible background (DY) is present.

Soft trigger on muon transverse momentum.

Online µ-ID in new µµ turbo line → no prescales down to µµ mass threshold.

Search for dark photons at LHCb!
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Dark Photons

Search for dark photons decaying into a pair of muons:

Kinetic mixing of the dark photon (A′) with off-shell photon (γ∗) by a factor ε:

1 A′ inherits the production mode mechanisms from γ∗.
2 A′ → µ+µ− can be normalised to γ∗ → µ+µ−.
3 No use of MC → no systematics from MC → fully data-driven analysis!

Separate γ∗ signal from background and measure its fraction.

Prompt-like search (up to 70 GeV/c2) → displaced search (214 – 350 MeV/c2).

A′ is long-lived only if the mixing factor is really small.

Used 1.6 fb−1 of 2016 LHCb data (13 TeV) [LHCb-PAPER-2017-038, arXiv:1710.02867]
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https://arxiv.org/abs/1710.02867


Dark Photons – prompt-like search [LHCb-PAPER-2017-038]

(shamelessly stolen from Martino’s talk at Flavour and Dark Matter workshop)
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https://arxiv.org/abs/1710.02867
https://indico.cern.ch/event/653347/contributions/2695700/attachments/1530869/2396363/MBorsato_LHCb_Exotica.pdf


Dark Photons – prompt-like search [LHCb-PAPER-2017-038]

No significant excess found.

First limits above dark photon masses of 10 GeV/c2.

Also – competitive limits below 0.5 GeV/c2!
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https://arxiv.org/abs/1710.02867


Dark Photons – displaced search [LHCb-PAPER-2017-038]

Looser requirements on muon tranverse momentum.

Material background mainly from photon conversions at VELO region.

Isolation decision tree from B0
s → µ+µ− search:

→ Supress µ from b-hadron decays + mis-identified π from K 0
S → π+π− tail.

Fit in bins of mass and lifetime – use consistency of decay topology χ2.

Extract p-values and confidence intervals from the fit:

No significant excess found – small parameter space region excluded.

First limit ever not from beam dump!
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Dark Photons – the future

Extend searches model-independently:
→ i.e. light NMSSM Higgs via ggF [PRD 93 (2016) 055047]

Prospected reach for Run III: [PRL 116 (2016) 251803] [LHCb-PAPER-2017-038]
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Conclusions – our present

Collected 3.0 fb−1 during the full Run I.

Collected so far 3.5 fb−1 during Run II (2015 – 1st November 2017).

Some results from LLP searches shown in this talk:

Hidden-sector bosons (inflatons) from B decays,
Neutralinos (mSUGRA RPV, from SM-like Higgs decay),
Hidden Valley πv from SM-like Higgs decays,
Dark photons in a large mass range.
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Conclusions – our future

Expect to collect 5.0 fb−1 during the full Run II.

A lot of potential in Run III triggers + also ×5 luminosity.

Plenty of prospects from existing results and ideas of new searches:

HV πv searches at lower masses and lifetimes, realistic models (dark showers).
→ see next talk by Yue.
Extend dark photon searches model-independently, etc.
Majorana neutrinos from B decays (b → c) – less CKM suppression.
Majorana neutrinos from W decays – already on-going!
e in final states – sensitive to lower masses like no one else @ LHC).
Fractional charge particles, monopoles, quirks – sensitivity studies needed!

Prospects for HL era:

See my talk and talk by Martino at the HL-LHC workshop previous week.
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https://indico.cern.ch/event/647676/contributions/2757734/attachments/1549579/2435644/HLLHC_LLP_CVS.pdf
https://indico.cern.ch/event/647676/contributions/2757381/attachments/1550404/2435591/MBorsato_LHCb_DarkPhotons_etcetera.pdf


Conclusions – take-home message

LHCb proved to be competitive in a wealth of signatures and regions.

Focus on searches in complementary regions w.r.t. other experiments.

There is an increasing interest in LLP searches in LHCb:
→ Proposal for a new compact detector for exotics – see talk by Dean.

We are looking forward to ideas for new signatures and techniques:
→ Do not hesitate to contact us if interested!
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Thanks for your attention!
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Backup
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The LHCb experiment

Fully instrumented in 2 < η < 5.
[IJMP A30 (2015) 1530022]

ParticleID capabilities (RICH).

Good jet reconstruction:
[JINST 10 (2015) P06013]

→ 10 to 20% energy resolution
for jets with pT over 10 GeV/c.

→ b(c) tagging efficiency of 65%
(25%) with 0.3% contamination.

Excellent vertex resolution (B0
s ∼ 40 fs): Excellent mass resolution (0.5% in µµ):
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The LHCb experiment

Lower luminosity (1/8 of ATLAS/CMS during Run I) → lower pileup.

Very soft and versatile trigger system:
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Hardware level L0 (L1 for the rest):
→ 95% efficient for detached di-muon with pT over 1 GeV/c.
→ ECAL (HCAL) triggers at 3.5 (2.5) GeV for electrons (hadrons).

Software level HLT:
→ Topological triggers on detached vertices.
→ Online µ-ID and jets in turbo lines.
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The LHCb reconstruction

Downstream tracks:
Reconstruction of LLP decaying beyond VELO.
Tracks with worse vertex and momentum resolution.
Trigger proposed on downstream tracks → better for LLP (6 2 m) signatures.
Offline studies on-going [LHCb-PUB-2017-005]

Upstream tracks:
Reconstruction of soft charged particles bending out of the acceptance.
New tracker (UT) – high granularity, closer to beam pipe.
Proposal to add magnet stations (MS) inside the magnet → improve low p resolution.
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The LHCb reconstruction

Long tracks:
Excellent spatial and momentum resolution.
Crucial for LLP decaying within VELO (most of our LLP searches).
Presence of a VELO envelope (RF-foil) at ∼ 5 mm from beam:
→ Background dominated by heavy flavour below 5 mm.
→ Background dominated by material interactions above 5 mm.
Having a precise model of material interactions is crucial for LLP searches.
A detailed material veto map is used (paper in preparation):
→ Sensitivity improvement by one to two orders of magnitude.
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Massive LLPs decaying to µ + jets – prospects

Prospects for Phase-II → some naive extrapolations below:
Scale signal and background – consider increase of cross-sections,
Conservative assumptions for jet reco, trigger, and material interactions,
Optimistic assumptions for pile-up effect.
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Our main aim is to reach lower masses and lower lifetimes.

Removal of L0 trigger (Phase-I) → much higher trigger efficiencies at the end!

Jet reconstruction efficiencies will be better for lower masses.

Expected a better knowledge of material interactions (or much less interactions!).
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Massive LLPs decaying to jet pairs – prospects

Prospects for Phase-II → same naive assumptions as before:
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Again – our main aim is to reach lower masses and lower lifetimes.

Removal of L0 (Phase-I) will be beneficial as well → access to lower jet masses.

Higher pile-up in Phase-II:
Impact of pile-up on jet reconstruction efficiencies needs to be studied in much detail.
We have reasons to be optimistic – preliminary studies ongoing + ideas (see below).

Some possible improvements to mitigate the effect of the increased pile-up:
Remove neutrals (more pile-up dependent) from jet reco (only charged tracks).
Consider ML techniques to seize pile-up contributions as in ATLAS and CMS.
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[LHCb-TALK-2017-347]
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Confining HV at LHCb [arXiv:1708.05389]
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Confining HV at LHCb [arXiv:1708.05389]
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Confining HV at LHCb [arXiv:1708.05389]
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Dark Photons – material veto map [LHCb-PAPER-2017-038]

Reduce material background:
→ mainly photon conversions (left plot).

Very detailed VELO material map:
→ Based on beam-gas collisions (plot below).
→ Detector peformance paper in preparation.
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(shamelessly stolen from Martino’s talk at the LHC LLP workshop during last April)

Carlos Vázquez Sierra LHCb implications workshop November 10, 2017 42 / 25

https://indico.cern.ch/event/607314/contributions/2542321/attachments/1448668/2232878/MBorsato_LLP_LHCb.pdf


(shamelessly stolen from Martino’s talk at the LHC LLP workshop during last April)
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(shamelessly stolen from Martino’s talk at the LHC LLP workshop during last April)

“Revision of the LHCb Limit on Majorana Neutrinos” [arXiv:1607.04258]
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