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LHCb (a dedicated Flavor Physics experiment)!

Excellent vertex resolution to resolve fast oscillation of Bs (σ~ 40 fs)!
!
Background rejection (S/B=1/200 at production)!
!Excellent particle ID (π, K, p, e, γ, µ) - Precise momentum resolution (~0.5%)"

"
Trigger capability!
!Efficient selection of hadronic and leptonic final states!
!Low pT single µ detection (>1.5 GeV) !
!Good efficiency also for charm hadronic decays (LHC is a charm factory !)!
!
Lower luminosity (~ 4 1032 cm-2s-1) and lower pile-up (~ 2 events/pp crossing) !

12"

velo 

rich1 rich2 

Requirements	set	by	flavour	physics	
•  vertex	resolu-on:	resolve	Bs	flavour	oscilla-ons	
•  excellent	p/π/K/μ/e	separa-on:	B	flavour	tagging,	rare	decays	
•  momentum	resolu-on:	resolve	B/Bs/D/Ds	etc	
•  forward	acceptance:	10-300	mrad,	2<η<5	
•  small	pile-up	(typically	1-2	visible	interac-ons)	

Int.J.Mod.Phys.	A	30,	1530022	(2015)	

interacAon	
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how	long	is	long-lived	in	LHCb?	

‘reconstructable’	decay-lengths	are:	
•  within	VELO:	ideally	<~	50	cm	(in	reality	more	like	~20cm)	
•  up	to	TT:	<~200	cm	(but	not	in	trigger)		

tracks	with	VELO	hits	

tracks	without	VELO	hits:	
•  worse	mom	and	vtx	resolu-on	
•  not	available	in	trigger	
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Figure 27: Distribution of the invariant mass of K0
S ! ⇡

+
⇡

� candidates with a decay vertex
at a significant distance to the PV, for long tracks (left) and downstream tracks (right). A
mass resolution of 3.5MeV/c2 is achieved for the candidates reconstructed from long tracks and
7MeV/c2 for those using downstream tracks.

the VELO acceptance, but before the magnet, the daughter particles are reconstructed as
downstream tracks from hits in the TT and T stations. As the resolution on the track
direction reconstructed in the layers of the TT is not as good as in the VELO, the invariant
mass resolution for the downstream category is worse than for the short-lived category, as
shown in Figure 27. For K0

S momenta typical of B decay products, about two thirds of the
reconstructed K

0
S decays are found using downstream tracks, illustrating the importance

of the downstream tracking for physics performance.

3 Neutral particle reconstruction

Neutral particle reconstruction is based on information provided by the four systems (SPD,
PS, ECAL and HCAL), which together form the calorimeter. The SPD and the PS both
consist of a plane of scintillator tiles, separated from each other by a thin lead layer, while
the ECAL and HCAL have shashlik and sampling constructions, respectively. In all four
cases, the light produced in the organic scintillators is transmitted to photomultiplier tubes
(PMT) by optical fibres [24, 69]. In general, the detected signal pulses are longer than
the nominal read-out window of 25 ns, and this must be taken into account to minimise
spill-over e↵ects. In the ECAL and HCAL detectors, this is performed by first clipping
the signal to fit within the read-out window. In the PS and SPD detectors, the e↵ects of
spill-over are removed by subtracting a fraction of the signal integrated in the previous
clock cycle.

The SPD uses a single bit for each cell to indicate whether or not it was traversed by a
charged particle, with a discriminator comparing the energy deposited in the given cell

39

KS->ππ	w/	VELO	 KS->ππ	w/o	VELO	



summary	of	features	relevant	for	LLP	searches	

•  acceptance:	2<eta<5		
•  fully	reconstructed	resonances	must	have	large	boost:		βγ>∼3	
•  reasonable	efficient	only	for	light	objects	(<100	GeV)	

•  decay	lengths:	<20cm	(trying	to	extend	to	200cm)	

•  good	mass	resolu-on:	0.5%	(two	prongs	up	to	m=10GeV)	to	2%	(for	Z->μμ)	

•  good	jet	reconstruc-on	(within	~2.2	<	η	<	~4.2)	
•  energy	resolu-on	~10%	for	jets	with	pT>10	GeV	
•  b(c)	tagging	efficiency	~65%(25%)	for	0.3%	light-parton	contamina-on	

•  calibra-on+reco	in	real	-me:	high	bandwidth,	inclusive	trigger	(~10kHz)	
•  inclusive	(hadronic)	b,	charm	
•  ‘high	pT’	muons,	electrons:	pT>~5GeV	(low	compare	to	GDPs)	
•  di-muons,	prac-cally	all!	
•  n-jets	

•  rela-vely	low	lumi	(bad!),	but	low	pile-up,	1-2	visible	interac-ons	(good!)	
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schemaAc	illustraAon	of	difference	in	coverage	
•  regions	with	(subset	of)	published	limits	for	the	LLP->di-jet	analysis	

(see	suppl.	mat.	of	cds/record/1975714)	

•  LHCb	covers	region	at	rela-vely	small	mass	and	life-me	
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2 Exotic long-lived particles
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Figure 2.8: Illustration of the parameter space regions probe by different experiments, as-
suming pair-production of πv particles in the decay of a Brout-Englert-Higgs boson, whose
assumed mass range (in GeV/c2) is indicated in each region. The vertical dotted lines indic-
ate the proper lifetime where each search is the most sensitive. For a full comparison, also
the sensitivity of each search and the experimental signature, one or two vertices, should
be taken into account.
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LLP	analysis	in	LHCb	

published:	
•  majorana	neutrinos	in	B→πμμ	(arXiv:1401.5361)	
•  hidden	sector	𝜒→μμ	in	B→K*μμ	(arXiv:1508.04094)	
•  Hidden	Valley	pions	decaying	to	two	jets	(arXiv:1412.3021)	
•  charged	massive	stable	par-cles	(using	RICH,	arXiv:1506.09173)	

work	in	progress/plans/ideas:	
•  displaced	vertex	with		jets	and	lepton	(e.g.	neutralino)	
•  events	with	two	displaced	ver-ces	(e.g.	Higgs	decay	to	2	v-pion)	
•  di-muons	(mo-va-on	e.g.	arXiv:1603.08926)	
•  di-electrons	(mo-va-on	e.g.	arXiv:1509.06765)	
(some	more	details	on	later	slides)	
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Figure 3: Distribution of m(µ+µ�) in the (black) prompt and (red) displaced regions. The shaded
bands denote regions where no search is performed due to (possible) resonance contributions.
The J/ ,  (2S) and  (3770) peaks are suppressed to better display the search region.

significant local excess occurs for m(�) = 253MeV, where in the prompt region 11 (6.2)
candidates are observed (expected), while the displaced region contains a single candidate
which is the only displaced candidate below m(!). The p-value of the no-signal hypothesis
is about 80%, showing that no evidence is found for a hidden-sector boson.

To set upper limits on B(B0! K⇤0�(µ+µ�)), various sources of systematic uncertainty
are considered. The limits are set using the profile likelihood technique [46], in which
systematic uncertainties are handled by including additional Gaussian terms in the likeli-
hood [38]. Since no contamination from the ! or � resonance is found in the displaced
region, upper limits are set in these m(�) regions for ⌧(�) > 1 ps.

Many uncertainties cancel to a good approximation because the signal and normalization
decays share the same final state. The dominant uncertainty on the e�ciency ratio
✏(B0! K⇤0�(µ+µ�))/✏(B0! K⇤0µ+µ�), which is taken from simulation, arises due to its
dependence on ⌧ (µ+µ�). The simulation is validated by comparing ⌧ (⇡+⇡�) distributions
between B0! J/ K0

S

(⇡+⇡�) decays reconstructed in simulated and experimental data in
bins of K0

S

momentum. The distributions in data and simulation are consistent in each
bin, and the per-bin statistical precision (5%) is assigned as systematic uncertainty.

The uncertainty on the e�ciency for a signal candidate to be reconstructed within
a given m(µ+µ�) signal window, due to mismodeling of �[m(µ+µ�)], is determined to
be 1% based on a comparison of the J/ peak between B0 ! J/ (µ+µ�)K⇤0 decays in
simulated and experimental data. A similar comparison for �[⌧(µ+µ�)] shows that the
uncertainty on the fraction of signal candidates expected to be reconstructed in the prompt
and displaced regions is negligible. Finally, the e�ciency for the normalization mode
is determined using the measured angular distribution [47], which is varied within the
uncertainties yielding an uncertainty in the normalization-mode e�ciency of 1%. The
individual contributions are summed in quadrature giving a total systematic uncertainty
of 8%.

5

hidden	sector	𝜒→μμ	in	B→K*μμ	
•  new	light	narrow	scalar	resonances,	e.g.	

•  (prompt)	axion	(e.g.	Freytsis,	Lige-	and	Thaler,	arXiv:0911.5355)	
•  (long-lived)	inflaton	(e.g.	Bezrukov	and	Gorbunov,	arXiv:0912.0390)	
accessible	via	mixing	with	SM	Higgs	
	

•  signature:	iden-fy	μμ	mass	peak	in	B->K*μμ	events	
•  exploit	excellent	mass	resolu-on	(0.2-2	GeV)	in	clean	B	sample	
•  consider	both	prompt	and	long-lived	𝜒	
•  selec-on	exploits	‘uBoost’,	to	get	efficiency	flat	in	(m𝜒,τ𝜒)	
•  normalize	to	inclusive	B->K*	
	

PRL	115,	161802	(2015)	

see	paper	for	run-1	limits	
on		
			Br(B->K*X)	x	Br(X->μμ)	
as	func-on	of	(m,τ),		
and	for	derived	limits	on	
axion	and	inflaton	models	

Signal properties

Depending on the coupling to the SM/hidden sector, we can identify
two lifetime regimes: 

detector resolution
�⌧ ⇠ 0.2 ps

�

Long lifetime: Short lifetime:

� Inflaton [JHEP1005(2010)010] � Dark matter mediator [Phys.Lett.B727(2013)]

� Axion(like) [Phys.Rev.D81(2010)034001]

� Displaced vertex
� Almost background free

� Prompt decay
� Contamination from SM background

� Lower reconstruction e�ciency

5 of 13
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B� ! ⇡+µ�µ� is carried out in two steps, the first being the two body decay B� ! Nµ�,
where N is a putative Majorana neutrino, and the second N ! ⇡+µ�.

In both categories S and L, only tracks that start in the VELO are used. We require
muon candidates to have p > 3 GeV and pT > 0.75 GeV, as muon detection provides fewer
fakes above these values. The hadron must have p > 2 GeV and pT > 1.1 GeV, in order to
be tracked well. Muon candidate tracks are required to have hits in the muon chambers.
The same criteria apply for the channel we use for normalization purposes, B� ! J/ K�

with J/ ! µ+µ�. Pion and kaon candidates must be positively identified in the RICH
systems. For the S case and the normalization channel, candidate B� combinations must
form a common vertex with a �2 per number of degrees of freedom (ndf) less than 4. For
the L candidates we require that the ⇡+µ� tracks form a neutrino candidate (N) decay
vertex with a �2 < 10. A B� candidate decay vertex is searched for by extrapolating
the N trajectory back to a near approach with another µ� candidate, which must form a
vertex with the other muon having a �2 < 4. The distance between the ⇡+µ� and the
primary vertex divided by its uncertainty must be greater than 10. The pT of the ⇡+µ�

pair must also exceed 700 MeV. For both S and L cases, we require that the cosine of the
angle between the B� candidate momentum vector and the line from the PV to the B�

vertex be greater than 0.99999. The two cases are not exclusive, with 16% of the event
candidates appearing in both.

The mass spectra of the selected candidates are shown in Fig. 2. An extended unbinned
likelihood fit is performed to the J/ K� mass spectrum with a double-Crystal Ball
function [12] plus a triple-Gaussian background to account for partially reconstructed B
decays and a linear function for combinatoric background. We find 282 774± 543 signal
events in the normalization channel. Backgrounds in the ⇡+µ�µ� final state come from B
decays to charmonium and combinatoric sources. Charmonium backgrounds are estimated
using fully reconstructed J/ K�(⇡�) and  (2S)K�(⇡�) events and are indicated by
shaded regions; they can peak at the B� mass. No signal is observed in either the S or L
samples.

We use the CLs method to set upper limits [13], which requires the determination
of the expected background yields and total number of events in the signal region. We
define the signal region as the mass interval within ±2� of the B� mass where � is

W

+

!+

u

"

"

N
W

b

B

Figure 1: Feynman diagram for B� ! ⇡+µ�µ� decay via a Majorana neutrino labelled N .

2

majorana	neutrinos	in	B→πμμ	
•  mo-va-on:	

•  some	implementa-ons	of	see-saw	predict	GeV-scale	neutrinos	
•  accessible	in	B	and	D	decays	through	N-ν	mixing	
•  clean	signature	if	N	is	majorana:	same-sign	muons	
•  life-me	is	predicted	func-on	of	N-ν	coupling	strength	

•  main	search	channel	in	LHCb:	B+→π-μ+μ+	
•  look	for	B	mass	peak	
•  then	extract	limit	as	func-on	of	N	mass	
•  consider	both	prompt	and	long-lived	N	

PRL	112,	131802	(2014)	
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Figure 2: Invariant mass distributions with fits overlaid of candidate mass spectra for (a) J/ K�,
(b) ⇡+µ�µ� (S) , and (c) ⇡+µ�µ� (L). Backgrounds are (green) shaded; they peak under the
signal in (b) and (c). The dotted lines show the combinatorial backgrounds only. The solid line
shows the sum of both backgrounds.

the mass resolution, specifically 5238.6� 5319.8 MeV. Peaking background shapes and
normalizations are fixed from exclusive reconstructions in data. We fit the distributions
outside of the B� signal region with a sum of the peaking background tails, where both
shape and normalization are fixed, and linear functions to account for the combinatorial
backgrounds. The interpolated combinatoric background in each signal region is combined
with the peaking background to determine the total background.

In the signal B mass range there are 19 events in the S sample and 60 events in the L
sample. The S and L background fit yields are 17.8±3.2, and 54.5±5.4, respectively, in
the same region.

The detection e�ciency varies as a function of neutrino mass, m
N

, and changes for the
L sample with ⌧

N

. To quote an upper limit on the branching fraction for the S sample
we take the average detection e�ciency, as determined by simulation, with respect to the
normalization mode of 0.687±0.001. In computing the limit we include the uncertainties on
background yields obtained from the fit to the m(⇡+µ�µ�) distribution, and the systematic
uncertainty described below. The normalization is obtained from the number of J/ K�

events and the known rate of B(B� ! J/ K�, J/ ! µ+µ�) = (6.04±0.26)⇥10�5 [14,15].
We find

B(B� ! ⇡+µ�µ�) < 4.0⇥ 10�9 at 95% confidence level (C.L.)

This limit is applicable for ⌧
N

. 1 ps. The total systematic uncertainty is 6.6%. The
largest source is B(B� ! J/ K�) (4.2%), followed by modeling of the e�ciency ratio
(3.5%) and backgrounds (3.5%), relative particle identification e�ciencies (0.5%), tracking
e�ciency di↵erences for kaons versus pions (0.5%), and yield of the normalization channel
(0.4%).

We also search for signals as a function of m
N

. The ⇡+µ� mass spectra are shown in
Fig. 3 for both S and L selections, requiring that the ⇡+µ�µ� mass be restricted to the
B� signal range. There is an obvious peak around 3100 MeV from misidentified J/ K�

(or ⇡�) events. The ⇡+µ� mass spectra are fitted with a function derived from fitting the
upper B� sideband regions, from 5319.8� 5400.0 MeV, for the combinatoric background,
and peaking background components obtained from simulation.

As there is no evidence for a signal, upper limits are set by scanning across the m
N

3

short-lived	 long-lived	

•  other	searches:	B->Kμμ,	B->Dsμμ,	D(s)->πμμ	

•  see	paper	for	run-1	BF	limits	
as	func-on	of	(m,τ)	and	
derived	limits	on	|VNμ|2	

•  for	overview,	see	e.g.	
Deppisch,	Dev,	Pila{sis	
(arXiv:1502.06541)		

8	
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Figure 3: Di-jet invariant mass distributions for each of the five Rxy bins, superimposed with the
fits for a hidden valley model with m⇡v = 35GeV/c2 and ⌧⇡v = 10ps. The blue line indicates
the result of the total fit to the data. The black short-dashed line is the background-only
contribution, and the red long-dashed line is the fitted signal contribution. For illustration, the
green dash-dotted line shows the signal scaled to a cross-section of 17 pb, which corresponds to
the SM Higgs production cross-section at 7 TeV [29].

8

exponen-al	background	model	

hypothe-cal	signal	

•  mo-va-on	
•  appear	in	R-parity	viola-ng	SUSY	and	in	Hidden	Valley	models	
•  interes-ng	scenario	for	LHCb:		H0(125)	->	πvπv,	with	πv->qq	

•  rela-vely	light	(so	in	LHCb	acceptance)	
•  well-defined	‘simplified	model’	(SM	Higgs	decay)	

•  search	strategy	in	LHCb	
•  iden-fy	displaced	vertex	with	two	associated	jets	
•  reduce	backgrounds	with	cuts	on	jet	quality	‘poin-ng’	and	material	

interac-on	veto	
•  extract	limits	from	fit	to	di-jet	mass	in	bins	of	lateral	displacement	(Rxy)	

LLPs	decaying	to	two	jets	
EPJ	C75	(2015)	152	

F. Dettori (CERN)

Search for long-lived particles decaying to jet pairs

• Experimentally:
a pair of jets coming from same
vertex, displaced from the primary
vertex
(the second particle is undetected)

• Complementary phase space to other
experiments

Searches for long lived particles at LHCb 08/10/2015 13/19
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•  see	paper	for	BF	limits	in	range	
25<m<50	GeV	and	1<t<100ps		

•  best	sensi-vity	for	m≈50	GeV	and	
t≈5ps:	
exclude	20%-ish	Higgs	BF	with	0.6/�	
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slow	massive	stable	charged	par-cles	
•  mo-va-on:	SUSY	sleptons,	R-hadrons,	etc	

•  sleptons	(only	weak	interac-on)	most	interes-ng	for	LHCb	

•  CMSP	search	in	LHCb:	
•  consider	stau	pair	produc-on	via	Drell-Yan	with	124<mτ<309	
•  staus	look	just	like	muons,	but	much	smaller	velocity	for	equal	momentum	
•  iden-fy	by	lack	of	radia-on	in	Cherenkov	detector	(RICH)	
•  combine	with	energy	deposit	in	vertex	detector	and	calorimeters	

EPJC	75	(2015)	595	
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Figure 2: Number of CMSP candidates, as a function of the four variables used as inputs to
the ANN. There are two CMSP candidates per event. The black dots with error bars show the
2012 data. The dashed red histogram is the expected shape for 124GeV/c2 CMSPs and the blue
histogram shows the background from Z/�? decays into muons. The energy in the VELO is
given in units of minimum ionising particle (MIP) deposition. The first bin of the histogram for
�E in the ECAL has been multiplied by a factor 0.25.

a minimum of 27% at 309GeV/c2. The signal e�ciency values for CMSPs in the acceptance,
after the ANN selection, are given in Table 2. After the full selection is applied, the
dimuon background is suppressed by a factor of 10�5.

5 CMSP identification with Cherenkov detectors

The present study uses the Cherenkov radiation produced in the RICH detectors to identify
CMSPs. The Cherenkov momentum thresholds for muons, protons, and CMSPs with
masses of 124GeV/c2 and 309GeV/c2, are given in Table 3 for the three radiators in the
LHCb detectors. Only CMSP candidates with momenta above 200GeV/c are considered.
For this momentum range, particles with masses of the order of MeV/c2 to GeV/c2,
have Cherenkov angles very close to the saturation value arccos(1/(n�)), where n is the
refractive index of the medium. The fraction of CMSPs with momentum above 2 TeV/c is

7

•  see	paper	for	limits:	current	results	not	compe--ve	with	ATLAS/CMS	for	
this	model	and	mass	range	

•  possibly	more	promising	for	CMSPs	with	mass	around	10	GeV	
10	
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Figure 1: CMSP velocity spectrum for the CMSP masses of 124GeV/c2 and 309GeV/c2. The
proton-proton centre-of-mass energy is 7 TeV. The dots with error bars show the e�ciency to
detect tracks as a function of the � of the particle (right scale).

at low momentum to 1.0% at 200GeV/c. The minimum distance of a track to a primary
vertex (PV), the impact parameter (IP), is measured with a resolution of (15+ 29/p

T

)µm,
where p

T

is the component of the momentum transverse to the beam, in GeV/c. Photons,
electrons and hadrons are identified by a calorimeter system consisting of scintillating-
pad and preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter.
Muons are identified by a system composed of alternating layers of iron and multiwire
proportional chambers [17].

Di↵erent types of charged particles are distinguished using information from two RICH
detectors [18]. The RICH system, which plays a crucial role in this analysis, consists of an
upstream detector with silica aerogel and C

4

F
10

gas radiators, positioned directly after
the VELO, and a downstream detector with a CF

4

gas radiator, located just after the
tracking system.

The online event selection is performed by a trigger [19], which consists of a hardware
stage, based on information from the calorimeter and muon systems, followed by a software
stage, which applies a full event reconstruction.

The analysis presented here is based on two data sets collected in 2011 and 2012
corresponding to integrated luminosities of 1.0 fb�1 and 2.0 fb�1 from proton-proton
collisions recorded at centre-of-mass energies of 7 and 8TeV, respectively.

In the production process considered, CMSPs can have velocities � ⌘ v/c as low as 0.7,
and their arrival time at the subdetectors can di↵er by several nanoseconds with respect
to lighter particles with � ' 1. For illustration, the � spectrum is shown in Fig. 1, for
two values of the CMSP mass, at centre-of-mass energy of 7 TeV. The e↵ects of such
delayed detection on the e�ciencies of the subdetectors are determined from simulation in
which the timing information is modelled according to dedicated electronic measurements
and tests in beam. The muon chambers have the largest ine�ciency for slow-particle
reconstruction. The maximal delay for a particle to be accepted by the front-end electronics
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Interes-ng	new	ideas	(to	be)	followed	up	in	LHCb	

•  “Inclusive	Dark	Photon	Search	at	LHCb”	(Ilten	e.a.,	arXiv:1603.08926)	
•  massive	dark	sector	photon	A‘	couples	to	SM	photon	via	kine-c	mixing	
•  signature:	resonance	in	(prompt	or	displaced)	di-muons	spectrum	
•  extract	mixing	parameter	by	normalizing	to	SM	γ*->μμ	
•  compe--ve	limits	for	A’	with	mass	[210-520]	MeV	and	[10-40]	GeV	

•  “Dark	photons	from	charm	mesons	at	LHCb“	(Ilten	e.a.,	.	arXiv:1509.06765)	
•  same	mo-va-on,	but	now	look	at	A’->e+e-	in	D*0	à	D0	A’	decays	
•  D*	decays	provide	abundant	and	clean	source	of	photons	in	LHCb	
•  sensi-ve	to	A’	with	mass	below	100	MeV	

•  Heavy	neutrinos	in	on-shell	W	decays	(e.g.	Izaguirre	and	Shuve,	arXiv:1504.02470)	
•  like	the	B->μμπ	analysis,	but	now	using	W->μμqq’	
•  low	mass	not	compe--ve	with	B	decays,	so	look	at	mass	range	[5-50]	GeV	

•  “Emerging	jets”	(Schwaller,	Stolarski,	Weiler,	arXiv:1502.05409)	
•  jets	with	many	displaced	ver-ces	is	smoking	gun	for	dark	parton	‘shower‘	
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LHCb	future	

•  run-1:	collected	3/�	with	average	pile-up	of	~1.8	

•  run-2:	expect	about	5/�	with	pile-up	of	~1.2	

•  LS2:	upgrade	of	LHCb	detector	to	allow	running	at	higher	lumi	
•  upgrade	of	vertex	detector,	tracking	system,	PID	
•  upgrade	of	all	electronics	to	allow	trigger-less	(40	MHz)	readout	

•  run-3:	run	at	~5x	higher	pile-up	to	collect	about	50/�	
•  improved	efficiency	for	highly	displaced	tracks	
•  more	data	
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