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Intensity frontier: 
Flavour physics, lepton flavour violation, 
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• Naturalness does not seem 
to be a guiding principle of 
Nature 

• There are some anomalies 
in flavour physics which (if 
true) seem again to point out 
that our theory prejudice was 
wrong 

• We should therefore not 
forget that we have a 2D 
problem (Mass VS Coupling) 

• Low coupling → Long Lived
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Landscape today

• The intensity frontier is a broad and diverse, yet connected, set of science opportunities  
• Light Dark Matter (LDM) 

Portals to Hidden Sector (HS) (dark photons, dark scalars) 
Axion Like Particles (ALP) 
Heavy Neutral Leptons (HNL) 

• In this talk, I will concentrate on HS particles, specifically Long Lived Particles (LLP) at LHCb. 
• Landscape: LHC results in brief: 

• Parameter space for popular BSM models is decreasing rapidly, but only < 5% of the 
complete HL-LHC data set has been delivered so far 

• NP discovery still may happen! 
• LHCb reported intriguing hints for the violation of lepton flavour universality 

• In b→cμν / b→cτν, and in b→se+e- / b→sμ+μ− decays  
• Clear evidence of BSM physics if substantiated with further studies (possibly by BELLE II)
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Exploring the dark sector

• In the dark sector: L = LSM + Lmediator +LHS 
• Hidden Sector decay rates into SM final states is suppressed 

Branching ratios of O(10-10) 
Long-lived objects 
Interact very weakly with matter 

• Experimental challenge is background suppression 
• Full reconstruction and PID are essential to minimise model dependence  
• Two strategies of searching for mediators at accelerators: 

• Not decaying in the detector (missing energy and scattering technique) 
• Decaying in the detector (reconstruction of decay vertex)  

• Two means of production: 
• Produced in pp collisions (displaced di-jets and di-leptons) 
• Produced in B/D decays (displaced di-leptons) 
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LLPs in LHCb

LHC-LLP - 16/05/2018 Elena Dall’Occo

produced in B/D decays produced in pp collision

• background reduced by constraining 
m(decay particles)=m(B)  

• background further reduced if 
additional constraints on vertices

Martino Borsato - USC Martino Borsato - USCDark Matter 2016

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)
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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.
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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 D
0
⇡
⌥
, 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]
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+
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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)
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2.
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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)
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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.
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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 D
0
⇡
⌥
, 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].
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+
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‣ Light mass (trigger and acceptance)  
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๏ Increasing interest in direct searches! 
1. Exotic resonances in B/D decays  

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

(prompt / long-lived)
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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.
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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].
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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.
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set very stringent limits on rare B and D decays. In par-
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on-shell Majorana neutrinos, with final states in which
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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.
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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.
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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.
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displaced dileptons 
• light boson from b → s 
• Majorana neutrino

displaced jets 
• LLP → jet jet 
• LLP → µ + jets
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VELO RF box at ~5 mm from the beam:   
• < 5 mm: background dominated    

by heavy flavour  
• > 5 mm: background mainly        

from material interaction

displaced dileptons (inclusive ) 
• dark photon 
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LLPs in LHCb

LHC-LLP - 16/05/2018 Elena Dall’Occo

produced in B/D decays produced in pp collision

• background reduced by constraining 
m(decay particles)=m(B)  

• background further reduced if 
additional constraints on vertices

Martino Borsato - USC Martino Borsato - USCDark Matter 2016

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
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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.
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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 D
0
⇡
⌥
, 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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+
(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.
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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)
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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.
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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.
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results.
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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.
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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)
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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.
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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 D
0
⇡
⌥
, 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].
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approach in searches. In the top diagram, a Majorana neu-
trino is produced o↵-shell in a D

+
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a hidden valley pion is produced on-shell to later decay to a
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‣ Anything that requires excellent 

secondary vertexing 

๏ Increasing interest in direct searches! 
1. Exotic resonances in B/D decays 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2. Direct production of new particles  

(prompt / long-lived)
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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.
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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].
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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.
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two same-sign muons are present. The searches profit
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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.
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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.
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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.
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πv

displaced dileptons 
• light boson from b → s 
• Majorana neutrino

displaced jets 
• LLP → jet jet 
• LLP → µ + jets
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VELO RF box at ~5 mm from the beam:   
• < 5 mm: background dominated    

by heavy flavour  
• > 5 mm: background mainly        

from material interaction

displaced dileptons (inclusive ) 
• dark photon 

Bonus: Dark bosons: 
PRL 115, 161802 (2015)  
PRD. 95, 071101 (2017) 
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• LHCb is a dedicated  
flavour experiment in  
the forward region at  
the LHC ( 1.9 < η < 4.9 ) (~1°-15°) 

• Precise vertex reconstruction ~ 10 μm vertex  
resolution in transverse plane 

• Jet reconstruction efficiency > 80% (pT>15 GeV) 

• Muons clearly identified and triggered: ~ 90% μ± efficiency  

• Great mass resolution: typically 7-20 MeV 

• Low pT trigger means low masses accessible. Ex: pTμ > 1.5 GeV

The LHCb detector / 1

VELO 

Tracking 

RICH 

Calorimeter 

Muon system 

5 XII 2018 |

Int.J.Mod.Phys. A 30,1530022 (2015) JINST 10 (2015) P06013  
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The LHCb detector / 2

Martino Borsato - USC

The LHCb detector

๏ Lower luminosity (and low pile-up)
• ~1/8 of ATLAS/CMS in Run 1
• ~1/20 of ATLAS/CMS in Run 2

๏ Capable of very soft triggers!
• At hardware level (L0):
‣Muons with pT > 1.5 GeV
‣Calo deposits with ET > 3 GeV

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

detached vertices

Present trigger Upgraded trigger

[LHCB-TDR-016]

3

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

and particle ID at first level!

• Lower luminosity (and low pile-up) 
• ~1/8 of ATLAS/CMS in Run 1 
• ~1/20 of ATLAS/CMS in Run 2  

• Real-time reconstruction for all charged 
particles with pT > 0.5 GeV 

• Real-time calibration & alignment 
• Full real-time reconstruction for all particles 

available to select events 
• We go from 1 TB/s (post zero suppression)  

to 0.7 GB/s (mix of full + partial events)  
• LHCb will move to a trigger-less readout 

system for LHC Run 3 (2021-2023), and 
process  
5 TB/s in real time on the CPU farm

5 XII 2018 |
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Searching for Dark Photons / 1

• Search for dark photons decaying into a pair of muons 
• Used 1.6 fb-1 of 2016 LHCb data (13 TeV) 
• Kinetic mixing of the dark photon (A′) with off-shell photon 

(γ∗) by a factor ε: 

• A′ inherits the production mode mechanisms from γ∗ 

• A′ → μ+μ− can be normalised to γ∗ → μ+μ− 

• No use of MC → no systematics from MC → fully  
data-driven analysis 

• Separate γ∗ signal from background and measure its fraction 

• Prompt-like search (up to 70 GeV/c2) → displaced search 
(214-350 MeV/c2) 
• A′ is long-lived only if the mixing factor is really small

!7

Martino Borsato - USC

Dark Photons

11

๏ Can search for Dark Photons (A') in µµ
‣ First results with 1.6/fb at 13 TeV

๏ New µµ trigger with online µ-ID

๏ Only interesting part of the event to disk  
→ no pre-scale down to threshold 2 mµ 

๏ Kinetic mixing with off-shell photon (!2)
‣ inherits production mode
‣ can normalise to off-shell photon
‣ data-driven analysis!

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

nA0

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

nA0
ob[m(A0)], can be normalized to nA0

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,
"=1 for prompt

Need to separate  
from background

PRL 120 (2018) no.6, 061801

New

Phys. Rev. Lett. 120, 061801 (2018)
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Searching for Dark Photons / 2

!8
Prompt A’

Major hurdles: suppressing misidentified (non-muon) backgrounds and reducing the 
event size enough to record the prompt-dimuon sample. Accomplished these by moving 
to real-time calibration in Run 2—but hardware trigger is still there, and ~10% efficient. 
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Figure 7: Mass spectrum selected by the prompt-like A0
!µ+µ� trigger.
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Figure 8: Example min[�2
IP(µ

±)]1/2 distributions with fit results overlaid for prompt-like candi-
dates near (left) m(A0) = 0.5, (middle) 5, and (right) 50GeV. The square root of min[�2

IP(µ
±)]

is used in the fits to increase the bin occupancies at large min[�2
IP(µ

±)] values.
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Figure 9: Comparison of the results presented in this Letter to existing constraints from previous
experiments (see Ref. [1] for details about previous experiments).
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Figure 1: Prompt-like mass spectrum, where the categorization of the data as prompt µ+µ�,
µQµQ, and hh+ hµQ is determined using the fits described in the text.

to 0.7GeV at m(µ+µ�) = 70GeV.
The prompt-like A0 search strategy involves determining the observed A0

!µ+µ� yields
from fits to them(µ+µ�) spectrum, and normalizing them using Eq. 1 to obtain constraints
on "2. To determine n�⇤

ob[m(A0)] for use in Eq. 1, binned extended maximum likelihood
fits are performed using the dimuon vertex-fit quality, �2

VF(µ
+µ�), and min[�2

IP(µ
±)]

distributions, where �2
IP(µ) is defined as the di↵erence in �2

VF(PV) when the PV is
reconstructed with and without the muon track. The �2

VF(µ
+µ�) and min[�2

IP(µ
±)] fits

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

ob[m(A0)] results used
as the nominal value and half the di↵erence assigned as a systematic uncertainty.

Both fit quantities are built from features that approximately follow �2 probability
density functions (PDFs) with minimal mass dependence. The prompt-dimuon PDFs are
taken directly from data at m(J/ ) and m(Z), where prompt resonances are dominant
(see Fig. 1). Small pT-dependent corrections are applied to obtain the PDFs at all other
masses. These PDFs are validated near threshold, at m(�), and at m(⌥ (1S)), where the
data predominantly consist of prompt dimuons. The sum of the hh and hµQ contributions,
which each involve misidentified prompt hadrons, is determined using same-sign µ±µ±

candidates that satisfy all of the prompt-like criteria. A correction is applied to the
observed µ±µ± yield at each mass to account for the di↵erence in the production rates of
⇡+⇡� and ⇡±⇡±, since double misidentified ⇡+⇡� pairs are the dominant source of the
hh background. This correction, which is derived using a prompt-like dipion data sample
weighted by pT-dependent muon-misidentification probabilities, is as large as a factor of
two near m(⇢) but negligible for m(µ+µ�) & 2GeV. The PDFs for the µQµQ background,
which involves muon pairs produced in Q-hadron decays that occur displaced from the
PV, are obtained from simulation. These muons are rarely produced at the same spatial
point unless the decay chain involves charmonium. Example min[�2

IP(µ
±)] fit results are

provided in Ref. [61], while Fig. 1 shows the resulting data categorizations. Finally, the
n�⇤

ob[m(A0)] yields are corrected for bin migration due to bremsstrahlung, and the small
expected Bethe-Heitler contribution is subtracted [52].

The prompt-like mass spectrum is scanned in steps of �[m(µ+µ�)]/2 searching for
A0

!µ+µ� contributions. At each mass, a binned extended maximum likelihood fit is
performed using all prompt-like candidates in a ±12.5�[m(µ+µ�)] window around m(A0).
The profile likelihood is used to determine the p-value and the confidence interval for

3

trigger output

final prompt A’ sample (isolation applied above 1.1 GeV, backgrounds determined)

N.b.,  bump 
hunt follows 
MW, 
1705.03587. 

Prompt A’
Major hurdles: suppressing misidentified (non-muon) backgrounds and reducing the 
event size enough to record the prompt-dimuon sample. Accomplished these by moving 
to real-time calibration in Run 2—but hardware trigger is still there, and ~10% efficient. 
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is used in the fits to increase the bin occupancies at large min[�2
IP(µ

±)] values.
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to 0.7GeV at m(µ+µ�) = 70GeV.
The prompt-like A0 search strategy involves determining the observed A0

!µ+µ� yields
from fits to them(µ+µ�) spectrum, and normalizing them using Eq. 1 to obtain constraints
on "2. To determine n�⇤

ob[m(A0)] for use in Eq. 1, binned extended maximum likelihood
fits are performed using the dimuon vertex-fit quality, �2

VF(µ
+µ�), and min[�2

IP(µ
±)]

distributions, where �2
IP(µ) is defined as the di↵erence in �2

VF(PV) when the PV is
reconstructed with and without the muon track. The �2

VF(µ
+µ�) and min[�2

IP(µ
±)] fits

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

ob[m(A0)] results used
as the nominal value and half the di↵erence assigned as a systematic uncertainty.

Both fit quantities are built from features that approximately follow �2 probability
density functions (PDFs) with minimal mass dependence. The prompt-dimuon PDFs are
taken directly from data at m(J/ ) and m(Z), where prompt resonances are dominant
(see Fig. 1). Small pT-dependent corrections are applied to obtain the PDFs at all other
masses. These PDFs are validated near threshold, at m(�), and at m(⌥ (1S)), where the
data predominantly consist of prompt dimuons. The sum of the hh and hµQ contributions,
which each involve misidentified prompt hadrons, is determined using same-sign µ±µ±

candidates that satisfy all of the prompt-like criteria. A correction is applied to the
observed µ±µ± yield at each mass to account for the di↵erence in the production rates of
⇡+⇡� and ⇡±⇡±, since double misidentified ⇡+⇡� pairs are the dominant source of the
hh background. This correction, which is derived using a prompt-like dipion data sample
weighted by pT-dependent muon-misidentification probabilities, is as large as a factor of
two near m(⇢) but negligible for m(µ+µ�) & 2GeV. The PDFs for the µQµQ background,
which involves muon pairs produced in Q-hadron decays that occur displaced from the
PV, are obtained from simulation. These muons are rarely produced at the same spatial
point unless the decay chain involves charmonium. Example min[�2

IP(µ
±)] fit results are

provided in Ref. [61], while Fig. 1 shows the resulting data categorizations. Finally, the
n�⇤

ob[m(A0)] yields are corrected for bin migration due to bremsstrahlung, and the small
expected Bethe-Heitler contribution is subtracted [52].

The prompt-like mass spectrum is scanned in steps of �[m(µ+µ�)]/2 searching for
A0

!µ+µ� contributions. At each mass, a binned extended maximum likelihood fit is
performed using all prompt-like candidates in a ±12.5�[m(µ+µ�)] window around m(A0).
The profile likelihood is used to determine the p-value and the confidence interval for

3

trigger output

final prompt A’ sample (isolation applied above 1.1 GeV, backgrounds determined)

N.b.,  bump 
hunt follows 
MW, 
1705.03587. 

• Suppressing 
misidentified (non-
muon) backgrounds 
and reducing the event 
size enough to record 
the prompt-dimuon 
sample 

• Accomplished these by 
moving to real-time 
calibration in Run 2 

• Hardware trigger is still 
there, and only ~10% 
efficient at low pT

Trigger output

Final A' sample

Phys. Rev. Lett. 120, 061801 (2018)
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Searching for Dark Photons / 3

• Background dominated by material interactions for 
displaced searches at LHCb 

• Precise knowledge of the location of the material in the LHCb 
VELO is essential to reduce the background in searches for 
long-lived exotic particles 

• LHCb data calibration process can align active sensor 
elements, an alternative approach is required to fully map  
the VELO material 

•

!9

Figure 1. From Ref. [1]: (top left) a photograph of one side of the VELO, taken during assembly, showing
the silicon sensors and readout hybrids; (top right) a schematic of both an r and f sensor, showing the sensor
strips and routing lines; and (bottom) schematics showing the cross section of the xz plane at y = 0, where
the r(f) sensors are shown with solid blue (dashed red) lines, and an xy view of overlapping sensors in the
closed position. N.b., the modules at positive (negative) x are known as the left or A-side (right or C-side).

which subsequently scatter off the VELO material producing secondary hadrons that are detected
by LHCb. Material interactions occur along the entire length of the VELO in beam-gas events,
rather than just near the pp-interaction region. A modified tracking configuration that makes no
assumptions about the particle origin points along z is used to reconstruct the particles produced in
the secondary interactions. This article is structured as follows: the VELO detector, beam-gas data
sets, and track and vertex reconstruction algorithms are described in Sec. 2; in Sec. 3, the material
map is presented; the procedure for obtaining material interaction p-values is discussed in Sec. 4;
and Sec. 5 summarizes.

2. Detector and Data Sets

The LHCb detector is a single-arm spectrometer covering the forward pseudorapidity region of
2 < h < 5 [9]. The detector, which was built to study the decays of hadrons containing b and c
quarks, includes a high-precision charged-particle tracking system, two ring-imaging Cherenkov
detectors, electromagnetic and hadronic calorimeters, and a system of muon chambers. The LHCb
collaboration mostly collected pp-collision data at center-of-mass energies of 7 and 8TeV in Run 1
and at 13TeV in Run 2; however, special running periods at alternative energies, using heavy-ion
beams and gaseous targets have also been undertaken.

The VELO is a silicon-microstrip detector that surrounds the pp-interaction region and pro-
vides excellent vertex resolution (see Fig. 1). During physics data taking, the VELO sensors are
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Figure 3. Reconstructed SVs in the Run 1 data sample showing the zr plane integrated over f , where 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. N.b., the inner-most RF-foil region is nearly semi-circular in the xy plane,
which results in sharp edges at smaller r values; however, at large |y| values, the RF-foil is flat producing
SVs at larger values of r which can easily be mistaken as background in the zr projection shown here.

in this study. The data sets were collected using minimum bias triggers.
Since the particles produced in secondary interactions in beam-gas events do not necessarily

originate from near the interaction point or the beam line, the tracks used in this analysis are
reconstructed using a modified tracking configuration that makes no assumptions about the origins
along z of the particles. All reconstructed tracks are required to be of good quality and to have hits
in at least 3 r–f sensor pairs. The SVs are reconstructed from 3 or more tracks and are required
to be of good quality. Futhermore, the SVs are required to be inconsistent with originating from
a primary beam-gas collision, and only events with exactly one SV are used. In total, the Run 1
and Run 2 data samples contain 14M and 38M SVs, respectively. Figures 2 and 3 present some
displays of the reconstructed SV locations.

3. Material Maps

The VELO closes around the beams at the beginning of each fill with a precision of O(0.01 mm) [1].
As stated above, the location of the pp-collision region (beam spot) changes by O(0.1 mm) from
year to year, and changed by ⇡ 0.5 mm between Run 1 and Run 2. Separate VELO material maps
are constructed for Run 1 and Run 2 to also allow for shifts of the VELO module locations relative
to each other or relative to the RF-foil; however, it is found that the VELO material is consistent
with having only moved globally by the amount expected due to the change in the beam spot lo-
cation, and only a single map is presented below. This map must be adjusted for the beam-spot
location of each data-taking period when used in an LHCb analysis.

The z positions of the sensors are determined by fitting the observed SV z distributions near
each module location. In these fits, the SVs are required to have r > 7 mm and satisfy x >�1.5 mm
(x < 1.5 mm) for the left (right) VELO half. These requirements highly suppress contributions
from material interactions in the RF-foil and from beam-induced backgrounds. The fits estimate
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Figure 7. The normalized photon conversion p-value distribution obtained using a subsample of data from
an LHCb long-lived dark-photon search [7]. The data are consistent with the photon-conversion hypoth-
esis. Some example dark-photon distributions are also shown for lifetimes of 1 and 10 ps, showing good
separation between potential exotic signals and photon conversions.

with an SV location at least 5 mm from the beam line and with m(µ+µ�)< 0.25GeV to suppress
heavy-flavor and double-misidentified KS ! p+p� backgrounds. The data are consistent with the
photon-conversion hypothesis. The search presented in Ref. [7] applied a mass-dependent criterion
on D that reduced the contribution from conversions to a negligible level, while maintaining good
signal efficiency. This procedure makes it possible to perform nearly background-free searches for
many proposed types of long-lived exotic particles.

5. Summary

In summary, a study of the LHCb VELO material based on secondary hadronic interactions was
presented, and a high-precision map of the VELO material was built. The analysis used secondary
interactions of hadrons produced in beam-gas collisions collected during special run periods where
helium or neon gas was injected into the beam-crossing region. Material interactions occur along
the entire length of the VELO in such events, rather than just near the pp-interaction region. Using
this material map, along with properties of a reconstructed SV and its constituent tracks, a p-value
can be assigned to the hypothesis that the SV originates from a material interaction. This approach
was recently used to veto photon conversions to µ+µ� in a search for dark photons at LHCb [7].
The procedure makes it possible to perform nearly background-free searches for many proposed
types of long-lived exotic particles.
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• (Prompt: no excess is measured) 
• Looser requirements on muon transverse momentum 
• Material background mainly from photon conversions 
• Isolation decision tree from B0s→μ+μ− search 

• Suppress events with additional number of tracks, i.e. μ 
from b-hadron decays 

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

• Extract p-values and confidence intervals from the fit 
• No significant excess found, small parameter space region 

excluded 
• First limit ever not from beam dump
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Figure 1: Three-dimensional distribution of �2
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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Figure 2: E�ciency ratio ✏A0
�⇤ [m(A0), ⌧(A0)] for long-lived dark photons, integrated over decay

time. The sharp decrease at larger values of "2 is due to the stringent min[�2
IP(µ

±)] criterion
applied in the 2016 trigger.

3

developed for studying B0
ðsÞ → μþ μ− decays [71], are used

to identify other tracks in the event that are consistent with
having originated from the same b-hadron decay as the
signal muon candidates. The requirements placed on the
BDT responses, which are optimized using a data sample of
K0

S decays as a signal proxy, reject 70% of the b-hadron
background at a cost of about 10% loss in signal efficiency.
As in the promptlike A0 search, the normalization is

based on Eq. (1); however, in the long-lived A0 search,
ϵA

0

γ$ ½mðA0Þ; τðA0Þ& is not unity, in part because the efficiency
depends on the decay time, t. Furthermore, the looser
kinematic, muon-identification, and hardware-trigger
requirements applied to long-lived A0 → μþ μ− candidates,
cf. promptlike candidates, increase the efficiency by a
factor of 7 to 10, ignoring t-dependent effects. These
mðA0Þ-dependent factors are determined using a small
control data sample of dimuon candidates consistent with
originating from the PV, but otherwise satisfying the long-
lived criteria. A relative 10% systematic uncertainty is
assigned to the long-lived A0 → μþ μ− normalization due to
background contamination in the control sample.
The fact that the kinematics are identical for A0 → μþ μ−

and prompt γ$ → μþ μ− decays for mðA0Þ ¼ mðγ$Þ enables
the t dependence of the signal efficiency to be determined
using a data-driven approach. For each value of
½mðA0Þ; τðA0Þ&, prompt γ$ → μþ μ− candidates in the control
data sample near mðA0Þ are resampled many times as long-
lived A0 → μþ μ− decays, and all t-dependent properties,
e.g., min½χ2IPðμ( Þ&, are recalculated based on the resampled
decay-vertex locations. This approach is validated in
simulation by using prompt A0 → μþ μ− decays to predict
the properties of long-lived A0 → μþ μ− decays, and based
on these studies a 2% systematic uncertainty is assigned to
the signal efficiencies. The ϵA

0

γ$ ½mðA0Þ; τðA0Þ& values inte-
grated over t are provided in Ref. [61].
A scan is again performed in discrete steps of

σ½mðμþ μ−Þ&/2 looking for A0 → μþ μ− contributions; how-
ever, in this case, discrete steps in τðA0Þ are also considered.
Binned extended maximum likelihood fits are performed
using all long-lived candidates and the three-dimensional
feature space of mðμþ μ−Þ, t, and the consistency of the
decay topology as quantified in the decay-fit χ2DF, which
has three degrees of freedom (the data distribution is
provided in Ref. [61]). The expected conversion contribu-
tion is derived in each bin from the number of candidates
rejected by the conversion criterion. Two large control data
samples are used to develop and validate the modeling of
the b-hadron and K0

S contributions: candidates that fail
the b-hadron suppression requirements, and candidates
that fail but nearly satisfy the muon-identification require-
ments. The profile likelihood is used to obtain the p values
and confidence intervals on nA

0

ob½mðA0Þ; τðA0Þ&. The most
significant excess occurs at mðA0Þ ¼ 239 MeV and
τðA0Þ ¼ 0.86 ps, where the p value corresponds to 3.0σ.

Considering only the long-lived-search trials factor reduces
this to 2.0σ. More details about these fits are provided
in Ref. [61].
Under the assumption that A0 decays to invisible final

states are negligible, there is a fixed (and known) relation-
ship between τðA0Þ and ε2 at each mass [52]; therefore,
the upper limits on nA

0

ob½mðA0Þ; τðA0Þ& can be translated into
limits on nA

0

ob½mðA0Þ; ε2&. Regions of the ½mðA0Þ; ε2& param-
eter space where the upper limit on nA

0

ob½mðA0Þ; ε2& is less
than nA

0
ex½mðA0Þ; ε2& are excluded at 90% C.L. (see Fig. 3).

While only small regions of ½mðA0Þ; ε2& space are excluded,
a sizable portion of this parameter space will soon become
accessible as more data are collected.
In summary, searches are performed for both promptlike

and long-lived dark photons produced in pp collisions at a
center-of-mass energy of 13 TeV, using A0 → μþ μ− decays
and a data sample corresponding to an integrated lumi-
nosity of 1.6 fb−1 collected with the LHCb detector during
2016. The promptlike A0 search covers the mass range
from near the dimuon threshold up to 70 GeV, while the
long-lived A0 search is restricted to the low-mass region
214 < mðA0Þ < 350 MeV. No evidence for a signal is
found, and 90% C.L. exclusion regions are set on the
γ–A0 kinetic-mixing strength. The constraints placed on
promptlike dark photons are the most stringent to date for
the mass range 10.6 < mðA0Þ < 70 GeV, and are compa-
rable to the best existing limits for mðA0Þ < 0.5 GeV. The
search for long-lived dark photons is the first to achieve
sensitivity using a displaced-vertex signature.
These results demonstrate the unique sensitivity of the

LHCb experiment to dark photons, even using a data
sample collected with a trigger that is inefficient for
low-mass A0 → μþ μ− decays. Using knowledge gained
from this analysis, the software-trigger efficiency for

FIG. 3. Ratio of the observed upper limit on nA
0

ob½mðA0Þ; ε2& at
90% C.L. to its expected value, where regions less than unity are
excluded. There are no constraints from previous experiments in
this region.
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• The 2016 dimuon results are consistent with (better than) predictions for prompt (long-lived) dark 
photons as discussed in [1603.08926]. We implemented huge improvements in the 2017 triggers 
for low masses, so plan quick turn around on updated dimuon search - then onto electrons.

Dark Photons LHCb-PAPER-2017-038

Ilten, Soreq, Thaler, MW, Xue [1603.08926] 
scaled to 2016 data sample LUMI & trigger

The 2016 dimuon results are consistent with (better than) our predictions for prompt 
(long-lived) dark photons. We implemented huge improvements in the 2017 triggers for 
low masses, so plan quick turn around on 2017 dimuon search — then onto electrons.

 12

Proves LHCb has unique potential to search for A’ using muons. Assuming we can make 
electrons work, we can cover all of the remaining low-mass parameter space (eventually).

PRL 120 (2018) 061801
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Phys. Rev. Lett. 120, 061801 (2018)

Ilten, Thaler, Williams, Xue

Ilten, Soreq, Thaler, Williams, Xue

15 invfb to 500 invfb
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Off-shell Majorana neutrinos at LHCb / 1

• Searches for the decays of heavy mesons to final states with two same sign leptons 
• Complementary to other searches, such as in neutrino-less double β decay (only coupling to e—) 
• LHCb searches (will) constrain models like the type-I seesaw model with three right-handed 

neutrinos (e.g. HNL of Shaposhnikov et al.) 
• Very stringent limits are possible for rare B and D decays 
• Particularly true for off-shell Majorana neutrinos 

• Phys.Rev.Lett. 112 (2014) 131802:  
h = π, with 3.0 fb−1 (7 TeV and 8 TeV) 

• Phys.Rev. D85 (2012) 112004:  
h = D, D∗, Ds and D0π, with ∼40 pb−1 (7 TeV) 

• Phys.Rev.Lett. 108 (2012) 101601:   
h = K or π, with ∼36 pb−1 (7 TeV)

!12

Introduction

Heavy Majorana neutrinos at LHCb and the B factories

‹ Majorana neutrinos are theoretically well

motivated

‹ See previous talks (e.g. F. Deppisch) for

more information

‹ Focus today on searches for the decays of

heavy mesons to final states with two

same sign leptons

W+ ⌫M

l+

l+
q

q
W�

Jon Harrison (UoM) Heavy Majorana ⌫’s ⌧ 2014, 17.09.14 2 / 17
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Off-shell Majorana neutrinos 
at LHCb / 2

• Theoretical interpretation is extremely 
challenging 

• LHCb and Belle limits revised in:  
Phys. Rev. D94, 113007 (2016)  
Phys. Rev. D95, 099903 (2017)  

• Analysis of inclusive production of 
Majorana neutrinos is completed on 
Run 1 and ongoing on Run 2 

• Possibility to explore further (mixing with 
e—, opposite sign muons…)

!13
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Figure 1: Upper limit on |Vµ4|2 at 95% confidence level from the LHCb experiment. The

dashed line shows the limit from [1]. The solid line shows the limit that would be extracted

using the decay width formulae in this paper. For comparison, the lower dotted line shows

the recently revised limit from Belle [8,9]. All three limit curves are constructed with the

assumption Ve4 = V⌧4 = 0.

evaluate (3), we use the same values as LHCb to facilitate comparison: fB = 0.19
GeV, f⇡ = 0.131 GeV, |Vub| = 0.004, |Vud| = 0.9738, MB = 5.279 GeV, ⌧B = 1.671
ps. The uncertainties in these quantities have only a small e↵ect on the quoted limits.

The e↵ect of the updated analysis, shown in Fig. 1, is substantial. To understand
this, first note that BR(N ! ⇡+µ�) includes the factor ��1

N and so is linearly pro-
portional to ⌧N . With this in mind, the di↵erences between our result and that of
[1] come from two e↵ects: At low values of mN (below 2 GeV), the change in eq. (3)
leads to a substantially smaller event rate at low values of mN (below 2 GeV). In this
region, the limit on the mixing angle is largely insensitive to the lifetime ⌧N . The
reason for this is that the decay length is su�ciently long that the decay acceptance
is inversely proportional to ⌧N , cancelling the factor of ⌧N from BR(N ! µ+⇡�). At
high values of mN (above 3 GeV), the updated ⌧N is significantly larger than before,
leading to a larger BR(N ! µ+⇡�). In this region, most N decays occur inside the
detector and so this change is mainly reflected in a larger signal rate predicted by
theory and, consequently, a stronger limit.

We look forward to a substantial improvement in the limits on |Vµ4|2 from LHCb
using the large data sets that will be available from the LHC Run 2 and beyond.
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Massive LLP decaying to jet pairs / 1

• Search for LLP, SM Higgs boson acts as 
a portal, hidden-valley pion (πv) 

• Experimental signature is a single 
displaced vertex with two associated 
jets, trigger on displaced vertex 

• Uses 2 invfb of 7 and 8 TeV data 
• Quality requirement on jets and di-jet 

pointing 
• Material veto + selection optimised as 

a function of transverse distance from 
beam axis (Rxy) 

• Search uses 6 bins of Rxy

!14
Martino Borsato - USC

LLP to jet jet
๏ Signature: single displaced vertex with 

two (b-) jets

๏ Model: Hidden valley V-pions from SM 
Higgs decay 

๏ Using 2 /fb of 7 and 8 TeV pp data

๏ Trigger on displaced vertex

๏ Find two associated jets

๏ Quality requirement on jets, di-jet 
pointing

๏ Material veto + selection optimised as a 
function of distance to beam axis (Rxy)

๏ Signal from di-jet mass fit in 6 bins of 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	%)	
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•  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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LHCb,	2.0/t,	7,8	TeV	
preliminary	

LHCb acceptance for  
all 4 jets is only few %

LHCb-PAPER-2016-065  
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Figure 2: Invariant mass distribution in the di�erent Rxy bins, for the 2012 data sample. For
illustration, the best fit with a signal fiv 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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signal strength.
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LHCb preliminary

!V (35 GeV, 10 ps) 
best fit, BR=1

QCD

NEW

LHCb preliminary

!V (35 GeV, 10 ps) 
best fit, BR=1

13

LLPs Decaying to Jet Pairs

Elena Dall’Occo

• search for hidden sector LLP decays via 
SM Higgs portal   

• mass range: 25-50 GeV 
• lifetime range: 2-500 ps 
• dataset: run I (2 fb-1) 
• signature: single displaced vertex with 2  
                      associated jets 

• trigger on displaced vertex 
• requirements on jet pointing and material 

interaction veto to reduce main backgrounds: 
‣ vertex from heavy flavour decay or material 

interaction 
‣ SM dijet events 

• fit of the di-jet mass in bins of lateral 
displacement RxyMartino Borsato - USC
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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 fiv 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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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 fiv 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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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

%V (35 GeV, 10 ps) 
best fit, BR=1

QCD

%V (35 GeV, 10 ps) 
best fit, BR=1

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

in most cases only 1 πv 
within LHCb acceptance

Eur. Phys. J. C77 (2017) 812
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Massive LLP decaying to jet pairs / 2

!15
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• Published on Run 1; Done for Run 2; Prospect for Run 3 published soon
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LLP Decaying 
Semileptonically

• Massive LLP into μ and quark pair (to jets 
pair) 

• Uses full Run 1 dataset mass in range 
20-80 GeV/c2. Lifetime in range 5-100 ps  

• Background dominated by combinatorial 
strong MVA and tight selection 

• Several models: 
mSUGRA RPV neutralino, Majorana 
neutrino, simplified topologies 

• No excess is observed, rejecting  
BR(H→χχ)>10% down to mχ=40 GeV,  
τχ=100 ps

!16

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

Massive LLP into µ + two quarks (! jets).

Signature sensitive to several benchmark models:

mSUGRA RPV neutralino,
Right-handed (Majorana) neutrinos,
Simplified MSSM production topologies:

One particular example: decay of a Higgs-like particle into two LLPs.

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

Background dominated by bb̄ events and material interactions.

Carlos Vázquez Sierra ICHEP 2018 @ Seoul July 6, 2018 7 / 17
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Figure 6: Expected (open dots with 1� and 2� 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 ⌧LLP is indicated in each plot, mh0 = 125 GeV/c2. The results correspond
to the 8 TeV dataset.
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Conclusions

• LHCb has an extensive program of searches even beyond flavour physics 
• Searches for on-shell new physics from heavy flavour decays  
• Searches for long-lived particles with low mass and short lifetime 
• Searches for dimuon resonances in very broad parameter space  

• Bright future ahead: 
• 3 fb-1 in Run 1, 6 fb-1 in Run 2 (with larger cross-sections) 
• A lot of potential in the upgraded trigger (also 5⨉ luminosity)

!17

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 203+

LS2 RUN III LS3 RUN IV LS4 RUN V

LHCb 40 MHz 
Upgrade  
Phase I

L = 2e33 LHCb Consolidation L = 2e33; 50 invfb
LHCb Upgrade 

Phase II 
(proposed)

L = 2e34;  
300 invfb 

(proposed)
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LCHb track types

!19
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Figure 14: A schematic illustration of the various track types [15] : long, upstream, downstream,
VELO and T tracks. For reference the main B-field component (By) is plotted above as a
function of the z coordinate.

have p > 1 GeV/c. They are therefore used to understand backgrounds in the542

particle-identification algorithm of the RICH.543

• Downstream tracks: traverse only through the TT and T stations. They are544

important for the reconstruction of K
0

S and ⇤ particles that decay outside the VELO545

acceptance.546

• VELO tracks: traverse only through the VELO and are typically large-angle or547

backward tracks, which are useful for the primary vertex reconstruction.548

• T tracks: traverse only through the T stations. They are typically produced in549

secondary interactions, but are still useful for the global pattern recognition in550

RICH2.551

22

Figure 16: Schematic diagram of track types in the LHCb detector with reference to the VELO,
TT and tracking stations one, two, and three. This analysis focuses on particles decaying into a
pair of long tracks.

5 Selection374

Figure 16 shows how di↵erent tracks are categorized in LHCb. In the case of the decay375

�! µ
+
µ
�, the candidate dark boson could be reconstructed using long (L) or downstream376

(D) tracks. This analysis uses only the LL case, due to the fact that the trigger e�ciency377

is low (by a factor of at least 5, relative to that of LL) for cases using D tracks (see Sec. B378

and Table 20).379

5.1 Reconstruction and Stripping380

The o✏ine selection begins using the B2KpiX2MuMuDarkBosonLine stripping line for LL381

candidates from Stripping20r0p3 (Stripping20r1p3 for 2011 data). The selection cri-382

teria applied in these lines are outlined in Table 8. The variable DOCA is defined as the383

distance of closest approach between any two pairs of tracks in the candidate. Also used is384

the variable �
2

FD
, which is the change in vertex �

2 when the signal candidate tracks are asso-385

ciated with the PV in the vertex fit. Candidates are reconstructed using DecayTreeFitter,386

where daughter particles are constrained such that the reconstructed K
+
⇡
�
µ

+
µ
� invariant387

mass, m(K+
⇡
�
µ

+
µ
�), is equal to the nominal B

0 mass. All references to m(�), m(K⇤)388

or ⌧(�) are to the values after this vertex fit has been performed.389

5.2 Triggering390

The triggers used are given in Table 9. All trigger lines with non-negligible e�ciency are391

used. Only TOS candidates are used in this analysis for two reasons: (1) the ratio of trigger392

e�ciency for the SM B
0
! K

⇤0
µ

+
µ
� to that of (possibly displaced) � mode enters into393

the limits and, thus, must be precisely determined and (2) the use of TIS events would394

22
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Search for Dark Photons / Prompt

!20

minimal mass dependence. The prompt-dimuon PDFs are
taken directly from data at mðJ/ψÞ and mðZÞ, where
prompt resonances are dominant (see Fig. 1). Small pT-
dependent corrections are applied to obtain the PDFs at all
other masses. These PDFs are validated near threshold, at
mðϕÞ, and at m(ϒð1SÞ), where the data predominantly
consist of prompt dimuons. The sum of the hh and hμQ
contributions, which each involve misidentified prompt
hadrons, is determined using same-sign μ# μ# candidates
that satisfy all of the promptlike criteria. A correction is
applied to the observed μ# μ# yield at each mass to account
for the difference in the production rates of πþ π− and
π# π# , since double misidentified πþ π− pairs are the
dominant source of the hh background. This correction,
which is derived using a promptlike dipion data sample
weighted by pT-dependent muon-misidentification proba-
bilities, is as large as a factor of 2 near mðρÞ but negligible
for mðμþ μ−Þ ≳ 2 GeV. The PDFs for the μQμQ back-
ground, which involves muon pairs produced in Q-hadron
decays that occur displaced from the PV, are obtained from
simulation. These muons are rarely produced at the same
spatial point unless the decay chain involves charmonium.
Example min½χ2IPðμ# Þ& fit results are provided in Ref. [61],
while Fig. 1 shows the resulting data categorizations.
Finally, the nγ

'

ob½mðA0Þ& yields are corrected for bin migra-
tion due to bremsstrahlung, and the small expected Bethe-
Heitler contribution is subtracted [52].
The promptlike mass spectrum is scanned in steps of

σ½mðμþ μ−Þ&/2 searching for A0 → μþ μ− contributions. At
each mass, a binned extended maximum likelihood fit is
performed using all promptlike candidates in a
# 12.5σ½mðμþ μ−Þ& window around mðA0Þ. The profile
likelihood is used to determine the p value and the
confidence interval for nA

0

ob½mðA0Þ&, from which an upper
limit at 90% confidence level (C.L.) is obtained. The signal
PDFs are determined using a combination of simulated
A0 → μþ μ− decays and the widths of the large resonance
peaks observed in the data. The strategy proposed in
Ref. [65] is used to select the background model and
assign its uncertainty. This method takes as input a large set
of potential background components, which here includes
all Legendre modes up to tenth order and dedicated terms
for known resonances, and then performs a data-driven
model-selection process whose uncertainty is included in
the profile likelihood following Ref. [66]. More details
about the fits, including discussion on peaking back-
grounds, are provided in Ref. [61]. The most significant
excess is 3.3σ at mðA0Þ ≈ 5.8 GeV, corresponding to a p
value of 38% after accounting for the trials factor due to the
number of promptlike signal hypotheses.
Regions of the ½mðA0Þ; ε2& parameter space where the

upper limit on nA
0

ob½mðA0Þ& is less than nA
0

ex½mðA0Þ; ε2& are
excluded at 90% C.L. Figure 2 shows that the constraints
placed on promptlike dark photons are comparable to the

best existing limits below 0.5 GeV, and are the most
stringent for 10.6 < mðA0Þ < 70 GeV. In the latter mass
range, a non-negligible model-dependent mixing with the Z
boson introduces additional kinetic-mixing parameters
altering Eq. (1); however, the expanded A0 model space
is highly constrained by precision electroweak measure-
ments. This search adopts the parameter values suggested
in Refs. [67,68]. The LHCb detector response is found to be
independent of which quark-annihilation process produces
the dark photon above 10 GeV, making it easy to recast the
results in Fig. 2 for other models.
For the long-lived dark photon search, the stringent

criteria applied in the trigger make contamination from
prompt muon candidates negligible. The dominant back-
ground contributions to the long-lived A0 search are as
follows: photon conversions to μþ μ− in the silicon-strip
vertex detector (the VELO) that surrounds the pp inter-
action region [69]; b-hadron decays where two muons are
produced in the decay chain; and the low-mass tail from
K0

S → πþ π− decays, where both pions are misidentified as
muons. Additional sources of background are negligible,
e.g., kaon and hyperon decays, and Q-hadron decays
producing a muon and a hadron that is misidentified as
a muon.
Photon conversions in the VELO dominate the long-

lived data sample at low masses. A new method was
recently developed for identifying particles created in
secondary interactions with the VELO material. A high-
precision three-dimensional material map was produced
from a data sample of secondary hadronic interactions.
Using this material map, along with properties of the A0 →
μþ μ− decay vertex and muon tracks, a p value is assigned
to the photon-conversion hypothesis for each long-lived
A0 → μþ μ− candidate. A mass-dependent requirement is
applied to these p values that reduces the expected photon-
conversion yields to a negligible level.
A characteristic signature of muons produced in b-

hadron decays is the presence of additional displaced
tracks. Events are rejected if they are selected by the
inclusive Q-hadron software trigger [70] independently of
the presence of the A0 → μþ μ− candidate. Furthermore, two
boosted decision tree (BDT) classifiers, originally

FIG. 2. Regions of the ½mðA0Þ; ε2& parameter space excluded at
90% C.L. by the promptlike A0 search compared to the best
existing limits [27,38].

PHYSICAL REVIEW LETTERS 120, 061801 (2018)

061801-3

• No significant excess found - exclusion regions at 90% C.L. 
• First limits on masses above 10 GeV & competitive limits below 0.5 GeV

Phys. Rev. Lett. 120, 061801 (2018)
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