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LHCb Detector
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Tracking system and trigger crucial for LLP searches!

Int.J.Mod.Phys. A 30,1530022 (2015) 
JINST 10 (2015) P06013 

• unique acceptance: 2 < η < 5 
• low pile-up (~1-2 visible 

interaction)

• jet reconstruction: 
‣ efficiency > 80% (jets with pT>15 GeV) 
‣ energy resolution ~10% (jets with pT>10 GeV) 
‣ b(c) tagging efficiency ~65%(25%) for 0.3% 

light-parton contamination

• excellent vertex resolution (στ~45 fs for Bs0) 
• excellent mass resolution (0.5% in µµ) 
• muon ID efficiency ~97% for 1-3% π→µ misid  
• IP resolution ~20 µm for tracks with high pT

https://arxiv.org/abs/1412.6352
http://iopscience.iop.org/article/10.1088/1748-0221/10/06/P06013/meta
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LLP Tracks
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tracks without VELO hits  
• worse momentum and vertex 

resolution 
• not available in trigger    

(studies on going) 
• decay length accessible would 

be extended up to ~200 cm

tracks with VELO hits  
• decay length accessible by 

LHCb ~20 cm 
(decay within the VELO) 

https://arxiv.org/abs/1412.6352
http://iopscience.iop.org/article/10.1088/1748-0221/10/06/P06013/meta
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Trigger
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J. Phys. Conf. Ser. 664, 082004 (2015) 

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 
• PID and jets in trigger
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pT(µ) > 1GeV, p(µ) > 20GeV

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

new µµ turbo trigger with online muon 
id requirement (no pre-scale)

new turbo lines since 2015: 
• online reconstructed particles stored 
• lower level info discarded reducing event size  
• output can be directly used for analysis

excellent for light dimuons 
(prompt and detached) 

online µ id reduces rate of 
double misid from π

http://iopscience.iop.org/article/10.1088/1742-6596/664/8/082004/pdf
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LLPs in LHCb
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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.

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]
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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
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from data. As an example, FIG. 5 shows the relevant
mass spectra for the searches performed in reference [7].
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Direct searches at LHCb

๏ Complement ATLAS/ CMS searches in 
certain phase space regions : 
‣ Light mass (trigger and acceptance)  
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๏ Increasing interest in direct searches! 
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2. Direct production of new particles  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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.

B0

4

⇡v
<latexit sha1_base64="SzroFDxkppSlrIPN+m/MK2r7gek=">AAAB8XicdVBNS8NAEJ34WetXVfDiZbEInkKSFm1vRS8eW7C2kIS62W7apZsPdjeFEvozvHhQ8eq/8ebF3+K2VVDRBwOP92aYmReknEllWW/G0vLK6tp6YaO4ubW9s1va27+RSSYIbZOEJ6IbYEk5i2lbMcVpNxUURwGnnWB0OfM7YyokS+JrNUmpH+FBzEJGsNKS66Wsl3siQuNpr1S2zHrVPqtWkWVWK5bjOJo4tlOzK8g2rTnKjcPW+y0ANHulV6+fkCyisSIcS+naVqr8HAvFCKfTopdJmmIywgPqahrjiEo/n588RSda6aMwEbpihebq94kcR1JOokB3RlgN5W9vJv7luZkKa37O4jRTNCaLRWHGkUrQ7H/UZ4ISxSeaYCKYvhWRIRaYKJ1SUYfw9Sn6n7Qds27aLR3GBSxQgCM4hlOw4RwacAVNaAOBBO7gAR4NZdwbT8bzonXJ+Jw5gB8wXj4AnvGTNA==</latexit><latexit sha1_base64="JTRZtcfua9yXAeN5sgiiCgyQQrs=">AAAB8XicdVDLSsNAFJ34rPVVFdy4GSyCq5CkQdtdqRuXLRhbaEKZTCft0EkmzEwKJfQz3LhQcSv+hV/gzo3f4rRVUNEDFw7n3Mu994Qpo1JZ1puxtLyyurZe2Chubm3v7Jb29q8lzwQmHuaMi06IJGE0IZ6iipFOKgiKQ0ba4ehi5rfHREjKkys1SUkQo0FCI4qR0lLXT2kv90UMx9NeqWyZNdc+c11omW7FchxHE8d2qnYF2qY1R7l+2Hqnz42XZq/06vc5zmKSKMyQlF3bSlWQI6EoZmRa9DNJUoRHaEC6miYoJjLI5ydP4YlW+jDiQlei4Fz9PpGjWMpJHOrOGKmh/O3NxL+8bqaiapDTJM0USfBiUZQxqDic/Q/7VBCs2EQThAXVt0I8RAJhpVMq6hC+PoX/E88xa6bd0mE0wAIFcASOwSmwwTmog0vQBB7AgIMbcAfuDWXcGg/G46J1yficOQA/YDx9AO52lPA=</latexit><latexit sha1_base64="JTRZtcfua9yXAeN5sgiiCgyQQrs=">AAAB8XicdVDLSsNAFJ34rPVVFdy4GSyCq5CkQdtdqRuXLRhbaEKZTCft0EkmzEwKJfQz3LhQcSv+hV/gzo3f4rRVUNEDFw7n3Mu994Qpo1JZ1puxtLyyurZe2Chubm3v7Jb29q8lzwQmHuaMi06IJGE0IZ6iipFOKgiKQ0ba4ehi5rfHREjKkys1SUkQo0FCI4qR0lLXT2kv90UMx9NeqWyZNdc+c11omW7FchxHE8d2qnYF2qY1R7l+2Hqnz42XZq/06vc5zmKSKMyQlF3bSlWQI6EoZmRa9DNJUoRHaEC6miYoJjLI5ydP4YlW+jDiQlei4Fz9PpGjWMpJHOrOGKmh/O3NxL+8bqaiapDTJM0USfBiUZQxqDic/Q/7VBCs2EQThAXVt0I8RAJhpVMq6hC+PoX/E88xa6bd0mE0wAIFcASOwSmwwTmog0vQBB7AgIMbcAfuDWXcGg/G46J1yficOQA/YDx9AO52lPA=</latexit><latexit sha1_base64="UDXKujuiETzMAOHgtwokqBVCnk8=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFZI0aLsrunFZwdhCEspkOm2HzkzCzKRQQj/DjQsVt/6NO//G6UNQ0QMXDufcy733JBmjSjvOh1VaW9/Y3CpvV3Z29/YPqodH9yrNJSYBTlkquwlShFFBAk01I91MEsQTRjrJ+HrudyZEKpqKOz3NSMzRUNABxUgbKYwy2isiyeFk1qvWHLvpuxe+Dx3brzue5xniuV7DrUPXdhaogRXavep71E9xzonQmCGlQtfJdFwgqSlmZFaJckUyhMdoSEJDBeJExcXi5Bk8M0ofDlJpSmi4UL9PFIgrNeWJ6eRIj9Rvby7+5YW5HjTigoos10Tg5aJBzqBO4fx/2KeSYM2mhiAsqbkV4hGSCGuTUsWE8PUp/J8Ent203Vun1rpapVEGJ+AUnAMXXIIWuAFtEAAMUvAAnsCzpa1H68V6XbaWrNXMMfgB6+0TEj6RTw==</latexit>

�
<latexit sha1_base64="ZSM1/IkS3ipm44lOkY0Kpin+JYA=">AAAB6nicdVDLSsNAFL2pr1pfVZe6GCyCq5CkQdtd0Y3LFowttKFMptN26OTBzEQoob/gxoWKWz/C73Dnzk9x0iqo6IELh3Pu5d57goQzqSzrzSgsLa+srhXXSxubW9s75d29axmnglCPxDwWnQBLyllEPcUUp51EUBwGnLaDyUXut2+okCyOrtQ0oX6IRxEbMoJVLvXImPXLFcusu/ap6yLLdKuW4ziaOLZTs6vINq05Ko3Dl9Y7ADT75dfeICZpSCNFOJaya1uJ8jMsFCOczkq9VNIEkwke0a6mEQ6p9LP5rTN0rJUBGsZCV6TQXP0+keFQymkY6M4Qq7H87eXiX143VcOan7EoSRWNyGLRMOVIxSh/HA2YoETxqSaYCKZvRWSMBSZKx1PSIXx9iv4nnmPWTbulwziHBYpwAEdwAjacQQMuoQkeEBjDLdzDgxEad8aj8bRoLRifM/vwA8bzB82PkIE=</latexit><latexit sha1_base64="zrV4aPMKLCLEIMcVIC/XDDvzP1g=">AAAB6nicdVDLSsNAFJ34rPVVdanIYBFchSQN2u6Kbly2YGyhDWUynbRDZ5IwMxFK6NKtGxcqbv2Ifoc7v8GfcNIqqOiBC4dz7uXee4KEUaks681YWFxaXlktrBXXNza3tks7u9cyTgUmHo5ZLNoBkoTRiHiKKkbaiSCIB4y0gtFF7rduiJA0jq7UOCE+R4OIhhQjlUtdPKS9Utkya6596rrQMt2K5TiOJo7tVO0KtE1rhnL9YNp8vz2cNnql124/xiknkcIMSdmxrUT5GRKKYkYmxW4qSYLwCA1IR9MIcSL9bHbrBB5rpQ/DWOiKFJyp3ycyxKUc80B3cqSG8reXi395nVSFVT+jUZIqEuH5ojBlUMUwfxz2qSBYsbEmCAuqb4V4iATCSsdT1CF8fQr/J55j1ky7qcM4B3MUwD44AifABmegDi5BA3gAgyG4Aw/g0eDGvfFkPM9bF4zPmT3wA8bLB6pukec=</latexit><latexit sha1_base64="zrV4aPMKLCLEIMcVIC/XDDvzP1g=">AAAB6nicdVDLSsNAFJ34rPVVdanIYBFchSQN2u6Kbly2YGyhDWUynbRDZ5IwMxFK6NKtGxcqbv2Ifoc7v8GfcNIqqOiBC4dz7uXee4KEUaks681YWFxaXlktrBXXNza3tks7u9cyTgUmHo5ZLNoBkoTRiHiKKkbaiSCIB4y0gtFF7rduiJA0jq7UOCE+R4OIhhQjlUtdPKS9Utkya6596rrQMt2K5TiOJo7tVO0KtE1rhnL9YNp8vz2cNnql124/xiknkcIMSdmxrUT5GRKKYkYmxW4qSYLwCA1IR9MIcSL9bHbrBB5rpQ/DWOiKFJyp3ycyxKUc80B3cqSG8reXi395nVSFVT+jUZIqEuH5ojBlUMUwfxz2qSBYsbEmCAuqb4V4iATCSsdT1CF8fQr/J55j1ky7qcM4B3MUwD44AifABmegDi5BA3gAgyG4Aw/g0eDGvfFkPM9bF4zPmT3wA8bLB6pukec=</latexit><latexit sha1_base64="ahvU1DWI0TmexJBw39TBcCWa0Bg=">AAAB6nicdVBNS8NAEN34WetX1aOXxSJ4Cps0aHsrevFYwdhCG8pmu2mW7iZhdyOU0L/gxYOKV3+RN/+Nm7aCij4YeLw3w8y8MONMaYQ+rJXVtfWNzcpWdXtnd2+/dnB4p9JcEuqTlKeyF2JFOUuor5nmtJdJikXIaTecXJV+955KxdLkVk8zGgg8TljECNalNCAxG9bqyG55zrnnQWR7DeS6riGu4zadBnRsNEcdLNEZ1t4Ho5TkgiaacKxU30GZDgosNSOczqqDXNEMkwke076hCRZUBcX81hk8NcoIRqk0lWg4V79PFFgoNRWh6RRYx+q3V4p/ef1cR82gYEmWa5qQxaIo51CnsHwcjpikRPOpIZhIZm6FJMYSE23iqZoQvj6F/xPftVu2c4Pq7ctlGhVwDE7AGXDABWiDa9ABPiAgBg/gCTxbwnq0XqzXReuKtZw5Aj9gvX0Cv9qOPA==</latexit>

χ

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.

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].
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FIG. 2. Diagrams for the indirect (top) or direct (bottom)
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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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shows the fraction of phase space constrained by LHCb
results.
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neutrinos are summarized below.
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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-
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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-
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(
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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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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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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.
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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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of the type B± ! h⌥µ±µ± and the results are gathered
in three di↵erent papers, with di↵erent final states and
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diagrams for these decays. The final states and associ-
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(
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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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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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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].
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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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D

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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VELO Material

LHC-LLP - 20/10/2017 Elena Dall’Occo

material map of the VELO is essential to reduce the background in LLP searches!

• beam-gas (helium) collisions  
• material interaction along the full 

length of the VELO 
• secondary interactions of hadrons 

used to map the material

• the map can be used in analyses with 
displaced vertices: 
a p-value can be assigned to the 
hypothesis that a SV originates from 
material interaction
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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

– 4 –
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Figure 2. Reconstructed SVs in the Run 2 data sample showing the xy plane integrated over z within the
region of the VELO that contains sensor modules. The left (right) panel shows the central (forward) VELO
region. The bins are 0.1 mm⇥0.1 mm in size.

These sensors are placed into 21 standard modules in r–f pairs, where each r sensor provides41

a radial-coordinate measurement, each f sensor provides an azimuthal-coordinate measurement,42

and the module location determines the z coordinate. Each half also has two additional modules,43

referred to as the pile-up system, that only contain an r sensor and are located in the most upstream44

positions of the VELO. There is a slight overlap between the two VELO halves to ensure full45

angular coverage and to assist in calibration of the detector. Each half is contained in an RF-box,46

which provides an independent vacuum from the LHC machine vacuum. The beam-facing surface47

of the RF-boxes is the RF-foil, a 0.3 mm thick AlMg3 sheet that is corrugated around the modules48

to minimize the material traversed by charged particles. The RF-box and RF-foil shield the VELO49

sensors against RF pickup from the LHC beams, prevent impedance disruptions of the LHC beams,50

and protect the LHC machine vacuum.51

A beam-gas imaging system was installed during Run 1 to enable making high-precision lu-52

minosity measurements [8], which has since been repurposed to allow LHCb to collect data as a53

fixed-gaseous-target experiment. This analysis uses secondary interactions of hadrons produced in54

beam-gas collisions collected during special run periods where helium gas was injected into the55

VELO. The data used to construct the Run 1 map was collected during pp running periods in 201156

and 2012 meant for luminosity studies, with beam energies of 3.5 and 4.0TeV, respectively. The57

Run 2 map is built using data taken during a dedicated proton-helium run in 2016 with a beam58

energy of 4.0TeV. At most one LHC beam is permitted to traverse the VELO region in all events59

used in this study. The data sets were collected using a minimum bias trigger, which required at60

least one track was reconstructed at the software-trigger stage.61

Since the particles produced in secondary interactions in beam-gas events do not necessarily62

originate from near the interaction point or the beam line, the tracks used in this analysis are63

reconstructed using a non-standard tracking algorithm that makes no assumptions about the origins64

of the particles. All reconstructed tracks are required to be of good quality and to have hits in at65

least 3 r–f sensor pairs. The SVs are reconstructed from 3 or more tracks and are required to be of66

– 3 –

analysis already performed for Run1 and Run2!

CERN-LHCb-DP-2018-002

http://cds.cern.ch/record/2309964/files/1803.07466.pdf
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Charged Massive Stable Particle

Elena Dall’OccoLHC-LLP - 16/05/2018

• search for charge massive stable particles (CMSP) 
• benchmark: stau pairs predicted by mGMSB model 
• mass range: 124-309 GeV 
• dataset: run I (3 fb-1) 
• signature: absence of a signal in the RICH
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• staus assumed to interact only via weak 
interactions  

          behave like heavy muons 
• detection time window for muons limits 

sensitivity to β>0.8 
• main background: Drell-Yan production 

of muon pairs

⇤ M

m

N5 tan� sign(µ) Cgrav me⌧ ⌧ � (fb)
(TeV) (TeV) (TeV) (GeV/c2) (ns) at 7 TeV at 8 TeV
40 80 3 15 1 4000 124 182 16.90 21.20
50 100 3 15 1 4000 154 150 7.19 9.20
60 120 3 15 1 4000 185 125 3.44 4.50
70 140 3 15 1 4000 216 107 1.79 2.39
80 160 3 15 1 4000 247 98 1.0 1.35
90 180 3 15 1 4000 278 83 0.57 0.80
100 200 3 15 1 4000 309 75 0.34 0.49

Table 2: The six GMSB parameters and the corresponding masses, lifetimes of staus and the
cross-section of its pair production at Next-to-Leading Order (NLO).

q

q 0*, Zγ

1τ
∼+

1τ
∼-(a)

g

q

q
q

0*, Zγ

1τ
∼+

1τ
∼-(b)

Figure 1: Feynman diagrams for stau pair production at leading order in perturbative QCD (a)
and at next-to-leading order (NLO) (b) from [11].

been produced for pp collisions at
p
s = 7 TeV and

p
s = 8 TeV. The stau pairs are114

generated following the Drell Yan process with PYTHIA [10] using the CTEQ5L parton115

distribution [12]. In the following, the MC samples indicated by MC11 correspond to
p
s116

= 7 TeV and have been simulated under Sim05, Reco12, then pre-selected by Stripping117

17, while MC12 correspond to
p
s = 8 TeV, Sim06, reco14, Stripping20. Note that only118

events in which both staus enter the LHCb detector acceptance defined to be 1.8 < ⌘ < 4.9119

are passed to GEANT4 [13] for a full simulation. The acceptance factor (A) defined as120

the fraction of stau pairs entering the LHCb detector has been computed from PYTHIA,121

because the integration on a restricted rapidity region is not available in the present version122

of Prospino2. Instead of CTEQ5L, the MSTW2008LO set has been used to compute A123

and uncertainties (see discussion in Section 7.1.5). A is found to decrease for increasing124

stau mass, i.e. for less boosted staus, as shown in Table 3.125

Some generator-level distributions are shown in Figure 2 for staus pairs in the LHCb126

acceptance, for the masses of 124 and 309 GeV/c2. The stau velocity distributions127

(� = v/c), Figure 2(a), indicate that most of the staus can reach the outermost muon128

chamber during the LHCb inter-spill time of 25 ns (see Section 3). The pseudorapidity129

distributions of Figure 2(b) show that stau tends to be produced with a large angle with130

6

Drell-Yan production of stau pairs

EPJC 75 (2015) 595

upper limits set on Drell-Yan CMSP 
pair production cross section proof of concept for future searches!

https://link.springer.com/content/pdf/10.1140/epjc/s10052-015-3809-7
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Light Boson from b → s

Elena Dall’OccoLHC-LLP - 16/05/2018

Phys. Rev. Lett. 115, 161802 (2015) 
Phys. Rev. D. 95, 071101 (2017)

• search for a hidden sector boson χ in 
a decay mediated by b → s transition 

• interaction via Higgs portal 
• dataset: run I (3 fb-1)

B0 → K*0 χ with K*0 → K+ π- and χ → µ+ µ- 
• 2 m(µ) < m(χ) < m(B0) - m(K*0) 
• better decay time resolution and lower 

background because of K+ π- vertex 
requirement 

• 2 region of dimuon lifetime per mass point 
(displaced for τ>0.6-3 ps depending on 
the mass)

b

d

Vtb Vts
s

d

µ�

µ+

t

W+

�

B0 K⇤0B0(B+) K*0(K+)
d(u)d(u)

B+ → K+ χ with χ → µ+ µ- 
• 250 < m(χ) < 4700 MeV 
• more background  

(SM B → Kµµ for prompt)  
• higher BR 
• 3 region of dimuon lifetimes (τ<1 ps, 

1<τ<10 ps, τ>10 ps)

Similar strategy for both analyses  
• χ → µ+ µ- vertex allowed (but not required) to be displaced  
• BDT classifier trained to reduce combinatorial (uniform in m and τ for K*0 search) 
• narrow resonances vetoed 

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.115.161802
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.95.071101
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Light Boson from b → s

Elena Dall’OccoLHC-LLP - 16/05/2018

scan of the dimuon mass distribution
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200

model independent limit
• upper limits as a function of mass for 

lifetimes [0.1,1000] ps 
• precision on the upper limits 

dominated by statistical uncertainties 
• efficiency drops at ~100 ps due to 

VELO acceptance

Phys. Rev. Lett. 115, 161802 (2015) 
Phys. Rev. D. 95, 071101 (2017)

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.115.161802
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.95.071101
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Light Boson from b → s

Elena Dall’OccoLHC-LLP - 16/05/2018
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axion model (axial vector portal) 
Phys. Rev. D 81, 034001 (2010)  

• limit on the ratio of Higgs-doublet vacuum 
expectation values tanβ  

• BR(χ → hadrons) changes a lot in different 
models: two extreme cases considered

inflaton model (scalar portal) 
Phys. Lett. B 736, 494 (2014) 

• constraint on mixing angle θ with SM Higgs  
• excluded large fraction of theoretically 

allowed parameter space

model dependent limits

Phys. Rev. Lett. 115, 161802 (2015) 
Phys. Rev. D. 95, 071101 (2017)

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.115.161802
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.95.071101
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Majorana Neutrinos

Elena Dall’Occo

• search for lepton number violating decay 
B- → π+ µ- µ-   

• mass range: 250 MeV - 5 GeV 
• lifetime range: 0-1000 ps (extending 

sensitivity wrt previous LHCb analyses) 
• dataset: run I (3 fb-1)

• normalisation wrt B- → J/Ψ K- 

• 2 selections: for short and long lived N         
(τ > 1 ps)  

• fitted backgrounds: 
‣ B decays to charmonium 
‣ combinatorics 

• upper limits set scanning the neutrino mass 
• lifetime dependence in long lived sample 

taken into account by detection efficiency

Phys. Rev. Lett. 112, 131802 (2014)
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.112.131802
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Majorana Neutrinos

Elena Dall’Occo

arXiv:1805.00070v1

LHC-LLP - 16/05/2018

constraints on the BR  reinterpreted as limits on N mixing angle 

we are now looking here…
LHCb and Belle limits revised in:        
Phys. Rev. D94, no.11, 113007 (2016)   
Phys. Rev. D95, no.9, 099903 (2017) 

https://arxiv.org/abs/1805.00070
https://arxiv.org/pdf/1607.04258.pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.95.099903
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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 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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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
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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

13
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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

%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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https://arxiv.org/pdf/1705.07332.pdf
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competitive and complementary 
limits to ATLAS and CMS!

LHC-LLP - 16/05/2018

Supplementary material of LHCB-PAPER-2016-065

Eur. Phys. J. C77 (2017) 812

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-065.html
https://arxiv.org/pdf/1705.07332.pdf
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LLP Decaying Semileptonically

Elena Dall’Occo

• 2 approaches: 
‣ RPV mSUGRA neutralino as benchmark  

mass range: 23-198 GeV 
‣ simplified topologies, less model 

dependent 
mass range: 25-50 GeV 

• recasted in terms of heavy neutral lepton 
arXiv:1706.05990 

4 production mechanisms consideredEur. Phys. J. C (2017) 77 :224 Page 3 of 16 224
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Fig. 1 Four topologies considered as representative LLP production mechanisms: PA non-resonant direct double LLP production, PB single LLP
production, PC double LLP production from the decay of a Higgs-like boson, PD double LLP indirect production via squarks

particle tracks [26] with a minimum reconstructed pT of
100 MeV/c. Genuine PVs are identified by a small radial
distance from the beam axis, Rxy < 0.3 mm. The offline anal-
ysis requires that the triggering muon has an impact param-
eter to all PVs of dIP > 0.25 mm and pT > 12 GeV/c.
To suppress the background due to kaons or pions punching
through the calorimeters and being misidentified as muons,
the corresponding energy deposit in the calorimeters must
be less than 4% of the muon energy. To preserve enough
background events in the signal-free region for the signal
determination algorithm described in Sect. 5, no isolation
requirement is applied at this stage. Secondary vertices are
selected by requiring Rxy > 0.55 mm, at least four tracks
in the forward direction (i.e. in the direction of the spec-
trometer) including the muon and no tracks in the back-
ward direction. The total invariant mass of the tracks coming
from a selected vertex must be larger than 4.5 GeV/c2. Par-
ticles interacting with the detector material are an impor-
tant source of background. A geometric veto is used to
reject events with vertices in regions occupied by detector
material [27].

The number of data events selected is 18 925 (53 331) in
the 7 TeV (8 TeV) datasets. Less than 1% of the events have
more than one candidate vertex, in which case the candidate
with the highest-pT muon is chosen. According to the sim-
ulation, the background is largely dominated by bb events,
while the contribution from the decays of W and Z bosons
is of the order of 10 events. All simulated cc and tt events
are rejected. The bb cross-section value measured by LHCb,
288 ± 4 ± 48 µb [28–31], predicts (15 ± 3) × 103 events
for the 7 TeV dataset, after selection. The value for the 8 TeV
dataset is (52 ± 10) × 103. The extrapolation of the cross-
section from 7 to 8 TeV is obtained from POWHEG [32–34],
while Pythia is used to obtain the detection efficiency. The
candidate yields for the two datasets are consistent with a
dominant bb composition of the background. This is con-
firmed by the study of the shapes of the distributions of the
relevant observables. Figure 2 compares the distributions for
the 7 TeV dataset and for the 135 simulated bb events sur-
viving the selection. For illustration, the shapes of simulated
LV38 10 ps signal events are superimposed on all the distri-
butions, as well as the expected shape for LV38 50 ps on the

Rxy distribution. The muon isolation variable is defined as the
sum of the energy of tracks surrounding the muon direction,
including the muon itself, in a cone of radius Rηφ = 0.3 in
the pseudorapidity-azimuthal angle (η,φ) space, divided by
the energy of the muon track. The corresponding distribution
is shown in Fig. 2b. A muon isolation value of unity denotes
a fully isolated muon. As expected, the muon from the signal
is found to be more isolated than the hadronic background.
Figure 2e presents the radial distribution of the displaced ver-
tices; the drop in the number of candidates with a vertex above
Rxy ∼ 5 mm is due to the material veto. From simulation,
the veto introduces a loss of efficiency of 13% (42%) for the
detection of LLPs with a 30 GeV/c2 mass and a 10 ps (100 ps)
lifetime. The radial (σR) and longitudinal (σz, parallel to the
beam) uncertainties provided by the LLP vertex fit are shown
in Fig. 2f, g. Larger uncertainties are expected from the vertex
fits of candidates from bb events compared to signal LLPs.
The former are more boosted and produce more narrowly
collimated tracks, while the relatively heavier signal LLPs
decay into more divergent tracks. This effect decreases when
mLLP approaches the mass of b-quark hadrons.

A multivariate analysis based on a multi-layer perceptron
(MLP) [35,36] is used to further purify the data sample. The
MLP input variables are the muon pT and impact parameter,
the number of charged particle tracks used to reconstruct the
LLP, the vertex radial distance Rxy from the beam line, and
the uncertainties σR and σz provided by the LLP vertex fit.
The muon isolation value and the reconstructed mass of the
long-lived particles are not used in the MLP classifier; the
discrimination power of these two variables is subsequently
exploited for the signal determination. The signal training
and test samples are obtained from simulated signal events
selected under the same conditions as data. A data-driven
approach is used to provide the background training sam-
ples, based on the hypothesis that the amount of signal in the
data is small. For this, a number of candidates equal to the
number of candidates of the signal training set, which is of
the order of 1000, is randomly chosen in the data. The same
procedure provides the background test samples. The MLP
training is performed independently for each fully simulated
model and dataset. The optimal MLP requirement is subse-
quently determined by maximizing a figure of merit defined

123

• lifetime range: 5-100 ps 
• dataset: run I (1+2 fb-1) 
• signature: single displaced vertex 

with several tracks and a high pT µ 
• background dominated by bb

• search for massive LLP decaying semileptonically into SM particles
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Figure 2: Distributions for the 7 TeV dataset (black histogram) compared to simulated bb events
(blue squares with error bars), showing a) transverse momentum and b) isolation of the muon, c)
number of tracks and d) reconstructed mass of the displaced vertex. The fully simulated signal
distributions for LV38 10 ps are also shown (red dotted histograms). The distributions from
simulation are normalised to the number of data entries.
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• trigger on µ + displaced vertex 
• exploit µ isolation to define a signal and a 

control region enhanced in background 
• simultaneous fit of the LLP candidate mass 

in the 2 regions to extract number of 
candidates

no significant excess observed
double LLP from 125 GeV Higgs
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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, m
h

0 = 125 GeV/c2. The results correspond
to the 8 TeV dataset.
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RPV mSUGRA
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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

38 GeV, 5 ps

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

https://link.springer.com/content/pdf/10.1140/epjc/s10052-017-4744-6


10�3 10�2

c⌧ [m]

10

20

30

40

50

60

70

80

m
[G

eV
/c

2
]

LHCb
p

s = 8 TeV

LHCb constraints on different B(H0 ! �̃0
1�̃

0
1) at 95% CL

B > 5% excl.
B > 10% excl.
B > 25% excl.
B > 50% excl.

18

LLP Decaying Semileptonically

Elena Dall’Occo

double LLP from 125 GeV Higgs
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• trigger on µ + displaced vertex 
• exploit µ isolation to define a signal and a 

control region enhanced in background 
• simultaneous fit of the LLP candidate mass 

in the 2 regions to extract number of 
candidates
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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

38 GeV, 5 ps

Supplementary material of LHCB-PAPER-2016-047

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

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-047.html
https://link.springer.com/content/pdf/10.1140/epjc/s10052-017-4744-6


19

Dark Photon

Elena Dall’Occo

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

LHC-LLP - 16/05/2018

• fully data driven search 
• dataset: run II (1.6 fb-1) 
• inclusive: pp → X A’ → X µ+µ- 

• if m x ε2 small dark photon is long-lived  
• trigger turbo lines:  
‣ prompt: no requirement on dimuon mass 
‣ displaced: looser cuts on muon p and pT

Martino Borsato - USC

Dark Photons

13

๏ Mass resolution is key with irreducible 
background (e.g. Drell-Yan)

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

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

๏ 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

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,
"=1 for prompt
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Signal and Background
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• dark matter might interact via a new dark 
force  

• a massive dark photon A’ could kinetically 
mix with the ordinary photon 
‣ same production and decay kinematics 

of an off-shell photon with same mass  
‣ normalising to γ* allows to get rid of 

most of the systematics 

prompt search 
2mµ < mA’ < 70 GeV

displaced search 
214 < mA’ < 350 MeV

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.120.061801
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Dark Photon: Long Lived 

Elena Dall’OccoLHC-LLP - 16/05/2018

Phys. Rev. Lett. 120, 061801 (2018) 
CERN-LHCb-DP-2018-002

• scan of m(µµ) 
• bins of τ(A’) and decay fit χ2 
• fit to the mass distribution to get 

long-lived A’ signal yield
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main backgrounds: 
• photon conversions in VELO material 
           material map 
• 2 semileptonic b hadrons decays 
           isolation BDTs (from Bs → µµ) 
• double misID Ks → ππ decays  
           modelled from PID sideband

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.120.061801
http://cds.cern.ch/record/2309964/files/1803.07466.pdf
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Dark Photon: Results

Elena Dall’OccoLHC-LLP - 16/05/2018
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LHCb long-lived excluded

• no significant excess found  
• first ever non-beam-dump long lived A’ 

sensitivity 
• small region excluded but large region 

is within reach in Run 3 
• now already running with better trigger 

configuration

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

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.120.061801
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Summary

LHC-LLP - 16/05/2018 Elena Dall’Occo

Increasing interest in direct searches 
• LHCb proved to be competitive in many signatures 

- low masses 
- low lifetimes 
- LLP from B decays  

• unique coverage complementary to ATLAS and CMS 
• 3 fb-1 in Run 1, expected 5 fb-1 in Run 2 

Lot of potential with the upgrade in LS2 
• more data (5x luminosity) 
• triggerless readout  
• improved efficiency for longer decay length

see talk of Yangyang 
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Turbo

Elena Dall’Occo

Turbo stream in Run II

Turbo:  
- only exclusive decays (and nothing else) saved 

Turbo++ : 
- Full event reconstruction can be persisted  
- Variables such as isolation, objects for jets   
   reconstruction, can be saved  

 Turbo SP: 
-  New intermediate solution between Turbo and Turbo++  
-  Trigger candidate + subset of reconstruction  saved  
  6
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only exclusive decays 
(nothing else saved )

• new intermediate 
solution  

• trigger candidate + 
subset of 
reconstruction saved 

• full event reconstruction can 
be persisted  

• variables such as isolation, 
objects for jet reconstruction 
can be saved 
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Majorana Neutrinos

Elena Dall’Occo

Phys.Rev. D94 (2016) no.11, 113007

LHC-LLP - 16/05/2018

constraints on the BR  reinterpreted as limits on N mixing angle 
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Displaced Dark Photon 

LHC-LLP - 16/05/2018 Elena Dall’Occo

Signal and Background

Bad Backgrounds (displaced)
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background long lived 

background prompt 

Signal and Background

Bad Backgrounds (prompt)
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Charged Massive Stable Particle

Elena Dall’Occo

EPJC 75 (2015) 595

LHC-LLP - 16/05/2018

upper limits set on Drell-Yan CMSP pair 
production cross section
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• current results not competitive with ATLAS 
and CMS for this model and mass range 

• proof of concept for future searches
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• artificial neural network to distinguish 
CMSPs from muons  

• RICH info combined with energy 
deposited in VELO, ECAL, HCAL

RICH info


