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• LHCb can offer unique coverage at the LHC
• However b physics imposes dealing with lower
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• As a benefit, very stable conditions in terms of
trigger/luminosity (luminosity leveling)
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LHCb complementarity

⌘ coverage

• LHCb can offer unique coverage at the LHC
• However b physics imposes dealing with lower

luminosities
! 2010: 37 pb�1 at

p
s = 7 TeV

! 2011: 1 fb�1 at
p

s = 7 TeV
! 2012: 2 fb�1 at

p
s = 8 TeV

• As a benefit, very stable conditions in terms of
trigger/luminosity (luminosity leveling)

✦ Not full η coverage 
✦ Taking significantly less data than ATLAS/

CMS (factor of ~8 at Run 1) 
✦ Still complementary for direct searches!
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Direct searches at LHCb
✦ Increasing interest in direct searches at 

LHCb 
➡ Can be competitive in certain domains 

(specially low mass, low pT objects) 
➡ Two main types of searches
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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	!→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	!	
•  selec-on	exploits	‘uBoost’,	to	get	efficiency	flat	in	(m!,τ!)	
•  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

K	 π	 μ	
μ	

7	

Eur. Phys. J. C75 (2015) Phys. Rev. Lett. 115, 161802 (2015)

Searches for exotic resonances 
in B/D decays

Direct production of new 
particles

http://link.springer.com/article/10.1140/epjc/s10052-015-3344-6
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.161802
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Models (I)
✦ In general, sensitive to BSM predicting light 

exotic particles (prompt or detached). Examples 
➡ Dark photons 
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FIG. 1. Previous and planned experimental bounds on dark photons (adapted from Ref. [1]) compared to the anticipated LHCb
reach for inclusive A0 production in the di-muon channel (see the text for definitions of prompt, pre-module, and post-module).
The red vertical bands indicate QCD resonances which would have to be masked in a complete analysis. The LHCb D⇤

anticipated limit comes from Ref. [48], and Belle-II comes from Ref. [49].

where X is any (multiparticle) final state. Ignoring
O(m2

A

0/m2
Z

) and O(↵EM) corrections, this process has
the identical cross section to the prompt SM process
which originates from the EM current

BEM : pp ! X�⇤ ! Xµ+µ�, (7)

up to di↵erences between the A0 and �⇤ propagators and
the kinetic-mixing suppression. Interference between S
and BEM is negligible for a narrow A0 resonance. There-
fore, for any selection criteria on X, µ+, and µ�, the
ratio between the di↵erential cross sections is

d�
pp!XA

0
!Xµ

+
µ

�

d�
pp!X�

⇤
!Xµ

+
µ

�
= ✏4

m4
µµ

(m2
µµ

�m2
A

0)2 + �2
A

0m2
A

0
, (8)

where m
µµ

is the di-muon invariant mass, for the case
�
A

0 ⌧ |m
µµ

�m
A

0 | ⌧ m
A

0 .
To obtain a signal event count, we integrate over an

invariant-mass range of |m
µµ

� m
A

0 | < 2�
mµµ , where

�
mµµ is the detector resolution on m

µµ

. The ratio of
signal events to prompt EM background events is

S

BEM
⇡ ✏4

⇡

8

m2
A

0

�
A

0�
mµµ

⇡ 3⇡

8

m
A

0

�
mµµ

✏2

↵EM(N
`

+R
µ

)
, (9)

neglecting phase space factors for N
`

leptons lighter than
m

A

0/2. This expression already accounts for the A0 !
µ+µ� branching-fraction suppression when R

µ

is large.

We emphasize that (9) holds for any final state X (and
any kinematic selection) in the m

A

0 ⌧ m
Z

limit for tree-
level single photon processes. In particular, it already
includes µ+µ� production from QCD vector mesons that
mix with the photon. This allows us to perform a fully
data-driven analysis, since the e�ciency and acceptance
for the (measured) prompt SM process is the same as
for the (inferred) signal process, excluding A0 lifetime-
based e↵ects. The dominant component of BEM at small
m

A

0 comes from meson decays M ! µ+µ�Y , denoted
as B

M

. There are also two other important components:
final state radiation (FSR) and Drell-Yan (DY).
Beyond BEM, there are other important sources of

backgrounds that contribute to the reconstructed prompt
di-muon sample, ordered by their relative size:

• B⇡⇡

misID: Two pions (and more rarely a kaon and
pion) can be misidentified (misID) as a fake di-
muon pair, including the contribution from in-flight
decays. This background can be deduced and sub-
tracted in a data-driven way using prompt same-
sign di-muon candidates [56, 57].

• B⇡µ

misID: A fake di-muon pair can also arise from
one real muon (primarily from charm or beauty de-
cays) combined with one misID pion or kaon. This
background can be subtracted similarly to B⇡⇡

misID.

• BBH: The Bethe-Heitler (BH) background played

- massive dark sector 
photon A' couples to SM 
photon via kinetic mixing  

- signature: resonance in 
(prompt or displaced) di-
lepton spectrum  

- di-muon direct search  
[arXiv:1603.08926]  

- look for A'→e+e- in 
D*0→D0 A' decays  
[arXiv:1509.06765] 

http://arxiv.org/abs/1603.08926
http://arxiv.org/abs/1509.06765
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Models (II)
✦ In general, sensitive to BSM predicting light 

exotic particles (prompt or detached). Examples 
➡ Simplified models with spin-0 di-muon light 

resonances 
- Connects directly with 

hints from outer-space 
experiments (Fermi-LAT, 
AMS, …) 

- Includes dark-photons but 
also other simple models, 
such as THDMII, NMSSM 

- In [arXiv:1601.05110], 
recast using small fraction 
of LHCb’s Run 1 data 

7

Figure 4: 95% CL limits on the universal coupling
strengths |P | (upper panel) and |S | (lower panel). The
red, blue and black curves are obtained from our recast of the
measurement of ⌥(n) production at LHCb, while the green
curves stem from a resonance search in the dimuon channel
performed by CMS. The shaded regions correspond to dis-
favoured parameter space. See text for additional explana-
tions.

strongest constraints on |P,S | for mP,S 2 [5.5, 8.6]GeV
and mP,S 2 [11.5, 14]GeV (green curves). The recent
LHCb precision measurement of ⌥(n) production thus
enables one to close a gap in parameter space.

VI. DISCUSSION AND OUTLOOK

The generic bounds on new light spin-0 states pre-
sented in the previous section can be easily interpreted

CMS
LHCb

perturbativity

BaBar dimuon

BaBar ditau
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Figure 5: 95% CL bound on tan� in the THDMII sce-
nario. The blue curve follows from ⌥(n) production by LHCb,
the green curve arises from a CMS dimuon resonance search,
whereas the yellow and orange curve derives from the BaBar
90% CL limit on radiative ⌥(1) decays in the dimuon and
ditau channel, respectively. The bound on tan� arising from
perturbativity is also shown (black dashed line). All shaded
regions correspond to excluded parameter space. For further
details see main text.

within ultraviolet complete new-physics models such as
THDM scenarios or the next-to-minimal supersymmet-
ric SM. As an example, we show in Fig. 5 the limits on
tan� in the decoupling limit of the THDMII for pseu-
doscalar masses mA close to 10GeV following from our
recast (blue curve), the CMS dimuon search [14] (green
curve) and the BaBar limit on radiative ⌥(1) ! �A

decays with A ! µ

+
µ

� [9] (yellow curve) or A !
⌧

+
⌧

� [10] (orange curve). For comparison, we also indi-
cate (black dashed line) the parameter space consistent
with perturbativity of the scalar potential (cf. [35] for a
recent discussion). The shown LHCb bound has been ob-
tained by incorporating the full mixing e↵ects described
in Sec. V and taking the interference pattern in the
A ! gg decay to be constructive for mA < m⌘b(n) [45].
From the figure, one observes that the existing analy-
ses of dimuon and ditau final states provide stringent
constraints on the THDMII in almost the entire low-mA

mass range, with our recast of the recent LHCb ⌥(n)
production measurement furnishing the dominant restric-
tion for mA 2 [8.6, 11]GeV. Only the masses mA 2
[11, 11.5]GeV remain unexplored, since mixing e↵ects
turn out to be particularly important in this region. We
finally recall that the LHCb data used in our fit corre-
spond to only 3% of all recorded dimuon events. Conse-
quently, a dedicated LHCb analysis of the full run I data
set is expected to improve the limits derived here con-
siderably, possibly allowing to surpass the existing CMS
constraints for mA > 11.5GeV.

https://arxiv.org/abs/1601.05110
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Models (III)
✦ In general, sensitive to BSM predicting light 

exotic particles (prompt or detached). Examples 
➡ Models with a composite dark sector 

- parton shower in the dark 
sector followed by 
displaced decays of dark 
pions back to SM jets 

- Emerging jets composed 
of displaced tracks and 
many different vertices 
within the jet cone    

- LHCb could also measure 
exclusively new particles 
(e.g., dark pions)

[arXiv:1502.05409] 

1

Displaced Di-Jet Emerging Jet

Figure 5: Di↵erence between a displaced dijet signature from the decay of a heavy long-lived
particle and the emerging jet signature.

algorithm within the jet cone. It also requires a muon inside that cone with p
T

> 10 GeV, and

neither of these requirements are generic in emerging jet scenarios. There are also triggers for

long-lived particles decaying in the calorimeters or muon system, but we do not focus on that

region of parameter space here.

ATLAS long lived neutral particle search: ATLAS has also published a search of long

lived neutral particles [67] and one for lepton jets [68]. In our case, we generically have pair

production of a long lived object which then decays to two or four states, so as with the CMS

search, the models considered only has one displaced vertex for each exotic object. Both searches

require the EM fraction, the fraction of energy in the electromagnetic calorimeter relative to

the hadronic calorimeter, to be smaller than 0.1.6 This requirement is designed to select objects

decaying in the hadronic calorimeter and thus leaving very little energy in the electromagnetic

one. Because of the emerging nature of the signal considered here, there will be energy in all

segments of the calorimeter and this cut would generally cut out the majority of our signal. It

could be sensitive to regions of parameter space with longer lifetimes, but then there will be

quite a few dark decays in the muon system and it is not clear how they will be reconstructed.

In the region of parameter space we are most interested in, the EM fraction cut will make the

signal e�ciency extremely low for emerging jets.

LHCb displaced dijet search: LHCb has a search [69] which is based on a similar model

as the aforementioned CMS search. They also require reconstruction of a single vertex and

force the majority of particles to pass through (or near to catch b and c hadrons) this vertex.

Therefore, if there are many hard vertices displaced from one another by a few millimeters then

this search will have low e�ciency for the emerging phenomenology considered. Because of the

relatively small geometric acceptance, there will be events where only one dark pion falls into

LHCb, and the analysis could be sensitive in this regime. All the limits described in the analysis,

however, are for dark pion mass above 25 GeV, so it is a somewhat di↵erent regime of the model

than we consider. More details will be given about the LHCb potential in Sec. 5. It should also

be noted that the searches discussed above constrain models with mediators in the 100 GeV

range and with pico barn cross sections, while we are aiming at TeV scale mediators.

6The lepton jet search only requires this for their hadronic category, but the categories that require muons will
also not be sensitive.
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DARK QUARK PRODUCTION
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Figure 3: Left: Feynman diagrams for the pair production of X
d

at hadron colliders. Right: Tree
level cross section for X

d

pair production at the LHC.

Eq. 6 is the origin for the 100 TeV bound on the mediator mass - for higher mediator masses

the dark pion lifetime will get dangerously close to the BBN time. Apart from this bound, the

dark pion properties are of minor importance for the cosmology of this model. On the other

hand, the collider phenomenology will be dominated by meson production, with the dark baryon

multiplicity being much smaller for QCD like theories [49], and even further suppressed in the

large N
d

limit [50]. Since one can expect that all heavier dark mesons decay to dark pions on a

time scale given by ⇤�1

d

⌧ �(⇡
d

! d̄d)�1, the dark pion lifetime will be crucial to determine

where the dark jets will emerge in the detector.

3 Emerging Jet Phenomenology

3.1 Collider Signal

At a hadron collider, the mediator particles can be produced on-shell provided that their mass is

su�ciently below the center-of-mass energy of the experiment. Here and in the following we will

mostly focus on the production of X
d

X†
d

pairs through a virtual gluon, which can be initiated

both from quark and gluon initial states.

The most important diagrams that contribute to the production are shown in Fig. 3. Apart

from the dark color degrees of freedom, the production process is very similar to pair production

of one squark flavor in supersymmetry and is set by QCD gauge invariance. Therefore the cross

section is similar, for example, to that of pair production stop quarks multiplied by N
d

. In the

plot on the right of Fig. 3 we show the tree level cross section for X
d

X†
d

production for di↵erent

center of mass energies at the LHC, obtained from Pythia3 [51] using CTEQ 6.1 parton

distribution functions (PDF) [52]. Since the parton luminosity for quark-gluon initial states is

large at the LHC, next-to-leading order corrections that include the process pp ! X
d

X†
d

j can be

3Throughout this work, we use a modified version of Pythia 8.183, see https://github.com/pedroschwaller/
EmergingJets, and we use the default tune 4C unless otherwise specified.

8

q
Qd

Qd

q

Two ways to produce dark quarks: 

CMS/ATLAS sensitive to left, LHCb can do both. 

http://arxiv.org/abs/1502.05409
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Exp. considerations (I)
✦ Obvious disadvantage: LHCb collects less data 

than ATLAS/CMS and has worse acceptance for 
several searches 

✦ However, advantages in terms of: 

➡ Soft triggers 
- For instance, can trigger detached di-muons with pT~1 

GeV/c 
- Moving towards purely software based trigger (after LS2)

➡ PID (e.g., RICH to 
separate K/π) 

➡ Momentum resolution 
➡ IP and SV resolution
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Exp. considerations (II)
✦ In practice that means we can look into 

complementary phase space regions 

- For LLP→di-jet analysis [Eur. Phys. J. C75 (2015)] 

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	
	

5	

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.

24

http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-015-3344-6
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Exp. considerations (III)
✦ Sensitivity to long lived particleshow	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	

VELO	

TT-tracker	 T-tracker	
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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	

tracks with VELO hits

tracks without VELO hits  
(worse momentum and 

SV resolution)

K→ππ

➡ reconstructable	decay-lengths	are:	
- within	VELO:	ideally	~50	cm	(standard	more	like	~20	cm)	
- up	to	TT:	~200	cm			
- minimum	detachment	sensiBvity	~	around	τ	lifeBme	
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✦ Can also use RICH to look for new exotic particles!  

➡ Proof-of-concept in [Eur. Phys. J. C75 (2015)]. 
Powerful technique for several exotic models!

12

Exp. considerations (IV)

➡ Likelihood to 
separate particles 
according to their 
masses 

➡ In this case, 
separate Exotic 
heavy particles from 
Drell-Yan muons

http://link.springer.com/article/10.1140/epjc/s10052-015-3809-7
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LHCb future
✦ Run 1&2: expect collect ~8 fb-1 in total 
✦ LS2: upgrade of LHCb detector to allow running 

at higher luminosity  
➡ upgrade of vertex detector, tracking system, PID. 
➡ upgrade of all electronics to allow trigger-less (40 MHz) 

readout. 100% efficiency on key channels 

✦ 2020~2030: run at ~5x higher luminosity to 
collect about 50 fb-1 (pile-up~1-2) 

✦ Beyond 2030… High Luminosity LHCb? Collect 
300 fb-1 at pile-up ~50? 
➡ Would require Phase-2 upgrade (new detectors?). 

Under discussion...!
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Conclusions
✦ LHCb should be an useful complement to  ATLAS/

CMS in certain phase space regions 
➡ very light searches because of trigger 
➡ anything that requires excellent secondary 

vertexing 
✦ We expect to take ~50 fb-1 of data, hopefully 

more! 
✦ For us, energy not so important, it’s intensity… 
✦ New trigger-less readout will be key: could 

achieve very efficient trigger for low mass 
searches! 

✦ Possibility to develop new detectors beyond 2030


