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The LHCb detector
๏ At LHC pp collisions (7-13 TeV)
๏ Fully instrumented in forward 

region 2<η<5 for B physics
• also light states in general

๏ Excellent vertex resolution
• Bs oscillation at 40 fs 

(average boost βγ ~ 3)

๏ Excellent mass resolution
• ~0.5% on m(µµ) up to 20 GeV

๏ Unique PID capabilities
• dedicated Cherenkov detectors

๏ Good jet reconstruction 
• 10-20% energy resolution for 

jets with pT> 10 GeV
• b(c) tagging eff 65%(25%) for 

0.3% contamination
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LHCb has a large and diverse non-flavor-physics program, including HI running, HF jets, vector 
boson production, etc. I cannot hope to cover even a decent fraction of it in this talk! 

see http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html
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Table 2: Mass resolution for the six di↵erent dimuon resonances.

Resonance Mass resolution (MeV/c2)
J/ 14.3± 0.1
 (2S) 16.5± 0.4
⌥ (1S) 42.8± 0.1
⌥ (2S) 44.8± 0.1
⌥ (3S) 48.8± 0.2
Z

0 1727± 64
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Figure 19: Mass resolution (�
m

) (left) and relative mass resolution (right) as a function of the
mass (m) of the dimuon resonance. The mass of the muons can be neglected in the invariant
mass calculation of these resonances. The mass resolution is obtained from a fit to the mass
distributions. The superimposed curve is obtained from an empirical power-law fit through the
data points.

LHCb is a forward spectrometer, the requirements in terms of absolute units of distance
are di↵erent for the di↵erent coordinate axes: tracks are less sensitive to displacements of
elements in the z direction compared to equally sized displacements in x and y. Similarly,
rotations around the z axis are more important than those around the x and y axis.

Although the final alignment precision is obtained with reconstructed tracks, a precise
survey is indispensable both as a starting point for the track-based alignment and to
constrain degrees of freedom to which fitted track trajectories are insensitive. For example,
the knowledge of the z scale of the vertex detector originates solely from the pre-installation
survey. Ultimately this is what limits, for example, certain measurements such as the B

0
s

oscillation frequency.
Several methods have been deployed for track-based alignment in LHCb. One technique

used for the VELO divides the alignment in three stages, corresponding to di↵erent detector
granularity [55,56]. The relative alignment of each � sensor with respect to the R sensor in
the same module is performed by fitting an analytical form to the residuals as a function

28
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The LHCb detector
๏ Lower luminosity (and low pile-up)
• 1/8 of ATLAS/CMS in Run 1

๏ Capable of very soft triggers!
• At hardware level (L0):

‣ ε = 95% for detached µµ with pT > 1GeV/c
‣ Calo trigger at ~3.5 (~2.5) GeV  

for hadrons (electrons)

• At Software level (HLT):
‣ Topological triggers on detached vertices

‣ Lately PID and jets in trigger!

๏ Trigger-less upgrade (2021)
• Read-out detector in real time
• Can trigger on detached vertices and 

particle ID at first level!

Present trigger Upgraded trigger

[LHCB-TDR-016]
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Dark Sector searches

4

1. Unified theory of DM and SM  
at TeV scale (e.g. SuperSymmetry)

• Missing energy + SM jet

• DM decay to SM (R-parity violating)

• Indirect searches via quantum effects  
in SM decays (flavour physics)

2. Separated DM sector with portals to SM

• Scalar portal (e.g. inflaton)

• Axial vector portal

• Vector portal (dark photons, Z')

• Dark pions (Hidden valley) 

portals

diagrams are a courtesy of M.Williams
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Direct searches at LHCb

๏ Complement ATLAS/ CMS searches in 
certain phase space regions : 
‣ Light mass (trigger and acceptance)  
‣ Anything that requires excellent 

secondary vertexing 

๏ Increasing interest in direct searches! 
1. Exotic resonances in B/D decays  

(prompt / long-lived) 
2. Direct production of new particles  

(prompt / long-lived)

4

2

FIG. 2. Diagrams for the indirect (top) or direct (bottom)
approach in searches. In the top diagram, a Majorana neu-
trino is produced o↵-shell in a D+

(s) decay to a final state with

two same-sign muons (with the same diagram, the Majorana
neutrino could be also produced on-shell). In the bottom one,
a hidden valley pion is produced on-shell to later decay to a
pair of jets.

II. SEARCHES FOR MAJORANA NEUTRINOS

Majorana neutrinos at LHCb

The LHC collisions produce ⇠15 kHz bb̄ pairs and ⇠300
kHz cc̄ pairs in the LHCb detector [1], which allows to
set very stringent limits on rare B and D decays. In par-
ticular, this makes possible the search for o↵-shell and
on-shell Majorana neutrinos, with final states in which
two same-sign muons are present. The searches profit
from the aforementioned excellent mass and lifetime res-
olutions of LHCb.

Searches in B and D decays are complementary to
other searches, such as those looking for neutrino-less
double � decay [2]. In this case, LHCb searches are use-
ful to study the coupling of Majorana neutrinos to muons.
There exist specific NP models with Majorana neutrinos
that can be constrained by LHCb results. An example
can be found in reference [3], where a type-I seesaw model
with three right-handed neutrinos is presented. FIG. 3
shows the fraction of phase space constrained by LHCb
results.

The main results of LHCb in the search for Majorana
neutrinos are summarized below.

FIG. 3. Allowed parameter space for the model presented
in reference [3]. The x-axis shows the mass of the Majo-
rana neutrino and the y-axis the coupling of the neutrino to
muons squared. Constraints by the di↵erent experiments are
also shown. The Belle search can be found in reference [4],
although the theoretical reference used to obtain the limit on
the coupling is di↵erent to that of LHCb. The red line shows
the constraint from the observed baryon asymmetry of the
Universe.

B± ! h⌥µ±µ±

LHCb results in B± decays probe a wide range of Ma-
jorana neutrino masses and lifetimes. The searches are
of the type B± ! h⌥µ±µ± and the results are gathered
in three di↵erent papers, with di↵erent final states and
LHCb datasets. FIG. 4 shows examples of the Feynman
diagrams for these decays. The final states and associ-
ated papers are:

• h⌥ = K⌥ or ⇡⌥, with ⇠36 pb�1 (
p
s =7 TeV) [5]

• h⌥ = D⌥, D⇤⌥, D⌥
s and D0⇡⌥, with ⇠40 pb�1

(
p
s =7 TeV) [6]

• h⌥ = ⇡⌥, with 3.0 fb�1 (
p
s =7 TeV +

p
s =8 TeV)

[7]

For these searches, the Majorana neutrino is generally
assumed to be short-lived, i.e., not detached from the
B+ decay vertex. However, in reference [7], the pos-
sibility of a long-lived Majorana neutrino is also con-
sidered. In order to convert the yield into a branch-
ing fraction, a normalization channel, with a well-known
branching fraction, is chosen. B+ ! J/ K+ (with
J/ ! µ+µ�) is the normalization channel chosen for
the 3-body final state channels and B+ !  (2S)K+

(with  (2S) ! J/ ⇡+⇡� and J/ ! µ+µ�) for the
5-body final state channels. The dominant background
for this analysis is that of charmonium decays, in which
one of the final state particles is misidentified. The ex-
pected contribution from this background is estimated
from data. As an example, FIG. 5 shows the relevant
mass spectra for the searches performed in reference [7].

LHCb [EPJ C75(2015)152]  

LHCb [PRL 115(2015)161802]

1.

2.

2

FIG. 2. Diagrams for the indirect (top) or direct (bottom)
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a hidden valley pion is produced on-shell to later decay to a
pair of jets.
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LHCb [PRL 115(2015)161802]

1.

2.

2

FIG. 2. Diagrams for the indirect (top) or direct (bottom)
approach in searches. In the top diagram, a Majorana neu-
trino is produced o↵-shell in a D+

(s) decay to a final state with

two same-sign muons (with the same diagram, the Majorana
neutrino could be also produced on-shell). In the bottom one,
a hidden valley pion is produced on-shell to later decay to a
pair of jets.

II. SEARCHES FOR MAJORANA NEUTRINOS

Majorana neutrinos at LHCb

The LHC collisions produce ⇠15 kHz bb̄ pairs and ⇠300
kHz cc̄ pairs in the LHCb detector [1], which allows to
set very stringent limits on rare B and D decays. In par-
ticular, this makes possible the search for o↵-shell and
on-shell Majorana neutrinos, with final states in which
two same-sign muons are present. The searches profit
from the aforementioned excellent mass and lifetime res-
olutions of LHCb.

Searches in B and D decays are complementary to
other searches, such as those looking for neutrino-less
double � decay [2]. In this case, LHCb searches are use-
ful to study the coupling of Majorana neutrinos to muons.
There exist specific NP models with Majorana neutrinos
that can be constrained by LHCb results. An example
can be found in reference [3], where a type-I seesaw model
with three right-handed neutrinos is presented. FIG. 3
shows the fraction of phase space constrained by LHCb
results.

The main results of LHCb in the search for Majorana
neutrinos are summarized below.

FIG. 3. Allowed parameter space for the model presented
in reference [3]. The x-axis shows the mass of the Majo-
rana neutrino and the y-axis the coupling of the neutrino to
muons squared. Constraints by the di↵erent experiments are
also shown. The Belle search can be found in reference [4],
although the theoretical reference used to obtain the limit on
the coupling is di↵erent to that of LHCb. The red line shows
the constraint from the observed baryon asymmetry of the
Universe.

B± ! h⌥µ±µ±

LHCb results in B± decays probe a wide range of Ma-
jorana neutrino masses and lifetimes. The searches are
of the type B± ! h⌥µ±µ± and the results are gathered
in three di↵erent papers, with di↵erent final states and
LHCb datasets. FIG. 4 shows examples of the Feynman
diagrams for these decays. The final states and associ-
ated papers are:

• h⌥ = K⌥ or ⇡⌥, with ⇠36 pb�1 (
p
s =7 TeV) [5]

• h⌥ = D⌥, D⇤⌥, D⌥
s and D0⇡⌥, with ⇠40 pb�1

(
p
s =7 TeV) [6]

• h⌥ = ⇡⌥, with 3.0 fb�1 (
p
s =7 TeV +

p
s =8 TeV)

[7]

For these searches, the Majorana neutrino is generally
assumed to be short-lived, i.e., not detached from the
B+ decay vertex. However, in reference [7], the pos-
sibility of a long-lived Majorana neutrino is also con-
sidered. In order to convert the yield into a branch-
ing fraction, a normalization channel, with a well-known
branching fraction, is chosen. B+ ! J/ K+ (with
J/ ! µ+µ�) is the normalization channel chosen for
the 3-body final state channels and B+ !  (2S)K+

(with  (2S) ! J/ ⇡+⇡� and J/ ! µ+µ�) for the
5-body final state channels. The dominant background
for this analysis is that of charmonium decays, in which
one of the final state particles is misidentified. The ex-
pected contribution from this background is estimated
from data. As an example, FIG. 5 shows the relevant
mass spectra for the searches performed in reference [7].

µ
µ

K π

Direct searches at LHCb

๏ LHCb has world-leading sensitivity at:
• Lighter masses w.r.t. ATLAS/CMS

‣ soft trigger and forward acceptance 
• Low lifetimes down to 1 ps

‣ excellent vertexing and boost

๏ Increasing interest in direct searches!

1. Produced in B/D decays 
(prompt / long-lived)

2. Produced in pp collision  
(prompt / long-lived)

1.

2.

B0
𝜒

7
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๏ Look for new hidden-sector bosons  
in b→s penguin transitions
• Can be scalar portal (inflaton) or 

axial vector portal (only in vector K*)

๏ LHCb collected world record 
samples of rare decay B→K(*)µµ

๏ Allow detached µµ (within VELO)
• small SM mixing can give lifetime 

๏ MVA selection independent of  
m(µµ) and τ (boosting to uniformity)
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Figure 1: Feynman diagram for the decay B0! K⇤0�, with �! µ+µ�.

have either focused on a limited mass range [22], or have been obtained from more general
searches for long-lived particles [23].

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks [24, 25].
The detector includes a high-precision charged-particle tracking system for measuring mo-
menta [26,27]; two ring-imaging Cherenkov detectors for distinguishing charged hadrons [28];
a calorimeter system for identifying photons, electrons, and hadrons; and a system for
identifying muons [29]. The trigger 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 [30]. The selection of B0 ! K⇤0� candidates in the software
trigger requires the presence of a vertex identified by a multivariate algorithm [31] as
being consistent with the decay of a b hadron. Alternatively, candidates may be selected
based on the presence of a displaced dimuon vertex, or the presence of a muon with large
transverse momentum (pT) and large impact parameter (IP), defined as the minimum
track distance with respect to any pp-interaction vertex (PV). Only tracks with segments
reconstructed in the first charged-particle detector, which surrounds the interaction region
and is about 1m in length [26], can satisfy these trigger requirements; therefore, the �
boson is required to decay well within this detector. In the simulation, pp collisions are
generated following Refs. [32–35], and the interactions of the outgoing particles with the
detector are modelled as in Refs. [36, 37].

A search is conducted, following Ref. [38], by scanning the m(µ+µ�) distribution for an
excess of � signal candidates over the expected background. In order to avoid experimenter
bias, all aspects of the search are fixed without examining those B0! K⇤0� candidates
which have an invariant mass consistent with the known B0 mass [39]. The step sizes
in m(�) are �[m(µ+µ�)]/2, where �[m(µ+µ�)] is the dimuon mass resolution. Signal
candidates satisfy |m(µ+µ�) � m(�)| < 2�[m(µ+µ�)], while the background is estimated
by interpolating the yields in the sidebands starting at 3�[m(µ+µ�)] from m(�). With
m(K+⇡�µ+µ�) constrained [40] to the known B0 mass, �[m(µ+µ�)] is less than 8MeV
over the entire m(µ+µ�) range, and is as small as 2MeV below 220MeV. The statistical
test at each m(�) is based on the profile likelihood ratio of Poisson-process hypotheses with

2

B0/B+ K*/K+

d/u d/u

p pp p

K* K+

B0 B+

µ
µ

µ
µ

χ χ

Hidden Sector in B→K(*)χ(µµ)
Phys Rev Lett 115 161802 (2015) 

Phys Rev D 95, 071101(R)  (2017)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.161802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.071101
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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
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B→K*µµRun 1

Hidden Sector in B→K(*)χ(µµ)
Phys Rev Lett 115 161802 (2015) 

Phys Rev D 95, 071101(R)  (2017)
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Run 1

๏ Search for narrow peak in m(µµ)
• B mass constrained
‣ m(µµ) resolution 3-9 MeV

• Excluding QCD resonances

๏ Model independent limit
• BR limit normalised to rare SM 

decay (in q2 range 1-6 GeV2)
• Constraint set on lifetimes 

[0.1-1000] ps (~ 30µm to 30cm)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.161802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.071101
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Model dependent limits
๏ On axial vector portal model

• Only from B→K*µµ
• B(χ→hadrons)=0 gives larger 

B(χ→µµ) and larger χ lifetime
• Reaching PeV scale on axion decay 

constant

๏ Constrain on scalar portal mixing 
with the SM Higgs 

• Nearly rule out the inflaton 
parameter space below 2 mτ

10

5

b→s penguin decays are also an excellent place to search for low-mass 
hidden-sector particles (e.g., anything that mixes with the Higgs sector).

Higgs Portal
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Figure 1: Feynman diagram for the decay B0! K⇤0�, with �! µ+µ�.

range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks [22, 23]. The44

trigger consists of a hardware stage, based on information from the calorimeter and muon45

systems, followed by a software stage, which applies a full event reconstruction [24]. The46

selection of B0! K⇤0� candidates in the software trigger requires the presence of a vertex47

identified by a multivariate algorithm [25] as consistent with the decay of a b hadron.48

Alternatively, candidates may be selected based on the presence of a displaced dimuon49

vertex, or the presence of a muon with large transverse momentum (pT) and large impact50

parameter (IP), defined as the minimum track distance with respect to any pp-interaction51

vertex (PV). Only tracks with segments reconstructed in the first charged-particle detector,52

which surrounds the interaction region and is about 1m in length [26], can satisfy these53

trigger requirements; therefore, the � boson is required to decay within this detector.54

Simulated events are used to define the event selection, and to determine the e�-55

ciency to trigger, reconstruct and select B0 ! K⇤0� decays. Simulated pp collisions56

are generated using Pythia [27] with an LHCb configuration [28]. Decays of hadronic57

particles are described by EvtGen [29], in which final-state radiation is generated using58

Photos [30]. The interaction of the generated particles with the detector, and its response,59

are implemented using the Geant4 toolkit [31] as described in Ref. [32].60

A search is conducted, following Ref. [33], by scanning the m(µ+µ�) distribution for an61

excess of � signal candidates over the expected background. All aspects of the search are62

fixed without examining the B0! K⇤0� candidates whose invariant mass is consistent with63

the known B0 mass [35]. The step sizes in m(�) are �[m(µ+µ�)]/2, where �[m(µ+µ�)] is64

the dimuon mass resolution. Signal candidates satisfy |m(µ+µ�)�m(�)| < 2�[m(µ+µ�)],65

while the background is estimated by interpolating the yields in the sidebands starting at66

3�[m(µ+µ�)] from m(�). After constraining [34] m(K+⇡�µ+µ�) to the known B0 mass,67

�[m(µ+µ�)] is less than 8MeV over the entire m(µ+µ�) range, and is as small as 2MeV68

near 2m(µ). The statistical test at each m(�) is based on the profile likelihood ratio of69

Poisson-process hypotheses with and without a signal contribution [36]. The uncertainty70

on the background interpolation is modeled by a Gaussian term in the likelihood (see71

Ref. [33] for details).72

The �! µ+µ� decay vertex is permitted, but not required, to be displaced from the73

2

PRL 115 (2015) 161802
LHCb-PAPER-2015-036

Search strategy handles QCD resonances (MW [1503.04767]), and 2015-036 
uses a novel ML algorithm (uBDT) (J.Stevens, MW [1305.7248]).

|�iphys = cos ✓|�i+ sin ✓|Higgsi

|Higgsiphys = � sin ✓|�i+ cos ✓|Higgsi

(K+)

LHCb-PAPER-2016-052

See also A.Rogozhnikova, A.Bukva, V.Gligorov, A.Ustyuzhanin, MW [1410.4140].

Hidden Sector in B→K(*)χ(µµ)
Phys Rev Lett 115 161802 (2015) 

Phys Rev D 95, 071101(R)  (2017)

limits set by the CHARM [7] and the LHCb [8]
experiments.
In summary, a search for a long-lived scalar particle has

been performed at LHCb using pp collision data corre-
sponding to an integrated luminosity of 3 fb−1. No evi-
dence for a signal over the background-only hypothesis has
been found and upper limits have been placed on
BðBþ → KþχÞ × Bðχ → μþμ−Þ. They are the best upper
limits on this decay to date, improving previous limits by
up to a factor of 20. The results imply stringent constraints
on theories that predict the existence of new light scalar

particles. For the case of the inflaton model studied here, a
large fraction of the theoretically allowed parameter space
has been excluded.
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plus signal and the background-only hypotheses are com-
pared using the CLs method [26,27], where the information
from the three decay-time regions is combined. For each
decay-time region, the expected background is obtained by
linear interpolation of the dimuon mass sidebands [17],
while the shape of the mass distribution for the signal is
taken from simulation. No significant signal excess com-
pared to the background-only hypothesis is found.
Several sources of systematic uncertainties are taken into

account in setting upper limits. Deviations from the linear
approximation assumed in the background modeling are
studied by means of pseudoexperiments. This uncertainty is
estimated to be 8% of the statistical uncertainty and is
assigned as a systematic uncertainty on the expected
background yield. Uncertainties affecting the expected
signal yield strongly depend on mðχÞ and τðχÞ. Both the

signal efficiency and the mass resolution are computed
from the simulation and validated on data using the
control modes Bþ → K0

SJ=ψðμþμ−Þ and Bþ → KþJ=
ψðμþμ−Þ. The decays Bþ → Kþψð2SÞðμþμ−Þ and Bþ →
Kþϕðμþμ−Þ are studied in data and the observed yields are
found to be compatible with the expected SM branching
fractions of ð4.9$ 0.6Þ × 10−6 and ð2.5$ 0.3Þ × 10−9,
respectively [18]. The main sources of uncertainty can
be attributed to the uncertainty in the branching fraction of
the normalization channel, contributing 3%, to the limited
sizes of the simulated signal samples, which gives an
uncertainty between 2% and 6% of the expected signal
yield, to the signal mass resolution, which contributes
between 1.5% and 2%, and to the lifetime extrapolation
from the simulation. The last, based on reweighting the
events generated with τðχÞ ¼ 100 ps to match the lifetime
distribution in the studied range, results in uncertainties
between 0% and 20% for τðχÞ > 100 ps. All systematic
uncertainties are added in quadrature, giving a total
uncertainty between 4% and 20% of the expected signal
yield, depending on the signal mass and lifetime. In
general, the systematic uncertainties have a very limited
impact on the measurement. The precision on the upper
limits is dominated by the statistical uncertainties of the
observed yields.
Figure 4 shows the upper limits, at 95% confidence level

(C.L.), on the branching fraction for the decay Bþ →
Kþχðμþμ−Þ as a function of mðχÞ and τðχÞ. The upper
limits vary between 2 × 10−10 and 10−7 and are most
stringent in the region around τðχÞ ¼ 10 ps. For longer
lifetimes the limit becomes weaker as the probability for
the χ to decay within the vertex detector decreases.
Nevertheless, the present analysis improves previous limits
by up to a factor of 20 in the region of long lifetimes
τðχÞ ∼ 1000 ps. The main improvement with respect to the
previous search [8] comes from the optimization of the
three regions of the dimuon decay time and the fact that
the previous analysis studied the mode B0 → K&0χ, which
has in general a smaller branching fraction than the decay
Bþ → Kþχ, and where only the decays of K&0 → Kþπ−

were reconstructed.
Figure 5 shows the excluded region at 95% C.L. of the

parameter space of the inflaton model presented in
Refs. [2–4]. Constraints are placed on the square of the
mixing angle, θ2, which appears in the inflaton effective
coupling to the SM fields via mixing with the Higgs boson.
The inflaton lifetime is predicted to scale as τ ∝ 1=θ2. The
Bþ → Kþχ branching fraction is taken from Ref. [2]. It is
predicted to be between 10−4 and 10−8 in the explored
region and scales as BðBþ → KþχÞ ∝ θ2, while the infla-
ton branching fraction into muons is directly taken from
Fig. 3 of Ref. [4] and is predicted to be between 100% and
slightly less than 1%, depending on the kinematically
allowed decay channels. Figure 5 also presents the theo-
retical and cosmological constraints [4,28] and previous
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signal is parametrized with a double-sided crystal ball (dotted red
line) [24] and the background with an exponential function
(dashed green line).
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the prompt decay-time region).
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plus signal and the background-only hypotheses are com-
pared using the CLs method [26,27], where the information
from the three decay-time regions is combined. For each
decay-time region, the expected background is obtained by
linear interpolation of the dimuon mass sidebands [17],
while the shape of the mass distribution for the signal is
taken from simulation. No significant signal excess com-
pared to the background-only hypothesis is found.
Several sources of systematic uncertainties are taken into

account in setting upper limits. Deviations from the linear
approximation assumed in the background modeling are
studied by means of pseudoexperiments. This uncertainty is
estimated to be 8% of the statistical uncertainty and is
assigned as a systematic uncertainty on the expected
background yield. Uncertainties affecting the expected
signal yield strongly depend on mðχÞ and τðχÞ. Both the

signal efficiency and the mass resolution are computed
from the simulation and validated on data using the
control modes Bþ → K0

SJ=ψðμþμ−Þ and Bþ → KþJ=
ψðμþμ−Þ. The decays Bþ → Kþψð2SÞðμþμ−Þ and Bþ →
Kþϕðμþμ−Þ are studied in data and the observed yields are
found to be compatible with the expected SM branching
fractions of ð4.9$ 0.6Þ × 10−6 and ð2.5$ 0.3Þ × 10−9,
respectively [18]. The main sources of uncertainty can
be attributed to the uncertainty in the branching fraction of
the normalization channel, contributing 3%, to the limited
sizes of the simulated signal samples, which gives an
uncertainty between 2% and 6% of the expected signal
yield, to the signal mass resolution, which contributes
between 1.5% and 2%, and to the lifetime extrapolation
from the simulation. The last, based on reweighting the
events generated with τðχÞ ¼ 100 ps to match the lifetime
distribution in the studied range, results in uncertainties
between 0% and 20% for τðχÞ > 100 ps. All systematic
uncertainties are added in quadrature, giving a total
uncertainty between 4% and 20% of the expected signal
yield, depending on the signal mass and lifetime. In
general, the systematic uncertainties have a very limited
impact on the measurement. The precision on the upper
limits is dominated by the statistical uncertainties of the
observed yields.
Figure 4 shows the upper limits, at 95% confidence level

(C.L.), on the branching fraction for the decay Bþ →
Kþχðμþμ−Þ as a function of mðχÞ and τðχÞ. The upper
limits vary between 2 × 10−10 and 10−7 and are most
stringent in the region around τðχÞ ¼ 10 ps. For longer
lifetimes the limit becomes weaker as the probability for
the χ to decay within the vertex detector decreases.
Nevertheless, the present analysis improves previous limits
by up to a factor of 20 in the region of long lifetimes
τðχÞ ∼ 1000 ps. The main improvement with respect to the
previous search [8] comes from the optimization of the
three regions of the dimuon decay time and the fact that
the previous analysis studied the mode B0 → K&0χ, which
has in general a smaller branching fraction than the decay
Bþ → Kþχ, and where only the decays of K&0 → Kþπ−

were reconstructed.
Figure 5 shows the excluded region at 95% C.L. of the

parameter space of the inflaton model presented in
Refs. [2–4]. Constraints are placed on the square of the
mixing angle, θ2, which appears in the inflaton effective
coupling to the SM fields via mixing with the Higgs boson.
The inflaton lifetime is predicted to scale as τ ∝ 1=θ2. The
Bþ → Kþχ branching fraction is taken from Ref. [2]. It is
predicted to be between 10−4 and 10−8 in the explored
region and scales as BðBþ → KþχÞ ∝ θ2, while the infla-
ton branching fraction into muons is directly taken from
Fig. 3 of Ref. [4] and is predicted to be between 100% and
slightly less than 1%, depending on the kinematically
allowed decay channels. Figure 5 also presents the theo-
retical and cosmological constraints [4,28] and previous

]2) [MeV/c+m(B
5200 5300 5400 5500

)2
C

an
di

da
te

s 
/ (

 3
.3

  M
eV

/c

310

410

510

Data

Signal

Background

LHCb

FIG. 2. Invariant mass distribution for the normalization chan-
nel Bþ → KþJ=ψðμþμ−Þ with the results of the fit overlaid. The
signal is parametrized with a double-sided crystal ball (dotted red
line) [24] and the background with an exponential function
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๏ Signature: single displaced vertex with 
several tracks and a high pT muon

๏ Model: RPV mSUGRA neutralino 
decaying to a lepton and two quarks

๏ Analysis strategy:
• Using 3 /fb at 7 and 8 TeV
• LLP m=[20-80] GeV/c2, τ=[5-100] ps
• Triggering on muon + displaced vertex
• Background dominated by bb

‣ tight selection + MVA classifier

• Number of candidates from fit to 
candidate LLP mass
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Figure 3: Reconstructed mass of the LLP candidate from the 8 TeV dataset. The two top
plots correspond to events with candidates selected from the background region of the muon
isolation variable. They are fitted with the sum of two exponential functions. In the bottom
row the candidates from the signal region are fitted including a specific signal shape, added to
the background component. Subfigures a) and c) correspond to the analysis which assumes the
LV38 5 ps signal model, b) and d) are for LV98 10 ps.

3

mχ	=	38	GeV	

Semi-leptonic	LLP	decays	at	LHCb	at	7	and	8	TeV	

•  result:	no	excess	above	background,	at	7	and	8	TeV	
•  interpretaEon	in	various	models,	a.o.	

•  non-resonant	neutralino	producEon	
•  producEon	in	squark	decays	
•  producEon	in	Higgs	decays	(see	right)	

				as	funcEon	of	χ	mass	and	lifeEme	
	
•  at	most	sensiEve	point	(~50GeV,	~10ps)	

reject	BR(H⟶χχ)	>	1%		

LHCb-PAPER-2016-047	
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signal	yield	extracted	from	fit	
to	vertex	invariant	mass		

•  model:	mSUGRA	neutralino	decaying	to	a	lepton	and	2	quarks	
•  signature:	single	displaced	vertex	with	1	muon	

one	example	of	H(125)⟶χχ	limit	
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Fig. 2 Distributions for the 7 TeV dataset (black histogram) compared
to simulated bb events (blue squares with error bars), showing a trans-
verse momentum and b isolation of the muon, c number of tracks of the
displaced vertex, d reconstructed mass, e radial position of the vertex, f,

g vertex fit uncertainties in the radial and z direction. The fully simulated
signal distributions for LV38 10 ps are shown (red dashed histograms),
as well as LV38 50 ps (green dotted histogram) in (e). The distributions
from simulation are normalised to the number of data entries

by ϵ/
√
Nd + 1, where ϵ is the signal efficiency from simula-

tion for a given selection, and Nd the corresponding number
of candidates found in the data.

The generalisation power of the MLP is assessed by ver-
ifying that the distributions of the classifier output for the
training sample and the test sample agree. The uniformity

over the dataset is controlled by the comparison of the MLP
responses for several subsets of the data.

The MLP classifier can be biased by the presence of sig-
nal in the data events used as background training set. To
quantify the potential bias, the MLP training is performed
adding a fraction of simulated signal events (up to 5%) to
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Fig. 6 Expected (open dots with 1σ and 2σ bands) and observed (full
dots) cross-section times branching fraction upper limits (95% CL) for
the processes PC as a function of the LLP mass; the LLP lifetime τLLP

is indicated in each plot, mh0 = 125 GeV/c2. The results correspond
to the 8 TeV dataset klasd dkkl adskk

formed assuming four LLP production mechanisms with the
topologies shown in Fig. 1, covering LLP lifetimes from
5 ps up to 100 ps and masses in the range 20–80 GeV/c2.
One of the processes proceeds via the decay of a Higgs-
like particle into two LLPs: the mass of the Higgs-like parti-
cle is varied between 50 and 130 GeV/c2, comprising the
mass of the scalar boson discovered by the ATLAS and
CMS experiments. In addition, the full set of neutralino pro-
duction mechanisms available in Pythia in the context of
MSSM/mSUGRA has been considered, with an LLP mass
range 23–198 GeV/c2. The results for all theoretical models
considered are compatible with the background-only hypoth-
esis. Upper limits at 95% CL are set on the cross-section times
branching fractions.
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dots) cross-section times branching fraction upper limits at 95% confi-
dence level, as a function of the LLP mass from the 8 TeV dataset. The

theoretical models assume the full set of SUSY production processes
available in Pythia 6 with default parameter settings, unless otherwise
specified. The gluino mass is 2000 GeV/c2
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mχ	=	38	GeV	

Semi-leptonic	LLP	decays	at	LHCb	at	7	and	8	TeV	

•  result:	no	excess	above	background,	at	7	and	8	TeV	
•  interpretaEon	in	various	models,	a.o.	

•  non-resonant	neutralino	producEon	
•  producEon	in	squark	decays	
•  producEon	in	Higgs	decays	(see	right)	

				as	funcEon	of	χ	mass	and	lifeEme	
	
•  at	most	sensiEve	point	(~50GeV,	~10ps)	

reject	BR(H⟶χχ)	>	1%		

LHCb-PAPER-2016-047	

LLP mass

C
ro

ss
-s

ec
ti

o
n

 [
p

b
]

[GeV/c
2
]

10
-1

1

10

20 40 60

⌧
LLP

= 5 ps

LHCb
p

s =8 TeV

LLP mass

C
ro

ss
-s

ec
ti

o
n

 [
p

b
]

[GeV/c
2
]

10
-1

1

10

20 40 60

⌧
LLP

= 10 ps

LHCb
p

s =8 TeV

LLP mass

C
ro

ss
-s

ec
ti

o
n

 [
p

b
]

[GeV/c
2
]

10
-1

1

10

20 40 60

⌧
LLP

= 20 ps

LHCb
p

s =8 TeV

LLP mass

C
ro

ss
-s

ec
ti

o
n

 [
p

b
]

[GeV/c
2
]

10
-1

1

10

20 40 60

⌧
LLP

= 30 ps

LHCb
p

s =8 TeV

LLP mass

C
ro

ss
-s

ec
ti

o
n

 [
p

b
]

[GeV/c
2
]

10
-1

1

10

20 40 60

⌧
LLP

= 50 ps

LHCb
p

s =8 TeV

LLP mass

C
ro

ss
-s

ec
ti

o
n

 [
p

b
]

[GeV/c
2
]

10
-1

1

10

20 40 60

⌧
LLP

= 100 ps

LHCb
p

s =8 TeV
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times branching fraction upper limits (95% CL) for the processes PC as a function of the LLP
mass; the LLP lifetime ⌧
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h

0 = 125 GeV/c2. The results correspond
to the 8 TeV dataset.
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signal	yield	extracted	from	fit	
to	vertex	invariant	mass		

•  model:	mSUGRA	neutralino	decaying	to	a	lepton	and	2	quarks	
•  signature:	single	displaced	vertex	with	1	muon	

one	example	of	H(125)⟶χχ	limit	

20	

H(125)

Rejecting BR(H→χχ) > 10% down to mχ= 30 GeV, τχ= 5 ps

Limits interpreted in various models:

๏ R-parity violating mSUGRA MSSM 
M1= [40-200] GeV → mχ = [38-198]  
M2= 2 TeV, mg= 2 TeV, mq= 1.3 TeV  
τLLP = [5, 100] ps

• Example: 125 GeV Higgs decay
๏ Also simplified topologies:

Eur. Phys. J. C (2017) 77:224 

๏ Also sensitive to sterile neutrinos  
—> see talk by O.Fischer on Monday

https://epjc.epj.org/articles/epjc/abs/2017/04/10052_2017_Article_4744/10052_2017_Article_4744.html
https://indico.cern.ch/event/653347/contributions/2695618/
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Figure 2: Dijet invariant mass distribution in the di�erent Rxy bins, for the 2012 data sample.
For illustration, the best fit with a signal fi

v

model with mass 35 GeV/c2 and lifetime 10 ps is
overlaid. The solid blue line indicates the total background model, the short-dashed green line
indicates the signal model for signal strength µ = 1, and the long-dashed red line indicates the
best-fit signal strength.
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LLP → jet jet
๏ Signature: single displaced 

vertex with two (b-) jets 
(previously searched double)

๏ Model: hidden-valley dark pions 
from SM Higgs decay 

๏ Using 2 /fb of 7 and 8 TeV pp data

๏ Triggering on displaced vertex

๏ Quality requirement on jets, di-jet 
pointing, material veto

๏ Signal from di-jet mass fit in bins 
of beam-axis displacement Rxy
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Hidden	Valley	v-pions	decaying	to	jet	pairs	at	LHCb	

•  model:	Higgs	decay	to	two	LLPs	each	decaying	to	two	fermions	

•  LHCb	signature:	single	displaced	
vertex	with	two	associated	jets	
(LHCb	acceptance	for	all	4	jets	is	
small,	only	few	%)	

LHCb-PAPER-2016-065	

•  analysis	strategy	
•  trigger	on	displaced	vertex	
•  find	two	associated	jets	
•  extract	signal	from	fit	to		

di-jet	mass	in	bins	of	
distance	to	beam	axis	(Rxy)	
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14	

LHCb,	2.0/t,	7,8	TeV	
preliminary	

LHCb acceptance for  
all 4 jets is only few %

LHCb-PAPER-2016-065 arXiv:1705.07332  

QCD

πV (35 GeV, 10 ps) 
best fit, BR=1

QCD

πV (35 GeV, 10 ps) 
best fit, BR=1

EUR. PHYS. J. C (2016) 76: 664

http://arxiv.org/abs/arXiv:1705.07332
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๏ Placing upper limit on SM-Higgs 
branching ratio to dark pions

๏ Tested the region:  
mπ=[25-50] GeV, τ=[2-500] ps 

๏ Example: for mπ= 50 GeV 
exclude BR > 30% for τ=[5-50] ps  
(cτ = [1.5-15] mm)
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LLP → jet jet
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BR > 50%

LHCb

3

heavier range of the intermediate ⇡v masses, for branch-
ing fractions as low as 5 percent in the 1 mm - 1 m proper
lifetime regime. The reason for the somewhat increased
sensitivity is that the CMS study takes advantage of a
dedicated displaced trigger which allows for lower jet pT
trigger thresholds by requiring two jets with pT > 60
GeV to have displaced tracks with transverse impact pa-
rameter (IP) larger than 0.5 mm. The trigger is seeded
by the level one requirement of scalar transverse energy,
HT > 300 GeV. However, this large HT requirement
of the trigger preferentially selects events containing a
boosted Higgs or large initial state radiation (ISR), which
also results in boosted ⇡v’s, merging their decay products
into a single jet. For these reasons, this search, which re-
quires two jets associated to a DV, is not very efficient
for the signal we consider. Furthermore, the vertex re-
quirement, mDV > 4 GeV, and the background discrimi-
nant which prefers a large DV track multiplicity, decrease
the efficiency for signals with light ⇡v. Nevertheless, we
still find that the search places bounds on signals with
m⇡v & 40 GeV for lifetimes complementary to those ob-
tained from the ATLAS searches. Our resulting bounds
on the Higgs branching fractions as a function of the ⇡v

lifetime obtained from our recast of the CMS dijet search
(together with the previous ATLAS bounds) are pre-
sented in Fig. 2. We find limits for heavy ⇡v and shorter
lifetimes, ranging from 1� 1000 mm, that are somewhat
weaker than the corresponding ATLAS bounds for longer
lifetimes, while signals with m⇡v . 40 GeV remain un-
constrained for lifetimes below 100 mm. We emphasize
that these constraints do not apply for signals which only
produce a single DV per event. For the case where one of
the hidden particles is stable, the CMS dijet search does
not have sensitivity since the events fail to pass the large
HT requirement.

SEARCH STRATEGIES AND PROJECTED
SENSITIVITY FOR RUN II

In this section we propose new search strategies for
detecting displaced Higgs decays within the ATLAS or
CMS inner detector, noting that lifetimes corresponding
to the decay lengths considered here are mostly uncon-
strained. For longer decay lengths, a search for decays in
the muon spectrometer would be more sensitive and the
strategies considered here could be slightly altered and
applied in order to achieve sensitivity to events with a
single displaced decay.

There are major difficulties in detecting the signal
under consideration due to the relatively light mass of
the Higgs boson and of the hidden sector particles. To
make matters worse, the dominant production mecha-
nisms (ggF followed by VBF) tend to produce the Higgs
boson close to rest. Therefore, a search with sensitivity
to such a signal must either use a trigger with low pT re-

40 GeV 10 GeV
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60 GeV 40 GeV
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ATLAS
s = 8 TeV

CMS
s = 8 TeV (recast)

FIG. 2. 95% CL exclusion curves for Run I of the LHC. The
ATLAS constraints are reproduced from the searches for long
lived particles decaying in the muon spectrometer [18] (solid)
and the hadronic calorimeter [19] (dotted). The CMS recast
exlcusion curves are derived from the search displaced dijet
in the inner tracker [20] (dashed).

quirements, possibly by taking advantage of a dedicated
displaced trigger, or be restricted to boosted Higgs kine-
matics and pay the price of a relatively small production
rate. Furthermore, DV searches, looking for single decays
in the tracker, typically impose strict vertex requirements
designed to cut out background events. However, signals
with light intermediate particles often do not pass these
requirements and cannot be detected by a generic DV
search. For these reasons, model-specific searches are
required in order to detect such signals. Specifically, a
successful search strategy should be designed with weak
vertex requirements in order to enhance the number of
expected signal events while retaining as low background
as possible by imposing other event selection criteria.

An important point regarding the expected LHC phe-
nomenology of Twin Higgs models is that the ⇡v particles
decay to the SM via a Higgs portal with final states which
are expected to often be bb̄. This has a few important
consequences. First, one can search for decay products of
the bb̄ in conjunction with a DV, for example a muon or a
dijet. It has been shown that requiring a muon within a
cone of a displaced jet significantly reduces the displaced
jet background [27, 28]. Requiring a displaced dijet as-
sociated to a DV was used as a background discriminant
in the CMS displaced dijet search [20]. Furthermore, de-
pending on m⇡v , the displaced dijet can become merged
into a single jet with many displaced tracks, resulting in
an “emerging jet” signature [29]. The merged jets typi-
cally exhibit a 2-prong substructure which can be used
to reconstruct the displaced dijet, thus extending the dis-
placed dijet search strategy to scenarios with light hidden
sector particles. Some percent of events may contain two
displaced vertices. This has been taken advantage of in
searches performed by ATLAS [18, 19]. These signatures,

BR > 50%

Recast from ArXiv:1508.01522
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CMS 18.5 fb�1 at 8 TeV
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Competitive limit with ATLAS/CMS  
despite factor 10 less luminosity!

Bright future at upgraded LHCb! 
expected benefit from online  
identification of displaced diets

Regions where  
BR > 50% excluded
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Dark Photons

16

๏ LHCb has excellent mass resolution 
• key with irreducible background (e.g. Drell-Yan)

๏ Soft triggers on µ pT (even softer after upgrade)

๏ New µµ trigger with online µ-ID
• Online calibration of µ-ID
• Only interesting part of the event to disk (turbo)  
→ no pre-scale down to threshold 2 mµ 

๏ Can search for Dark Photons (A') in µµ

• Kinetic mixing with off-shell photon (𝛆2)
‣ inherits production mode
‣ can normalise to off-shell photon
‣ data-driven analysis!

• Today presenting first results 
• 2016 data sample of 1.6/fb at 13 TeV

γ*/A'
γ*/A'

The possibility that dark matter particles may interact via unknown forces, felt only1

feebly by Standard Model (SM) particles, has motivated substantial e↵ort to search for2

dark-sector forces (see Ref. [1] for a review). A compelling dark-force scenario involves3

a massive dark photon, A0, whose coupling to the electromagnetic current is suppressed4

relative to that of the ordinary photon, �, by a factor of ". In the minimal model, the5

dark photon does not couple directly to charged SM particles; however, a coupling may6

arise via kinetic mixing between the SM hypercharge and A0 field strength tensors [2–7].7

This mixing provides a potential portal through which dark photons may be produced8

if kinematically allowed. If the kinetic mixing arises due to processes whose amplitudes9

involve one or two loops containing high-mass particles, perhaps even at the Planck10

scale, then 10�12 . "2 . 10�4 is expected [1]. Fully exploring this few-loop range of11

kinetic-mixing strength is an important goal of dark-sector physics.12

Constraints have been placed on visible A0 decays by previous beam-dump [7–21],13

fixed-target [22–24], collider [25–27], and rare-meson-decay [28–37] experiments. The14

few-loop region is ruled out for dark photon masses m(A0) . 10MeV (c = 1 throughout15

this Letter). Additionally, the region "2 & 5⇥10�7 is excluded for m(A0) < 10.2GeV, along16

with about half of the remaining few-loop region below the dimuon threshold. Many ideas17

have been proposed to further explore the [m(A0), "2] parameter space [38–49], including18

an inclusive search for A0!µ+µ� decays with the LHCb experiment, which is predicted19

to provide sensitivity to large regions of otherwise inaccessible parameter space using data20

to be collected during Run 3 of the LHC (2021–2023) [50].21

A dark photon produced in proton-proton, pp, collisions via �–A0 mixing inherits the22

production mechanisms of an o↵-shell photon with m(�⇤) = m(A0); therefore, both the23

production and decay kinematics of the A0!µ+µ� and �⇤!µ+µ� processes are identical.24

Furthermore, the expected A0!µ+µ� signal yield is given by [50]25

nA

0

ex

[m(A0), "2] = "2
"
n�

⇤

ob

[m(A0)]

2�m

#
F [m(A0)] ✏A0

�⇤ [m(A0), ⌧(A0)], (1)

where n�

⇤

ob

[m(A0)] is the observed prompt �⇤ ! µ+µ� yield in a small ±�m window26

around m(A0), the function F [m(A0)] includes phase-space and other known factors, and27

✏A0
�⇤ [m(A0), ⌧(A0)] is the ratio of the A0!µ+µ� and �⇤!µ+µ� detection e�ciencies, which28

depends on the A0 lifetime, ⌧ (A0). If A0 decays to invisible final states are negligible, then29

⌧(A0) / [m(A0)"2]�1 and A0!µ+µ� decays can potentially be reconstructed as displaced30

from the primary pp vertex (PV) when the product m(A0)"2 is small. However, when ⌧ (A0)31

is small compared to the experimental resolution, A0!µ+µ� decays are reconstructed as32

prompt-like and are experimentally indistinguishable from prompt �⇤!µ+µ� production33

resulting in ✏A0
�⇤ [m(A0), ⌧(A0)] ⇡ 1. This facilitates a fully data-driven search and the34

cancelation of most experimental systematic e↵ects, since the observed A0!µ+µ� yields,35

nA

0
ob

[m(A0)], can be normalized to nA

0
ex

[m(A0), "2] to obtain constraints on "2.36

This Letter presents searches for both prompt-like and long-lived dark photons produced37

in pp collisions at a center-of-mass energy of 13TeV, using A0!µ+µ� decays and a data38

sample corresponding to an integrated luminosity of 1.6 fb�1 collected with the LHCb39

detector in 2016. The prompt-like A0 search is performed from near the dimuon threshold40

up to 70GeV, above which the m(µ+µ�) spectrum is dominated by the Z boson. The41

long-lived A0 search is restricted to the mass range 214 < m(A0) < 350MeV, corresponding42

to where the data sample provides potential sensitivity.43

1

off-shell photon phase-space A’/γ* eff ratio,
𝜖=1 for prompt
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is determined using the fits described in the text.

The prompt-like A0 search strategy involves determining the observed A0!µ+µ� yields91

from fits to them(µ+µ�) spectrum, and normalizing them using Eq. 1 to obtain constraints92

on "2. To determine n�

⇤

ob

[m(A0)] for use in Eq. 1, binned extended maximum likelihood93

fits are performed using the dimuon vertex-fit quality, �2

VF

(µ+µ�), and min[�2

IP

(µ±)]94

distributions, where �2

IP

(µ) is defined as the di↵erence in �2

VF

(PV) when the PV is95

reconstructed with and without the muon track. The �2

VF

(µ+µ�) and min[�2

IP

(µ±)] fits96

are performed independently at each mass, with the mean of the n�

⇤

ob

[m(A0)] results used97

as the nominal value and half the di↵erence assigned as a systematic uncertainty.98

Both fit quantities are built from features that approximately follow �2 probability99

density functions (PDFs) with minimal mass dependence. The prompt-dimuon PDFs are100

taken directly from data at m(J/ ) and m(Z), where prompt resonances are dominant101

(see Fig. 1). Small p
T

-dependent corrections are applied to obtain the PDFs at all other102

masses. These PDFs are validated near threshold, at m(�), and at m(⌥ (1S)), where the103

data predominantly consist of prompt dimuons. The sum of the hh and hµ
Q

contributions,104

which each involve misidentified prompt hadrons, is determined using same-sign µ±µ±
105

candidates that satisfy all of the prompt-like criteria. A correction is applied to the106

observed µ±µ± yield at each mass to account for the di↵erence in the production rates107

of ⇡±⇡⌥ and ⇡±⇡±, since double misidentified ⇡±⇡⌥ pairs are the dominant source of108

the hh background. This correction, which is derived using a prompt-like dipion data109

sample weighted by p
T

-dependent muon-misidentification probabilities, is as large as a110

factor of two near m(⇢) but negligible for m(µ+µ�) & 2GeV. The PDFs for the µ
Q

µ
Q

111

background, which involves muons produced displaced from the PV and rarely at the112

same spatial point, are obtained from simulation. Example min[�2

IP

(µ±)] fit results are113

provided in Ref. [59], while Fig. 1 shows the resulting data categorizations. Finally, the114

n�

⇤

ob

[m(A0)] yields are corrected for bin migration due to bremsstrahlung, and the small115

expected Bethe-Heitler contribution is subtracted [50].116

The prompt-like mass spectrum is scanned in steps of �[m(µ+µ�)]/2 searching for117

A0!µ+µ� contributions. At each mass, a binned extended maximum likelihood fit is118

performed using all prompt-like candidates in a ±12.5�[m(µ+µ�)] window around m(A0).119

The profile likelihood is used to determine the p-value and the confidence interval for120

nA

0
ob

[m(A0)], from which an upper limit at 90% confidence level (CL) is obtained. The signal121

PDFs are fixed using a combination of simulated A0!µ+µ� decays and the widths of the122

3
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The prompt-like A0 search strategy involves determining the observed A0!µ+µ� yields91

from fits to them(µ+µ�) spectrum, and normalizing them using Eq. 1 to obtain constraints92

on "2. To determine n�

⇤

ob

[m(A0)] for use in Eq. 1, binned extended maximum likelihood93

fits are performed using the dimuon vertex-fit quality, �2

VF

(µ+µ�), and min[�2

IP

(µ±)]94

distributions, where �2

IP

(µ) is defined as the di↵erence in �2

VF

(PV) when the PV is95

reconstructed with and without the muon track. The �2

VF

(µ+µ�) and min[�2

IP

(µ±)] fits96

are performed independently at each mass, with the mean of the n�

⇤

ob

[m(A0)] results used97

as the nominal value and half the di↵erence assigned as a systematic uncertainty.98

Both fit quantities are built from features that approximately follow �2 probability99

density functions (PDFs) with minimal mass dependence. The prompt-dimuon PDFs are100

taken directly from data at m(J/ ) and m(Z), where prompt resonances are dominant101

(see Fig. 1). Small p
T

-dependent corrections are applied to obtain the PDFs at all other102

masses. These PDFs are validated near threshold, at m(�), and at m(⌥ (1S)), where the103

data predominantly consist of prompt dimuons. The sum of the hh and hµ
Q

contributions,104

which each involve misidentified prompt hadrons, is determined using same-sign µ±µ±
105

candidates that satisfy all of the prompt-like criteria. A correction is applied to the106

observed µ±µ± yield at each mass to account for the di↵erence in the production rates107

of ⇡±⇡⌥ and ⇡±⇡±, since double misidentified ⇡±⇡⌥ pairs are the dominant source of108

the hh background. This correction, which is derived using a prompt-like dipion data109

sample weighted by p
T

-dependent muon-misidentification probabilities, is as large as a110

factor of two near m(⇢) but negligible for m(µ+µ�) & 2GeV. The PDFs for the µ
Q

µ
Q

111

background, which involves muons produced displaced from the PV and rarely at the112

same spatial point, are obtained from simulation. Example min[�2

IP

(µ±)] fit results are113

provided in Ref. [59], while Fig. 1 shows the resulting data categorizations. Finally, the114

n�

⇤

ob

[m(A0)] yields are corrected for bin migration due to bremsstrahlung, and the small115

expected Bethe-Heitler contribution is subtracted [50].116

The prompt-like mass spectrum is scanned in steps of �[m(µ+µ�)]/2 searching for117

A0!µ+µ� contributions. At each mass, a binned extended maximum likelihood fit is118

performed using all prompt-like candidates in a ±12.5�[m(µ+µ�)] window around m(A0).119

The profile likelihood is used to determine the p-value and the confidence interval for120

nA

0
ob

[m(A0)], from which an upper limit at 90% confidence level (CL) is obtained. The signal121

PDFs are fixed using a combination of simulated A0!µ+µ� decays and the widths of the122

3

Using templates 
for min[χ2IP] 
(small mass dep)

→ from data at m(J/ψ) and m(Z) 
→ from simulation (validated)  
→ from same-sign dimuons (corrected)

(µQ is a muon from a heavy-flavour decay)
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DF

versus t versus m(µ+µ�), which is fit to
determine the long-lived signal yields. The data are consistent with being predominantly due to
b-hadron decays at small t, and due to K0

S decays for large t and m(µ+µ�) & 280MeV. The
largest signal-like excess occurs at m(A0) = 239MeV and ⌧(A0) = 0.86 ps.
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large resonance peaks observed in the data. The strategy proposed in Ref. [63] is used to123

select the background model and assign its uncertainty. This method takes as input a large124

set of potential background components, which here includes all Legendre modes up to 10th125

order and dedicated terms for known resonances, and then performs a data-driven model-126

selection process whose uncertainty is included in the profile likelihood following Ref. [64].127

More details about the fits, including discussion on peaking backgrounds, are provided128

in Ref. [59]. The most significant excess is 3.3� at m(A0) ⇡ 5.8GeV, corresponding to a129

p-value of 38% after accounting for the trials factor due to the number of prompt-like130

signal hypotheses.131

Regions of the [m(A0), "2] parameter space where the upper limit on nA

0
ob

[m(A0)] is132

less than nA

0
ex

[m(A0), "2] are excluded at 90% CL. Figure 2 shows that the constraints133

placed on prompt-like dark photons are comparable to the best existing limits below134

0.5GeV, and are the most stringent for 10.6 < m(A0) < 70GeV. In the latter mass135

range, a nonnegligible model-dependent mixing with the Z boson introduces additional136

kinetic-mixing parameters altering Eq. 1; however, the expanded A0 model space is highly137

constrained by precision electroweak measurements. This search adopts the parameters of138

Refs. [65,66]. Since the LHCb detector response is independent of which quark-annihilation139

process produces the A0 above 10GeV, these results can easily be recast for other models.140

This Letter also presents a search for long-lived dark photons in the mass range141

214 < m(A0) < 350MeV. The stringent min[�2

IP

(µ±)] criterion applied in the trigger142

makes contamination from prompt muon candidates negligible. The dominant background143

contributions to the long-lived A0 search are as follows: photon conversions to µ+µ� in144

the silicon-strip vertex detector (the VELO) that surrounds the pp interaction region [67];145

b-hadron decays where two muons are produced in the decay chain; and the low-mass146

tail from K0

S ! ⇡+⇡� decays, where both pions are misidentified as muons. Additional147

sources of background are negligible, e.g. kaon and hyperon decays, and Q-hadron decays148

producing a muon and a hadron that is misidentified as a muon.149

Photon conversions in the VELO dominate the long-lived data sample at low masses.150

A new method was recently developed for identifying particles created in secondary151

interactions with the VELO material, which is described in detail in Ref. [68]. A high-152

4

๏ No significant excess found

๏ First limit on dark photons for m(A') > 10 GeV

๏ Already competitive for m(A') < 0.5 GeV
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Figure 3. Reconstructed SVs in the Run 1 data sample showing the zr plane integrated over f , where the a
positive (negative) r value denotes that the SV is closest to material in the right (left) half of the VELO. The
bins are 0.1 mm⇥1 mm in size.

good quality. Futhermore, the SVs are required to be inconsistent with originating from the beam-67

spot in the xy-plane, and only events with exactly one SV are used. In total, 14M and 38M SVs are68

used to build the Run 1 and Run 2 maps, respectively. Figures 2 and 3 presents some displays of69

the reconstructed SV locations.70

3. Material Maps71

Separate VELO material maps are constructed for Run 1 and Run 2. The z positions of the sensors72

are determined by fitting the observed SV z distributions near each nominal module location. In73

these fits, the SVs are required to have r > 7 mm and satisfy x >�1.5 mm (x < 1.5 mm) for the left74

(right) VELO half. These requirements highly suppress contributions from material interactions75

in the RF-foil and from beam-induced backgrounds. Since the manufacturing tolerance of the76

sensor wafers is only 0.05 mm, the nominal wafer shapes in the transverse plane are used for the77

sensors. The x and y positions of each sensor, which are nominally at the xbeam and 0, are fitted78

simultaneously to the observed xy positions using SVs near each sensor in z. Only SVs that are79

inconsistent with originating from an interaction in the RF-foil are used in these fits. Figure 480

shows the shifts with respect to the nominal positions of each module. The largest shifts observed81

in z are ⇡ 0.6 mm in two of the pile-up sensors, while all standard sensors are consistent with82

their expected nominal positions to . 0.3 mm. Furthermore, the fitted z positions are found to be83

consistent in Run 1 and Run 2. The y positions are all found to be consistent with the expected84

values in both run periods; however, the modules are found to be shifted by O(0.1 mm) in x.85

The shape of the RF-foil in the xy-plane is roughly a semi-circle about the origin that transi-86

tions into straight lines that extend out away from the origin at fixed x values. The parametrization87

employed here describes these transitions using additional semi-circles (interpolation using bicubic88

splines was also tried, but found to provide a worse description of the data). The xy distributions89

of SVs are fit in 1 mm wide slices in z, where SVs consistent with originating from a module are90

removed, and in each of the 1066 slices four parameters are determined. The z dependence of each91
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a fixed (and known) relationship between ⌧(A0) and "2 at each mass [50]; therefore, the200

upper limits on nA

0
ob

[m(A0), ⌧(A0)] can be translated into limits on nA

0
ob

[m(A0), "2]. Regions201

of the [m(A0), "2] parameter space where the upper limit on nA

0
ob

[m(A0), "2] is less than202

nA

0
ex

[m(A0), "2] are excluded at 90% CL (see Fig. 3). While only small regions of [m(A0), "2]203

space are excluded, a sizable portion of this parameter space will soon become accessible204

as more data are collected.205

In summary, searches are performed for both prompt-like and long-lived dark photons206

produced in pp collisions at a center-of-mass energy of 13TeV, using A0!µ+µ� decays207

and a data sample corresponding to an integrated luminosity of 1.6 fb�1 collected with the208

LHCb detector. The prompt-like A0 search covers the mass range from near the dimuon209

threshold up to 70GeV, while the long-lived A0 search is restricted to the low-mass region210

214 < m(A0) < 350MeV. No evidence for a signal is found, and 90% CL exclusion regions211

are set on the �–A0 kinetic-mixing strength. The constraints placed on prompt-like dark212

photons are the most stringent to date for the mass range 10.6 < m(A0) < 70GeV, and213

are comparable to the best existing limits for m(A0) < 0.5GeV. The search for long-lived214

dark photons is the first to achieve sensitivity using a displaced-vertex signature.215

These results demonstrate the unique sensitivity of the LHCb experiment to dark216

photons, even using a data sample collected with a trigger that is ine�cient for low-mass217

A0 ! µ+µ� decays. Using knowledge gained from this analysis, the software-trigger218

e�ciency for low-mass dark photons has been significantly improved for 2017 data taking.219

Looking forward to Run 3, the planned increase in luminosity and removal of the hardware-220

trigger stage will potentially increase the number of expected A0!µ+µ� decays in the221

low-mass region by a factor of O(100–1000) compared to the 2016 data sample.222
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effect of 
min[χ2IP] cut

๏ Displaced search in region 214 < m(A') < 350 MeV

๏ Even looser online requirements on pT(µ)

๏ Other backgrounds:

๏ Muons from b-hadron decays  
→ isolation decision tree (from Bs→µµ)

๏ Mis-id pions from KS→ππ tail  
→ modelled from PID sideband

๏ Fit in bins of mass and lifetime

๏ Also using consistency of decay topology χ2

๏ Extracting p-values and confidence intervals

๏ No significant excess is found

๏ Already excluding a small region of (𝛆2, m)

๏ First limit ever not from beam-dump!

LHCb-PAPER-2017-038 (soon in arXiv)
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Dark Photons

✏2
⌘

↵
0 ↵

mA0 [GeV]

Move to a triggerless detector readout in Run 3 will have a huge impact on 
low-mass BSM searches, including dark photons (predictions assume 15/fb).

Inclusive A’ →μμ @ LHCb
Ilten, Soreq, Thaler, MW, Xue 

[1603.08926]
Radiative Charm Decays @ LHCb

Ilten, Thaler, MW, Xue 
[1509.06765]

See talk by W.Xue 
on Tu evening

Inclusive A’→µµ at LHCb
Ilten, Soreq, Thaler, Williams, Xue [1603.08926]

Radiative D Decays at LHCb
Ilten, Thaler, Williams, Xue [1509.06765]  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๏ Run 3 reach 

๏ Extend searches 
model-independently
‣ sensitivity to light 

Higgs (e.g. NMSSM)

๏ Search inclusively for 
N2,3→π+µ−

๏ Search for 4µ

U.Haisch and J.F.Kamenik PRD 93, 055047

Martino Borsato - USCDark Matter 2016

idea: light NMSSM Higgs
๏ Spin-0 particle coupling mainly to third 

generation may have escaped detection in 
[10, 50] GeV mass region 

๏ Well motivated in NMSSM and by  
Fermi-LAT excess as scalar off-shell  
mediator of DM annihilation 

๏ LHCb has unique potential! 
‣ Best di-muon mass resolution 
‣ Forward acceptance 
‣ Very soft di-muon trigger 

14

Constraints on universal κP

CMS

LHCb
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• For mP  ∈ [8.6, 11.5] GeV recast of LHCb ϒ data allows to set first 
O(1) limits on |κP |. Above 11.5 GeV CMS dimuon search superior
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U.Haisch and J.F.Kamenik [1601.05110]

Expected LHCb limit 
(3% of 2012 dataset)
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Figure 1: E�ciency-corrected dimuon mass distributions for (left)
p
s = 7TeV and

(right)
p
s = 8TeV samples in the region 3 < p

T

< 4GeV/c, 3.0 < y < 3.5. The thick dark
yellow solid curves show the result of the fits, as described in the text. The three peaks, shown
with thin magenta solid lines, correspond to the ⌥(1S), ⌥(2S) and ⌥(3S) signals (left to right).
The background component is indicated with a blue dashed line. To show the signal peaks clearly,
the range of the dimuon mass shown is narrower than that used in the fit.

the mass distribution of the ⌥(1S) meson are free fit parameters. For the ⌥(2S) and
⌥(3S) mesons the mass di↵erences m(⌥(2S))�m(⌥(1S)) and m(⌥(3S))�m(⌥(1S)) are
fixed to the known values [42], while the resolutions are fixed to the value of the reso-
lution of the ⌥(1S) signal, scaled by the ratio of the masses of the ⌥(2S) and ⌥(3S) to
the ⌥(1S) meson. The tail parameters of the Crystal Ball function describing the radiative
tail are fixed from studies of simulated samples.

The fits are performed independently on the e�ciency-corrected dimuon mass dis-
tributions in each (p

T

,y) bin. As an example, Fig. 1 shows the results of the fits in
the region 3 < p

T

< 4GeV/c and 3.0 < y < 3.5. For each bin the position and the res-
olution of the ⌥(1S) signal is found to be consistent between

p
s = 7 and 8TeV data

sets. The resolution varies between 33MeV/c2 in the region of low p
T

and small rapidity
and 90MeV/c2 for the high p

T

and large y region, with the average value being close
to 42MeV/c2. The total signal yields are obtained by summing the signal yields over all
(p

T

, y) bins and are summarised in Table 1.

4 Systematic uncertainties

The systematic uncertainties are summarised in Table 2, separately for the measurement
of the cross-sections and of their ratios.

The uncertainty related to the mass model describing the shape of the dimuon
mass distribution is studied by varying the fit range and the signal and background
parametrisation used in the fit model. The fit range is varied by moving the upper edge
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Figure 1: The dimuon invariant-mass distribution in the vicinity of the U(nS) resonances for
|yU| < 2.4 (left) and for the subset of events where the rapidity of the U(nS) satisfies |yU| < 0.4
(right). The solid lines represent the results of the fits to the signal-plus-background functions
described in the text.

section is determined from the efficiency-corrected signal yield within the kinematic region
defined in Eq. (1).

5 Acceptance

The U ! µ+µ� acceptance of the CMS detector is the product of two terms. The first is, for
a given pU

T and yU, the fraction of dimuon decays in which both muons are within the phase
space specified in Eq. (1). The second is the probability that when there are only two muons in
the event both can be reconstructed in the tracker without requiring the quality criteria. Both
components are evaluated by simulation and parametrized as a function of pU

T and yU. The
second component is close to unity, as verified in simulation and data.

Following Ref. [6], the acceptance is defined by the ratio

A
⇣

pU
T , yU

⌘
=

Nreco � pU
T, yU

�� Si tracks satisfying Eq. (1)
�

Ngen
�

pU
T, yU

� , (3)

and is computed in small bins in (pU
T, yU). The parameter Ngen is the number of U particles gen-

erated within a given (pU
T, yU) bin, while Nreco is the number of U particles with reconstructed

(pU
T, yU) values within that bin, and having the silicon tracks satisfying Eq. (1). The (pU

T, yU)
values represent the generated and reconstructed values, respectively in the denominator and
the numerator, thus accounting also for the effect of detector resolution in the definition of A.
In addition the numerator requires the two tracks to be reconstructed with opposite charges
and have an invariant mass within the U mass-fit range of 7–14 GeV/c2.

The acceptance is evaluated with a signal MC simulation sample in which the U decay to two
muons is generated with the EVTGEN [19] package, including FSR. There are no particles in
the event besides the U, its daughter muons, and the FSR photons. The U mesons are gener-
ated uniformly in pU

T and yU. This sample is then simulated and reconstructed with the CMS
detector simulation software to assess the effects of multiple scattering and finite resolution of
the detector. An acceptance map with the assumption of zero U polarization can be found in
Ref. [6]. Systematic uncertainties arising from the dependence of the cross section measurement
on the MC simulation description of the pT spectrum and resolution are evaluated in Section 7.
The acceptance is calculated as a two-dimensional grid in pU

T and |yU| using bin sizes of 0.1 in

[PLB727(2013)101-125] [JHEP 1511(2015)103]
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Martino Borsato - USCDark Matter 2016

idea: light NMSSM Higgs
๏ Spin-0 particle coupling mainly to third 

generation may have escaped detection in 
[10, 50] GeV mass region 

๏ Well motivated in NMSSM and by  
Fermi-LAT excess as scalar off-shell  
mediator of DM annihilation 

๏ LHCb has unique potential! 
‣ Best di-muon mass resolution 
‣ Forward acceptance 
‣ Very soft di-muon trigger 

14

Constraints on universal κP

CMS

LHCb

6 8 10 12 14
0.2

0.5

1

2

mP [GeV]

|κ
P
|

[UH & Kamenik, 1601.05110]

• For mP  ∈ [8.6, 11.5] GeV recast of LHCb ϒ data allows to set first 
O(1) limits on |κP |. Above 11.5 GeV CMS dimuon search superior

21/24

U.Haisch and J.F.Kamenik [1601.05110]

Expected LHCb limit 
(3% of 2012 dataset)

U.Haisch and J.F.Kamenik [1601.05110]

9 9.5 10 10.5 11
0

1

2

3

4

5

6

7

8

9

10
310×

9 9.5 10 10.5 11
0

5

10

15

20

25
310×

LHCb
p
s = 7TeV

3 < p
T

< 4GeV/c
3.0 < y < 3.5

LHCb
p
s = 8TeV

3 < p
T

< 4GeV/c
3.0 < y < 3.5

C
an

d
id
at
es
/(
10

M
eV
/c

2

)

C
an

d
id
at
es
/(
10

M
eV
/c

2

)

mµ+µ� [GeV/c2] mµ+µ� [GeV/c2]

Figure 1: E�ciency-corrected dimuon mass distributions for (left)
p
s = 7TeV and

(right)
p
s = 8TeV samples in the region 3 < p

T

< 4GeV/c, 3.0 < y < 3.5. The thick dark
yellow solid curves show the result of the fits, as described in the text. The three peaks, shown
with thin magenta solid lines, correspond to the ⌥(1S), ⌥(2S) and ⌥(3S) signals (left to right).
The background component is indicated with a blue dashed line. To show the signal peaks clearly,
the range of the dimuon mass shown is narrower than that used in the fit.

the mass distribution of the ⌥(1S) meson are free fit parameters. For the ⌥(2S) and
⌥(3S) mesons the mass di↵erences m(⌥(2S))�m(⌥(1S)) and m(⌥(3S))�m(⌥(1S)) are
fixed to the known values [42], while the resolutions are fixed to the value of the reso-
lution of the ⌥(1S) signal, scaled by the ratio of the masses of the ⌥(2S) and ⌥(3S) to
the ⌥(1S) meson. The tail parameters of the Crystal Ball function describing the radiative
tail are fixed from studies of simulated samples.

The fits are performed independently on the e�ciency-corrected dimuon mass dis-
tributions in each (p

T

,y) bin. As an example, Fig. 1 shows the results of the fits in
the region 3 < p

T

< 4GeV/c and 3.0 < y < 3.5. For each bin the position and the res-
olution of the ⌥(1S) signal is found to be consistent between

p
s = 7 and 8TeV data

sets. The resolution varies between 33MeV/c2 in the region of low p
T

and small rapidity
and 90MeV/c2 for the high p

T

and large y region, with the average value being close
to 42MeV/c2. The total signal yields are obtained by summing the signal yields over all
(p

T

, y) bins and are summarised in Table 1.

4 Systematic uncertainties

The systematic uncertainties are summarised in Table 2, separately for the measurement
of the cross-sections and of their ratios.

The uncertainty related to the mass model describing the shape of the dimuon
mass distribution is studied by varying the fit range and the signal and background
parametrisation used in the fit model. The fit range is varied by moving the upper edge
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Figure 1: The dimuon invariant-mass distribution in the vicinity of the U(nS) resonances for
|yU| < 2.4 (left) and for the subset of events where the rapidity of the U(nS) satisfies |yU| < 0.4
(right). The solid lines represent the results of the fits to the signal-plus-background functions
described in the text.

section is determined from the efficiency-corrected signal yield within the kinematic region
defined in Eq. (1).

5 Acceptance

The U ! µ+µ� acceptance of the CMS detector is the product of two terms. The first is, for
a given pU

T and yU, the fraction of dimuon decays in which both muons are within the phase
space specified in Eq. (1). The second is the probability that when there are only two muons in
the event both can be reconstructed in the tracker without requiring the quality criteria. Both
components are evaluated by simulation and parametrized as a function of pU

T and yU. The
second component is close to unity, as verified in simulation and data.

Following Ref. [6], the acceptance is defined by the ratio

A
⇣

pU
T , yU

⌘
=

Nreco � pU
T, yU

�� Si tracks satisfying Eq. (1)
�

Ngen
�

pU
T, yU

� , (3)

and is computed in small bins in (pU
T, yU). The parameter Ngen is the number of U particles gen-

erated within a given (pU
T, yU) bin, while Nreco is the number of U particles with reconstructed

(pU
T, yU) values within that bin, and having the silicon tracks satisfying Eq. (1). The (pU

T, yU)
values represent the generated and reconstructed values, respectively in the denominator and
the numerator, thus accounting also for the effect of detector resolution in the definition of A.
In addition the numerator requires the two tracks to be reconstructed with opposite charges
and have an invariant mass within the U mass-fit range of 7–14 GeV/c2.

The acceptance is evaluated with a signal MC simulation sample in which the U decay to two
muons is generated with the EVTGEN [19] package, including FSR. There are no particles in
the event besides the U, its daughter muons, and the FSR photons. The U mesons are gener-
ated uniformly in pU

T and yU. This sample is then simulated and reconstructed with the CMS
detector simulation software to assess the effects of multiple scattering and finite resolution of
the detector. An acceptance map with the assumption of zero U polarization can be found in
Ref. [6]. Systematic uncertainties arising from the dependence of the cross section measurement
on the MC simulation description of the pT spectrum and resolution are evaluated in Section 7.
The acceptance is calculated as a two-dimensional grid in pU

T and |yU| using bin sizes of 0.1 in
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Conclusions
๏ LHCb has an extensive program of searches exploring the dark sector
• Searches for on-shell new physics from B/D decays
• Searches for long-lived particles with low mass and short lifetime
• Searches for dimuon resonances in very large parameter space

๏ Bright future ahead:
• 3/fb in Run 1, expect 5/fb in Run 2 (low pile-up)
• A lot of potential in the upgraded trigger (also 5⨉ luminosity!)
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Future for LHCb

20

LHCb upgrade vertex detector, tracking, 
RICH,  move to purely software trigger

Expect 8 fb-1 by 2018

Schedule and luminosity evolution

The upgraded LHCb detector is expected to take physics data for an
integrated luminosity of at least 50 fb-1

Laura Gavardi | LHCb upgrade plans FPCP, June 6-9, 2016 3 / 18
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Schedule and luminosity evolution

The upgraded LHCb detector is expected to take physics data for an
integrated luminosity of at least 50 fb-1

Laura Gavardi | LHCb upgrade plans FPCP, June 6-9, 2016 3 / 18

Run at 5x luminosity: 
collect 50 fb-1 by 2030

High Luminosity LHCb? 
Phase-2 upgrade?
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The LHCb detector

24

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

๏ Within VELO (<50 cm)
• in reality more like <20 cm

๏ Up to TT (<200 cm)
• Worse vertex and p resolution  

(m(ππ) resolution 2⨉ larger)
• Not available in trigger  

(studies ongoing)

25

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
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Majorana neutrinos in B−→π+µ−µ−

๏ Lepton number violating B−→π+µ−µ− can 
proceed via on-shell Majorana neutrinos  

๏ Look for B mass peak, then extract limit 
as a function of mN

๏ Limit set on N(πµ) lifetimes up to 1000 ps

๏ Constraints on mixing angle Vµ4 

• Recently revisited

๏ Searches in other B/D channels foreseen

๏ Can also search using W→jet µ−µ− 
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BðB− → πþμ−μ−Þ < 4.0 × 10−9

at 95% confidence level:

This limit is applicable for τN ≲ 1 ps. The total systematic
uncertainty is 6.6%. The largest source is BðB− → J=ψK−Þ
(4.2%), followed by modeling of the efficiency ratio (3.5%)
and backgrounds (3.5%), relative particle identification
efficiencies (0.5%), tracking efficiency differences for
kaons versus pions (0.5%), and yield of the normalization
channel (0.4%).
We also search for signals as a function of mN . The

πþμ− mass spectra are shown in Fig. 3 for both S and L
selections, requiring that the πþμ−μ− mass be restricted
to the B− signal range. There is an obvious peak around
3100 MeV from misidentified J=ψK− (or π−) events.
The πþμ− mass spectra are fitted with a function
derived from fitting the upper B− sideband regions, from
5319.8 to 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 mN spectrum. At every 5 MeV step
beginning at 250 MeVand ending at 5000MeV we define a
$3σ search region, where σ ranges from approximately
3 MeV at low mass to 24 MeV at high mass. The mass
resolution is determined from fitting signals in other LHCb
data [2]. The fitted background is then subtracted from the
event yields in each interval. The upper limit at 95% C.L. of
BðB− → πþμ−μ−Þ at each mass value is computed using

the CLs method. The simulated efficiency ratio to the
normalization mode averages about 0.8 up to 4000 MeV,
and then approaching the phase space boundary, sharply
decreases to 0.2 at 5000 MeV. The results of this scan are
shown in Fig. 4.
The efficiency is highest for τN of a few ps, and

decreases rapidly until about 200 ps when it levels off
until about 1000 ps, beyond which it slowly vanishes as
most of the decays occur outside of the vertex detector. For
L candidates, we set upper limits as a function of both mN
and lifetime by performing the same scan in mass as before,
but applying efficiencies appropriate for individual lifetime
values between 1 and 1000 ps. The number of background
events is extracted from the sum of combinatorial and
peaking backgrounds in the fit to the mðπþμ−Þ distribution
in the same manner as for the S sample. The estimated
signal yield is the difference between the total number of
events computed by counting the number in the interval and
the fitted background yield. We take the τN dependence
into account by using different efficiencies for each lifetime
step. The two-dimensional plot of the upper limit on
BðB− → πþμ−μ−Þ, computed using the CLs method, is
shown in Fig. 5.
Model-dependent upper limits on the coupling of a

single fourth-generation Majorana neutrino to muons
jVμ4j for each value of mN are extracted using the formula
from Atre et al. [4]:
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FIG. 3 (color online). Invariant πþμ− mass distribution for πþμ−μ− candidates with masses restricted to $2σ of B− mass for the (a) S
and (b) L selections. The shaded regions indicate the estimated peaking backgrounds. Backgrounds that peak under the signal in (a) and
(b) are (green) shaded. The dotted lines show the combinatorial backgrounds only. The solid line is the sum of both backgrounds.
[In (a) there are two combinations per event.]
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FIG. 4. Upper limit on BðB− → πþμ−μ−Þ at 95% C.L. as a
function of mN in 5 MeV intervals for S selected events.
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FIG. 5. Upper limits on BðB− → πþμ−μ−Þ at 95% C.L. as a
function of mN , in 5 MeV intervals, for specific values of τN .
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In both categories S and L, only tracks that start in the
VELO are used. We require muon candidates to have
p> 3GeV and pT > 0.75GeV, 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=ψK− with
J=ψ → μþμ−. 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 χ2 per number of degrees of
freedom (ndf) less than 4. For the L candidates we require
that the πþμ− tracks form a neutrino candidate (N) decay
vertex with a χ2 < 10. A B− candidate decay vertex is
searched for by extrapolating theN trajectory back to a near
approach with another μ− candidate, which must form a
vertex with the other muon having a χ2 < 4. The distance
between the πþμ− and the primary vertex divided by its
uncertainty must be greater than 10. The pT of the πþμ−

pair must also exceed 700MeV. For both the S andL 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=ψK− 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 πþμ−μ− final state come from B decays to charmo-
nium and combinatoric sources. Charmonium backgrounds
are estimated using fully reconstructed J=ψK−ðπ−Þ and
ψð2SÞK−ðπ−Þ 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 "2σ
of the B− mass where σ is the mass resolution, specifically
5238.6–5319.8 MeV. Peaking background shapes and
normalizations are fixed from exclusive reconstructions in
the 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 interpo-
lated 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 efficiency varies as a function of neutrino

mass mN , and changes for the L sample with τN . To quote
an upper limit on the branching fraction for the S sample
we take the average detection efficiency, 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 mðπþμ−μ−Þ distribution and the systematic uncer-
tainty described below. The normalization is obtained from
the number of J=ψK− events and the known rate of
BðB− → J=ψK−; J=ψ → μþμ−Þ ¼ ð6.04 " 0.26Þ × 10−5

[14,15]. We find
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FIG. 1 (color online). Feynman diagram for B− → πþμ−μ−

decay via a Majorana neutrino labeled N.
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FIG. 2 (color online). Invariant mass distributions with fits overlaid of candidate mass spectra for (a) J=ψK−, (b) πþμ−μ− (S), and (c)
πþμ−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.
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Can be long-lived

Phys Rev Lett 112 131802 (2014)

B Shuve, ME Peskin, Phys.Rev. D94 (2016) no.11, 113007

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.131802
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Charged Massive Stable Particles

๏ Charged Massive Stable Particles 
• stable = can pass through the µ-stations

๏ Model considered:
• SUSY stau can be NLSP in mGMSB
• long-lived with m>100 GeV/c2

๏ CMSP can leave a signature as:
• Smaller energy loss dE/dx
• Longer Time of Flight
• Absence of Cherenkov signal

๏ Several experiments searched for them
• LEP, Tevatron, HERA, ATLAS/CMS
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Charged Massive Stable Particles

๏ Charged Massive Stable Particles  
‣ stable = can pass through the µ-stations 

๏ Model considered: 
‣ SUSY stau can be NLSP in mGMSB 
‣ long-lived with m>100 GeV/c2 

๏ CMSP can leave a signature as: 
‣ Smaller energy loss dE/dx 
‣ Longer Time of Flight 
‣ Absence of Cherenkov signal 

๏ Several experiments searched for them 
‣ LEP, Tevatron, HERA, ATLAS/CMS
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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

2

1.4. The staus

• They are charged (±1), massive and can be long lived (i.e they do
not decay inside the detector).
• Staus only have the electromagnetic interaction, so they look like

muons.
• They are produced in pair: p + p̄ æ Â·≠1 + Â·+1

q

q 0*, Zγ

1τ
∼+

1τ
∼-

g

q

q
q

0*, Zγ

1τ
∼+

1τ
∼-

6 / 45

Drell-Yan produced 
stau pairs

β as low as 0.8

LHCb [EPJ C75(2015)595]

S Dimopoulos et al [NPB488(1997)39] 
GF Giudice and R Rattazzi [Phys.Rep. 332(2011)419] 

see refs in [EPJ C75(2015)595]

S Dimopoulos et al [NPB488(1997)39] 
                                       GF Giudice and R Rattazzi [Phys.Rep. 332(2011)419]

EPJC 75 (2015) 595 
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Charged Massive Stable Particles

๏ Select pair of muon-like tracks in 
mass range [120, 300] GeV/c2

๏ Train Neural Network to combine 
RICH information with dE/dx from 
VELO and calorimeters

๏ Limit is not competitive with D0 
(low mass) and ATLAS (high mass)

๏ Proof of concept for future searches!

๏ Possibly move to single CMSP 
signature and/or to lower masses

28
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CMSP in LHCb

๏ Select pair of muon-like tracks in 
mass range [120, 300] GeV 

๏ Train Neural Network to combine 
RICH information with dE/dx from 
VELO and calorimeters 

๏ Limit is not competitive with D0 
(low mass) and ATLAS (high mass) 

๏ Proof of concept for future searches!
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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

Table 6: Cross-section upper limits at 95% CL for CMSP pair production in the LHCb acceptance
in the 7 and 8 TeV.

m

CMSP

Upper limit (fb)
(GeV/c2) 7TeV 8TeV

124 6.1 3.4
154 6.2 3.5
185 6.6 3.7
216 7.2 4.0
247 8.1 4.4
278 9.2 5.0
309 10.7 5.7
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Figure 7: Upper limits at 95% CL on the cross-sections for the pair production of CMSPs in the
LHCb acceptance (points) and the corresponding predictions assuming the Drell-Yan production
of e⌧

1

(bands representing ±1� uncertainty) with SPS7 parameters, for proton-proton collisions
as a function of the CMSP mass at

p
s =7 and 8 TeV.

production cross-section. For proton-proton collisions at
p
s = 7TeV, the 95% CL upper

limits for the production cross-section of a pair of CMSPs in the LHCb acceptance vary
from 6.1 fb for a mass of 124GeV/c2 up to 10.7 fb for a mass of 309GeV/c2. At

p
s =

8TeV, they vary from 3.4 fb to 5.7 fb for the same masses.
In LHCb the identification of CMSPs relies on the energy deposited in the subdetectors,

the main discrimination power being provided by the RICH system. Together with the
forward pseudorapidity coverage, this unique feature allows LHCb to complement the
searches undertaken by the central detectors at the Tevatron and LHC.

15

LHCb [EPJ C75(2015)595]

RICH information
EPJC 75 (2015) 595 
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Future: Emerging Jets

๏ “Emerging jets”:
• Jets with many displaced vertices are 

smoking gun for dark parton ‘shower‘  
(models with composite dark sector)

๏ LHCb has potential 
• precise jet vertexing 
• sensitive to low mediator mass
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idea: emerging jets
Schwaller, Stolarski, Weiler, [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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search, the models considered only has one displaced vertex for each exotic object. Both searches
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as the aforementioned CMS search. They also require reconstruction of a single vertex and
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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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๏ “Emerging jets”: 
‣ Jets with many displaced vertices are 

smoking gun for dark parton ‘shower‘  
(models with composite dark sector) 

๏ LHCb has potential  
✓ precise jet vertexing  
✓ sensitive to low mediator mass 
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Schwaller, Stolarski, Weiler, [arXiv:1502.05409]


