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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) (the photon, Higgs, and neutrino portals) 
Axion Like Particles (ALP) 
Heavy Neutral Leptons (HNL) (extension of SM) 

• In this talk, I will concentrate on Hidden Sector particles, specifically Dark Photons 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 technique 
• Scattering technique: electron or nuclei scattered by DM...  

• Decaying in the detector 
• Reconstruction of decay vertex
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Exploring the dark sector / 2

• Decaying in the detector 
• Reconstruction of decay vertex 

• Not decaying in the detector 
• Missing energy technique 
• Scattering technique: electron or nuclei scattered by DM...
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Exploring the dark sector / 3

• Decaying in the detector 
• Reconstruction of decay vertex 

• Not decaying in the detector 
• Missing energy technique 
• Scattering technique: electron or nuclei scattered by DM  
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Production of HS particle

p-beam or e-beam
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Decaying dark sector candidates / 1

• Experimental requirements: 
• Particle beam with maximal intensity 
• Search for HS particles in Heavy Flavour decays 

• Charm (and beauty) cross-sections strongly dependent on  
the beam energy. 

• At CERN SPS: 
σ(pp→ssbar X)/σ(pp→X) ~ 0.15 
σ(pp→ccbar X)/σ(pp→X) ~ 2.0 x 10-3 
σ(pp→bbbar X)/σ(pp→X) ~ 1.6 x 10-7 

• HS produced in charm and beauty decays have significant pT 
• Detector must be placed close to the target to maximise geometrical acceptance.  

Effective (and “short”) muon shield is the key element to reduce muon-induced backgrounds 
• Long decay volume and large geometrical acceptance of the spectrometer are essential to 

maximise detection efficiency... 
7
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Figure 4.2: Production (left) and subsequent decay (right) of the particle NI .

the Universe (see Section 4.6.1 for the formulation of the problem). Moreover, the same parti-
cles can be responsible for both neutrino masses and matter-antimatter asymmetry generation.
HNLs with the masses ranging from O(MeV) to O(1012 GeV) provide mechanisms of generation of
matter-antimatter asymmetry, described in Sections 4.6.2–4.6.4.2 below. In particular, the suc-
cessful baryogenesis is possible when HNL have experimentally accessible masses (Sections 4.3.2.2,
4.3.2.3). This opens an exciting possibility of direct experimental resolution of these BSM puzzles
by finding HNLs experimentally. The phenomenology of neutrino oscillations provides (under cer-
tain assumptions, discussed above) the lower bound on Yukawa couplings, while the requirement
of successful baryogenesis provides an upper bound on their values.

Right-handed neutrinos can appear as a part of a wider theory, for example as a part of the
fermion representation of a gauge group in GUT theories, see Section 4.3.2.1. Interestingly HNLs
can be postulated as the only new particles beyond the Standard Model up to a very high energy
scale, providing explanations of all major observational BSM phenomena (Section 4.8 below). This
brings the questions of the complete UV theory (discussed in Section 4.8.3). The SM supplemented
by 3 HNLs, with Majorana mass terms for all of them, and all possible Yukawa couplings with the
Higgs boson and left-handed lepton doublets has an intriguing property of charge quantisation. The
Majorana mass term (4.1.2) means that the hypercharge of NI is zero and therefore hypercharges of
left lepton double and Higgs field are the same. As a result of this, the requirement of cancellation
of gauge chiral anomalies has a unique solution in terms of charges [327], quantised exactly as it is
observed. In other words, the charge quantisation may be a requirement of the self-consistency of
the theory, rather than a consequence of a larger symmetry, as in Grand Unified Theories.

4.2 Active neutrino phenomenology

Neutrino physics provides strong motivation for the existence of HNLs. Although properties of
HNLs cannot be fully fixed by data from low-energy neutrino experiments, it serves as a source of
important constraints. Therefore we review main results of neutrino theory and experiments below.

4.2.1 Three-flavour neutrino oscillations. A theoretical overview

A decade of revolutionary neutrino experiments has established that the SM neutrinos are massive
and mix like quarks do. The measurement of their tiny masses has been possible thanks to neutrino
oscillations, a quantum phenomenon first conjectured by Pontecorvo [328]. Neutrinos are produced
and detected via weak processes, therefore by definition they are produced or detected as flavour
states (ie. the states that couple to the e, µ and ⌧ leptons respectively). However, such states
of a definite flavour are superpositions of the vacuum Hamiltonian eigenstates or mass eigenstates

– 65 –

Decaying dark sector candidates / 2

• Detector must be placed close to the target to maximise geometrical acceptance.  
Effective (and “short”) muon shield is the key element to reduce muon-induced backgrounds 

• Long decay volume and large geometrical acceptance of the spectrometer are essential to 
maximise detection efficiency  
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SHiP Beam Dump Facility at SPS / CERN 

• Numbers: 
>1018 D,   
>1016 τ, 
>1020 γ  
for 2×1020 pot (in 5 years) 

• "Zero background" experiment 
Heavy target 
Muon shield 
Surrounding Veto detectors 
Timing and PID detectors, etc. 

• Multipurpose layout: near and far 
detector (new)
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~ 150 m long

arXiv:1504.04956 
arXiv:1504.04855

Search for decaying 
HS particles.  
Decay vertex in the 
decay volume

Search for HS (scattering on atoms) and ν physics. Specific 
event topology in emulsion. Background reducible to a 
manageable level
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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. 

• Lifetime resolution of ~ 0.2 ps for τ = 100 ps. 

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

• Great mass resolution: typically 7-20 MeV. 

• Low pT trigger means low masses accessible. Ex: pTμ > 1.8 GeV.

The LHCb detector / 1

VELO 

Tracking 

RICH 

Calorimeter 

Muon system 
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The LHCb detector / 1bis
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Martino Borsato - Heidelberg U.

The LHCb detector
๏ Only LHC detector fully 

instrumented in forward region

๏ Excellent vertex resolution

๏ Excellent mass resolution

๏ Lower luminosity (@ low pile-up)

๏ Capable of soft triggers!
• In hardware pT(µ±) > 1.8 GeV  

while pT(e±, h±) > 3 - 4 GeV
• Real-time analysis with offline-

quality alignment
• Keeping only interesting part 

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

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

Resonance Mass resolution (MeV/c2)
J/ 14.3± 0.1
 (2S) 16.5± 0.4
⌥ (1S) 42.8± 0.1
⌥ (2S) 44.8± 0.1
⌥ (3S) 48.8± 0.2
Z0 1727± 64
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Figure 19: Mass resolution (�m) (left) and relative mass resolution (right) as a function of the
mass (m) of the dimuon resonance. The mass of the muons can be neglected in the invariant
mass calculation of these resonances. The mass resolution is obtained from a fit to the mass
distributions. The superimposed curve is obtained from an empirical power-law fit through the
data points.

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

Although the final alignment precision is obtained with reconstructed tracks, a precise
survey is indispensable both as a starting point for the track-based alignment and to
constrain degrees of freedom to which fitted track trajectories are insensitive. For example,
the knowledge of the z scale of the vertex detector originates solely from the pre-installation
survey. Ultimately this is what limits, for example, certain measurements such as the B0

s

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

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

28
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vertex reconstruction mass resolution

�m/m = 0.5%
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LHCb  
2<η<5

�t = 45 ps
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The LHCb detector / 2

• Capable of soft trigger: 

• In hardware: pTμ > 1.8 GeV 
and for electrons and hadrons:  
pT > 3-4 GeV 

• Real time analysis is possible 
with off-line quality alignment 

• Turbo stream only keeps 
interesting part of the event
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The LHCb detector
๏ Only LHC detector fully 

instrumented in forward region

๏ Excellent vertex resolution

๏ Excellent mass resolution

๏ Lower luminosity (@ low pile-up)

๏ Capable of soft triggers!
• In hardware pT(µ±) > 1.8 GeV  

while pT(e±, h±) > 3 - 4 GeV
• Real-time analysis with offline-

quality alignment
• Keeping only interesting part 

of event (Turbo stream)
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LHCb

CMS

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

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

Resonance Mass resolution (MeV/c2)
J/ 14.3± 0.1
 (2S) 16.5± 0.4
⌥ (1S) 42.8± 0.1
⌥ (2S) 44.8± 0.1
⌥ (3S) 48.8± 0.2
Z0 1727± 64
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Figure 19: Mass resolution (�m) (left) and relative mass resolution (right) as a function of the
mass (m) of the dimuon resonance. The mass of the muons can be neglected in the invariant
mass calculation of these resonances. The mass resolution is obtained from a fit to the mass
distributions. The superimposed curve is obtained from an empirical power-law fit through the
data points.

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

Although the final alignment precision is obtained with reconstructed tracks, a precise
survey is indispensable both as a starting point for the track-based alignment and to
constrain degrees of freedom to which fitted track trajectories are insensitive. For example,
the knowledge of the z scale of the vertex detector originates solely from the pre-installation
survey. Ultimately this is what limits, for example, certain measurements such as the B0

s

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

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

28
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vertex reconstruction mass resolution

�m/m = 0.5%
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LHCb  
2<η<5

�t = 45 ps
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The LHCb detector
๏ Only LHC detector fully 

instrumented in forward region

๏ Excellent vertex resolution

๏ Excellent mass resolution

๏ Lower luminosity (@ low pile-up)

๏ Capable of soft triggers!
• In hardware pT(µ±) > 1.8 GeV  

while pT(e±, h±) > 3 - 4 GeV
• Real-time analysis with offline-

quality alignment
• Keeping only interesting part 

of event (Turbo stream)
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Table 2: Mass resolution for the six di↵erent dimuon resonances.

Resonance Mass resolution (MeV/c2)
J/ 14.3± 0.1
 (2S) 16.5± 0.4
⌥ (1S) 42.8± 0.1
⌥ (2S) 44.8± 0.1
⌥ (3S) 48.8± 0.2
Z0 1727± 64
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Figure 19: Mass resolution (�m) (left) and relative mass resolution (right) as a function of the
mass (m) of the dimuon resonance. The mass of the muons can be neglected in the invariant
mass calculation of these resonances. The mass resolution is obtained from a fit to the mass
distributions. The superimposed curve is obtained from an empirical power-law fit through the
data points.

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

Although the final alignment precision is obtained with reconstructed tracks, a precise
survey is indispensable both as a starting point for the track-based alignment and to
constrain degrees of freedom to which fitted track trajectories are insensitive. For example,
the knowledge of the z scale of the vertex detector originates solely from the pre-installation
survey. Ultimately this is what limits, for example, certain measurements such as the B0

s

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

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

28
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vertex reconstruction mass resolution

�m/m = 0.5%
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LHCb  
2<η<5

�t = 45 ps
<latexit sha1_base64="pkxfRI/fGvKW2+mJdNzikC1QQFA=">AAAB/nicbVBNS8NAEJ34WetXVPCih8UieCqJKOpBKHrx2IKxhaaUzXbTLt1Nwu5GKLGCf8WLBxWv/R3evPlT3H4ctPXBwOO9GWbmBQlnSjvOlzU3v7C4tJxbya+urW9s2lvbdypOJaEeiXksawFWlLOIepppTmuJpFgEnFaD7vXQr95TqVgc3epeQhsCtyMWMoK1kZr2rq9YW+CmRpfo5PQx86VAieo37YJTdEZAs8SdkEJpf1D5BoBy0/70WzFJBY004VipuuskupFhqRnhtJ/3U0UTTLq4TeuGRlhQ1chG9/fRoVFaKIylqUijkfp7IsNCqZ4ITKfAuqOmvaH4n1dPdXjeyFiUpJpGZLwoTDnSMRqGgVpMUqJ5zxBMJDO3ItLBEhNtIsubENzpl2eJd1y8KLoVE8YVjJGDPTiAI3DhDEpwA2XwgMADPMMrvFlP1ov1bn2MW+esycwO/IE1+AFda5d2</latexit><latexit sha1_base64="Wu0n6mseUEV46DwMIzWzwheE2CU=">AAAB/nicbVDLSgMxFM3UV62vUcGNIsEiuCozoqgLoejGZQuOLXSGIZOmbWiSGZKMUMYKLvwRNy5U3PY73PkN/oTpY6HVAxcO59zLvfdECaNKO86nlZuZnZtfyC8WlpZXVtfs9Y0bFacSEw/HLJb1CCnCqCCeppqReiIJ4hEjtah7OfRrt0QqGotr3UtIwFFb0BbFSBsptLd8RdschRqew6Pj+8yXHCaqH9pFp+SMAP8Sd0KK5Z1B9etxd1AJ7Q+/GeOUE6ExQ0o1XCfRQYakppiRfsFPFUkQ7qI2aRgqECcqyEb39+G+UZqwFUtTQsOR+nMiQ1ypHo9MJ0e6o6a9ofif10h16zTIqEhSTQQeL2qlDOoYDsOATSoJ1qxnCMKSmlsh7iCJsDaRFUwI7vTLf4l3WDoruVUTxgUYIw+2wR44AC44AWVwBSrAAxjcgSfwAl6tB+vZerPex605azKzCX7BGnwDOkqY3A==</latexit><latexit sha1_base64="Wu0n6mseUEV46DwMIzWzwheE2CU=">AAAB/nicbVDLSgMxFM3UV62vUcGNIsEiuCozoqgLoejGZQuOLXSGIZOmbWiSGZKMUMYKLvwRNy5U3PY73PkN/oTpY6HVAxcO59zLvfdECaNKO86nlZuZnZtfyC8WlpZXVtfs9Y0bFacSEw/HLJb1CCnCqCCeppqReiIJ4hEjtah7OfRrt0QqGotr3UtIwFFb0BbFSBsptLd8RdschRqew6Pj+8yXHCaqH9pFp+SMAP8Sd0KK5Z1B9etxd1AJ7Q+/GeOUE6ExQ0o1XCfRQYakppiRfsFPFUkQ7qI2aRgqECcqyEb39+G+UZqwFUtTQsOR+nMiQ1ypHo9MJ0e6o6a9ofif10h16zTIqEhSTQQeL2qlDOoYDsOATSoJ1qxnCMKSmlsh7iCJsDaRFUwI7vTLf4l3WDoruVUTxgUYIw+2wR44AC44AWVwBSrAAxjcgSfwAl6tB+vZerPex605azKzCX7BGnwDOkqY3A==</latexit><latexit sha1_base64="w00Y6Id3vp9fd+tEOMkIZJDzaPw=">AAAB/nicbVBNS8NAEJ34WetXVPDiZbEInkoiinoQil48VjC20ISw2W7bpbtJ2N0IJVbwr3jxoOLV3+HNf+O2zUFbHww83pthZl6Ucqa043xbc/MLi0vLpZXy6tr6xqa9tX2nkkwS6pGEJ7IZYUU5i6mnmea0mUqKRcRpI+pfjfzGPZWKJfGtHqQ0ELgbsw4jWBsptHd9xboChxpdoOOTx9yXAqVqGNoVp+qMgWaJW5AKFKiH9pffTkgmaKwJx0q1XCfVQY6lZoTTYdnPFE0x6eMubRkaY0FVkI/vH6IDo7RRJ5GmYo3G6u+JHAulBiIynQLrnpr2RuJ/XivTnbMgZ3GaaRqTyaJOxpFO0CgM1GaSEs0HhmAimbkVkR6WmGgTWdmE4E6/PEu8o+p51b1xKrXLIo0S7ME+HIILp1CDa6iDBwQe4Ble4c16sl6sd+tj0jpnFTM78AfW5w9PtpUx</latexit>

LHCb, JINST 10 (2015) P06013

Martino Borsato - Heidelberg U.

The LHCb detector
๏ Only LHC detector fully 

instrumented in forward region

๏ Excellent vertex resolution

๏ Excellent mass resolution

๏ Lower luminosity (@ low pile-up)

๏ Capable of soft triggers!
• In hardware pT(µ±) > 1.8 GeV  

while pT(e±, h±) > 3 - 4 GeV
• Real-time analysis with offline-

quality alignment
• Keeping only interesting part 

of event (Turbo stream)
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LHCb

CMS

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

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

Resonance Mass resolution (MeV/c2)
J/ 14.3± 0.1
 (2S) 16.5± 0.4
⌥ (1S) 42.8± 0.1
⌥ (2S) 44.8± 0.1
⌥ (3S) 48.8± 0.2
Z0 1727± 64

]2c [MeV/m
410 510

]2 c
 [M

eV
/

m
σ

10

210

310
LHCb

]2c [MeV/m
410 510

 [%
]

 / 
m

m
σ

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
LHCb

Figure 19: Mass resolution (�m) (left) and relative mass resolution (right) as a function of the
mass (m) of the dimuon resonance. The mass of the muons can be neglected in the invariant
mass calculation of these resonances. The mass resolution is obtained from a fit to the mass
distributions. The superimposed curve is obtained from an empirical power-law fit through the
data points.

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

Although the final alignment precision is obtained with reconstructed tracks, a precise
survey is indispensable both as a starting point for the track-based alignment and to
constrain degrees of freedom to which fitted track trajectories are insensitive. For example,
the knowledge of the z scale of the vertex detector originates solely from the pre-installation
survey. Ultimately this is what limits, for example, certain measurements such as the B0

s

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

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

28
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vertex reconstruction mass resolution

�m/m = 0.5%
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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

https://lphe-web.epfl.ch
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The state of the art
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Figure S5: Comparison of the results presented in this Letter to existing constraints from previous
experiments in the few-loop " region (see Ref. [98] for details about previous experiments).

Figure S6: Comparison of the results presented in this Letter to existing constraints from previous
experiments in the few-loop " region (see Ref. [98] for details about previous experiments),
restricted to the mass region motivated by self-interacting dark matter [4].

S5

The state of the art

๏ Visible dark photon searches:
• Colliders: bump hunt on top of SM background
• Beam dumps: behind absorber (long lifetimes)

4

Self-interacting DM 
Phys.Rept. 730 (2018) 1 

“Prompt” in LHCb

arXiv:1910.06926 

https://lphe-web.epfl.ch
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Visible dark photons Visible A’ Decays
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FIG. 3: Lifetime and branching fraction of a dark photon. The lifetime becomes short when resonant
hadronic decay occurs, as for example at ∼ 750MeV, the approximate mass of the ω-resonance.

For mγ′ ! 2 GeV, the ratio R can be accurately determined in perturbative QCD via

R(mγ′) = 3
∑

f

Q2
f

(m2
γ′ + 2m2

f )
√

m2
γ′ − 4m2

f

(m2
γ′ + 2m2

µ)
√

m2
γ′ − 4m2

µ

(

1 +
αs

π
+O(α2

s)
)

. (IV.2)

The exclusive number of each type of quasi-stable hadron has been determined using PYTHIA 6 [75] to simulate a
parton shower and hadronization in e+e− collisions at ECM = mγ′ .
For mγ′ " 2 GeV, we use data-driven methods to determine both R and the fragmentation into exclusive final

states. The ratio has been determined by summing the various exclusive final states in several experiments at low
energies and a combination of these has been presented by the Particle Data Group [76, 77]. We then determine
the fragmentation into quasi-stable hadrons using the measured branching fractions of the few resonances that
contribute to R at low energies.
The resulting total decay width and branching fractions are shown in Figure 3.

B. Dark Higgs Decays

The dark Higgs decays with couplings that are proportional to those of the SM Higgs. For mρ ! 2 GeV, we
once more turn to a perturbative determination of the dark Higgs decay width and inclusive branching fractions.
Unlike in the dark photon case, decays to pairs of gauge bosons (namely gluons and photons) are allowed and can
be significant in certain parts of parameter space. The partial widths to fermions are deterimed at leading order
by

Γ(ρ→ ff) = sin2 ε
Gfm2

f

4
√
2π
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f

m2
ρ

)3/2

(IV.3)

For decays to quarks, an NLO correction factor of [78]

1 + 5.67
αs

π
+O(α2

s) (IV.4)

is applied. The decays to gluons and photons (including a NLO correction for the gluon case [79]) are given by

Γ(ρ→ gg) = sin2 ε
Gfα2
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and

Γ(ρ → γγ) = sin2 ε
Gfα2m3
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τ=1ps

Existing bounds on visible A’ decays.
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Dark Sectors 2016: 
Community Report

[1608.08632]
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B(B ! Kµµ)
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1

beam dumps

• A: Bump hunts, visible 
or invisible 

• B: Displaced vertex 
searches, short decay 
lengths 

• C: Displaced vertex 
searches, long decay 
lengths

15

Dark Sectors 2016: Community Report [1608.08632] 

A

B

Courtesy of Mike Williams
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Searching for Dark Photons / 1

• Search for dark photons decaying into a pair of muons 
• Used 5.5 fb-1 of Run 2 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

16

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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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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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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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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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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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) 
new arXiv:1910.06926 
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Strategy for prompt-like A′� → μ+μ−
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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.

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

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

on "2. To determine n�⇤

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

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

+µ�), and min[�2
IP(µ

±)]94

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

VF(PV) when the PV is95

reconstructed with and without the muon track. The �2
VF(µ

+µ�) and min[�2
IP(µ

±)] fits96

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

ob[m(A0)] results used97

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

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

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

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

(see Fig. 1). Small pT-dependent corrections are applied to obtain the PDFs at all other102

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

data predominantly consist of prompt dimuons. The sum of the hh and hµQ contributions,104

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

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

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

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

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

sample weighted by pT-dependent muon-misidentification probabilities, is as large as a110

factor of two near m(⇢) but negligible for m(µ+µ�) & 2GeV. The PDFs for the µQµQ111

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

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

±)] fit results are113

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

n�⇤

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

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

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

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

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

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

nA0
ob[m(A0)], from which an upper limit at 90% confidence level (CL) is obtained. The signal121

PDFs are fixed using a combination of simulated A0
!µ+µ� decays and the widths of the122
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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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ob[m(A0)] results used97
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Both fit quantities are built from features that approximately follow �2 probability99

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

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

(see Fig. 1). Small pT-dependent corrections are applied to obtain the PDFs at all other102
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which each involve misidentified prompt hadrons, is determined using same-sign µ±µ±
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background, which involves muons produced displaced from the PV and rarely at the112
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expected Bethe-Heitler contribution is subtracted [50].116
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performed using all prompt-like candidates in a ±12.5�[m(µ+µ�)] window around m(A0).119

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

nA0
ob[m(A0)], from which an upper limit at 90% confidence level (CL) is obtained. The signal121

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

3

→ from data at m(J/ψ) and m(Z) 
→ from min[χ2IP] template fit  
→ from same-sign  (corrected)μ+μ+

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

m(A') = 50 GeVm(A') = 0.5 GeV m(A') = 5 GeV

) [MeV]−µ+µ(m
250 300 350

 [p
s]

t

1

10

0

1

2

3

4

5

6

7

8

DF
2χ

LHCb

Figure 4: 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.

3−10

2−10

1−10

1

250 300 350
10−10

9−10

8−10

m(A0) [MeV]

"2

✏A0
�⇤ [m(A0), ⌧(A0)]

LHCb

Figure 5: 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.

15

PRL 120 (2018) no.6, 061801
and new arXiv:1910.06926  

PR
L 120 (2018) no.6, 061801

Phys. Rev. Lett. 120, 061801 (2018) 
new arXiv:1910.06926 

https://lphe-web.epfl.ch


Federico Leo Redi | École polytechnique fédérale de Lausanne |

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 

•

19

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.

Acknowledgments

A special acknowledgement goes to all of our LHCb collaborators who contributed to obtaining
the results presented in this paper. Specifically, we thank Plamen Hopchev for help developing
the special reconstruction used in this study; and Yuri Guz, Christian Joram, and Rosen Matev for
providing useful feedback on this article. We express our gratitude to our colleagues in the CERN

– 9 –

arXiv:[1803.07466]

https://lphe-web.epfl.ch


Federico Leo Redi | École polytechnique fédérale de Lausanne |

Search for Dark Photons / Prompt / 1

20

1 10

710

810

910

1010

1110

m(A0) [ GeV ]

n
A

0

ex
[m

(A
0 )
,"

2
]/

"2

LHCb
p
s = 13TeV

) isolation
applied

• O(107-1011) x ε2 dark photons are expected 
• Peak hunt is performed on top of large combinatorial background 
• QCD resonances are vetoed  
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2017 JINST 12 P09034

• A search for unknown particles using a scan of an invariant mass spectrum 
• If background-only probability density function (PDF) has enough complexity then signal-strength 

estimator S will likely be unbiased but increasing the background-model complexity 
increases the variance on S, which degrades the sensitivity of the search 

• If underlying PDFs are not well known, simulation studies are not possible 
• Use a data-driven method to choose how much complexity is required in the background model 
• Transform the fit interval onto [−1, 1] centred on the test mass and choose an appropriate wide 

model, i.e. choose a wide model that is capable of describing the data well enough in the absence 
of a signal contribution to provide an unbiased S and a valid CI and p-value 

• Model selection is then performed using the Akaike Information Criterion-based approach, 
where all odd modes are included in every model considered and all even modes are arbitrated on
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• Factor 5 better sensitivity than 2016 for lower masses 
• Factor 2 better sensitivity than 2016 for higher masses
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Search for Dark Photons / Displaced
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• Looser requirements on muon transverse momentum 
• Background mainly from material interaction  

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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• The Run 2 dimuon 
results are consistent 
with (better than) 
predictions for prompt 
(long-lived) dark photons 

• We implemented huge 
improvements in the 
2017 triggers for low 
masses, so plan quick 
turn around for Run 3 
dimuon search (solid line) 

• Electrons are the next 
thing in these type of 
searches at LHCb

arXiv:1910.06926 

4 Summary496

We presented an updated search for dark photon decays into the µ+µ� final state using497

data collected in 2016, 2017, and 2018 by LHCb at
p
s = 13TeV. The search considered498

dimuon masses from near threshold up to below the Z pole, where the A0 decay can be499

prompt or displaced. More than a 3-fold increase in luminosity is used c.f. our previously500

published search. Furthermore, improvements in the trigger increase the sensitivity beyond501

just the increased sample size. In the prompt search, the sensitivity to the photon–dark-502

photon mixing strength was improved by a factor of ⇡ 2–5. In the displaced search, a503

much larger region of mass-mixing parameter space was explored. No significant excess504

is seen in either dark-photon search. World-leading sensitivity was achieved over large505

regions of parameter space.506
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Figure 17: Comparison of the results presented in this Letter to existing constraints from previous
experiments in the few-loop " region (see Ref. [68] for details about previous experiments). The
solid blue lines are the Run 3 LHCb predictions from Ref. [66].
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Invisible A' decays [Stolen from M. Williams IPA2018]
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• If mA’ is greater than 
2xmDM, then A' will 
predominantly decay 
into DM final states 

• Well defined thermal-relic 
targets: the DM 
annihilation cross section 
depends on the strength 
of the kinetic mixing 

• Belle II and à la LDMX 
will expand and cover 
most thermal-relic target 
space and strongly 
interacting massive 
particle mixing space
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Including a future LDMX-type experiment covers most thermal-relic target space.

Near-future run at Belle-II can greatly expand the parameter-space coverage.

plot based on Ilten, Soreq, MW, Xue [1801.04847]
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• If mA’ is smaller than 
2xmDM, then A' will 
predominantly decay 
into SM final states 

• Target in ε is well defined  
but thermal-relic targets 
unknown: DM is 
secluded for visible A' 

• Exploit LHCb trigger less 
readout system in Run 3 
with great τ resolution 

• Majority of mixing space 
covered in the next 5 
years

Visible A' decays [Stolen from M. Williams IPA2018]Visible A’ Decays

!13

The majority of the most compelling parameter space can be covered in the next ~5 years.

Since LHCb can likely explore all space accessible to other experiments below 0.5 GeV, there 
is a chance for confirmation of any discovery by multiple experiments. 
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Searching in the Υ mass region / 1
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• Other light spin-0 particles in which LHCb can do 
well are light bosons from pp; only Run 1 

• Spin-0 boson, φ, using Run 1 prompt φ→μ+μ− 
decays, have been searched for 

• Use dimuon final states: 
• Access to different mass window w.r.t γγ or ττ 

searches in 4π experiments 
• Done in bins of kinematics ([pT,η]) to maximise 

sensitivity 
• Precise modelling of Y(nS) tails to extend search 

range as much as possible 
• Mass independent efficiency (uBDT)

Martino Borsato - USC

Light Bosons from pp

๏ Light spin-0 particles copiously produced in ggF
• Many models: NMSSM, 2HDM+S
• Extensive set of searches at the LHC

๏ m~10 GeV difficult for γγ or ττ searches
‣ Exploit dimuons: mass resolution is key

๏ Bins of kinematics to maximise sensitivity

๏ Mass-independent efficiency (uBDT technique)

๏ Precise modelling of Υ(nS) tails to extend search 
range as close as possible

6

LHCb-PAPER-2018-008 in preparation 

Recent review: Haisch et al arXiv:1802.02156

D.Martinez Santos et al NIM A764(2014)150 
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Figure 1: The expected fluctuation of the background (
p

B) under a dimuon peak of m(�) =
11 GeV is shown for the 12 [pT, ⌘] bins in which the analysis is performed. For comparison, signal
yields in the various bins are shown for two di↵erent production models of a � boson: from the
pp collision and from the decay of H in blue and orange, respectively.

The dimuon invariant mass spectrum is investigated from 5.5 GeV, above the region88

dominated by b–hadron decays, up to 15 GeV, where higher masses are not investigated89

because the LHCb data samples used do not provide competitive sensitivity to ATLAS90

and CMS.91

A fiducial region is defined for the kinematics of the dimuon candidate: each muon is92

required to be within the LHCb pseudorapidity acceptance, 2.0 < ⌘(µ) < 4.9; and the93

higher (lower) muon pT is required to be in excess of 4.8 GeV (2.5 GeV). Moreover, the �94

boson candidate pT is required to be between 7.5 and 50 GeV and its ⌘ between 2 and 4.5.95

The search is then performed in 6 bins of pT(�) and 2 bins of ⌘(�) as well as separately96

for the two pp collision energies, for a total of 24 separate spectra. This allows to fully97

exploit the background separation power encoded in the production kinematics as can be98

seen in Fig. 1.99

Apart from the narrow ⌥(nS) (n = 1, 2, 3) resonances, the resulting data sample after100

this selection is composed of either a genuine muon pair produced via Drell-Yan, or a101

single muon coming from the decay of a heavy flavour hadron, µQ, which is wrongly102

associated to a prompt pion misidentified as a muon, or to an unrelated µQ. While the103

Drell-Yan component is indistinguishable with respect to a dimuon resonance with the104

same production spectrum, the other two can be discriminated from signal. For this,105

a multivariate (MVA) classifier based on the uniform boosting (uBoost) algorithm [40]106

is used, where a boosted decision tree is trained to separate signal from background107

candidates while highly suppressing any mass dependence of the response. This technique108

3
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Figure 3: Top: the dimuon mass fit to the data in the whole scanned region. All [pT, ⌘] bins
as well as the 7 and 8 TeV data sets have been combined. Mass peaks for five � boson mass
hypotheses are displayed in green, assuming �(pp ! �) ⇥ B(� ! µ

+
µ
�) = 50 pb. Bottom: A

closeup view of the mass spectrum in the ⌥(nS) region together with � boson mass peaks for
the tested m(�) closest to the three ⌥(nS) narrow resonances. To show how the ⌥(nS) mass
tails change with the kinematics, low and high pT bins are shown in the top and bottom plot,
respectively.

8

Figure 3: Top: the dimuon mass fit to the data in the whole scanned region. All [pT, ⌘] bins
as well as the 7 and 8 TeV data sets have been combined. Mass peaks for five � boson mass
hypotheses are displayed in green, assuming �(pp ! �) ⇥ B(� ! µ

+
µ
�) = 50 pb. Bottom: A

closeup view of the mass spectrum in the ⌥(nS) region together with � boson mass peaks for
the tested m(�) closest to the three ⌥(nS) narrow resonances. To show how the ⌥(nS) mass
tails change with the kinematics, low and high pT bins are shown in the top and bottom plot,
respectively.

8

LHCb  
Preliminary

Martino Borsato - USCDark Matter 2016

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

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

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

๏ LHCb has unique potential! 
‣ Best di-muon mass resolution 
‣ Forward acceptance 
‣ Very soft di-muon trigger 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• For mP  ∈ [8.6, 11.5] GeV recast of LHCb ϒ data allows to set first 
O(1) limits on |κP |. Above 11.5 GeV CMS dimuon search superior
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Expected LHCb limit 
(3% of 2012 dataset)

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

9 9.5 10 10.5 11
0

1

2

3

4

5

6

7

8

9

10
310×

9 9.5 10 10.5 11
0

5

10

15

20

25
310×

LHCb
p
s = 7TeV

3 < pT < 4GeV/c
3.0 < y < 3.5

LHCb
p
s = 8TeV

3 < pT < 4GeV/c
3.0 < y < 3.5

C
an

d
id
at
es
/(
10

M
eV
/c

2
)

C
an

d
id
at
es
/(
10

M
eV
/c

2
)

mµ+µ� [GeV/c2] mµ+µ� [GeV/c2]

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

(right)
p
s = 8TeV samples in the region 3 < pT < 4GeV/c, 3.0 < y < 3.5. The thick dark

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

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

The fits are performed independently on the e�ciency-corrected dimuon mass dis-
tributions in each (pT,y) bin. As an example, Fig. 1 shows the results of the fits in
the region 3 < pT < 4GeV/c and 3.0 < y < 3.5. For each bin the position and the res-
olution of the ⌥(1S) signal is found to be consistent between

p
s = 7 and 8TeV data

sets. The resolution varies between 33MeV/c2 in the region of low pT and small rapidity
and 90MeV/c2 for the high pT and large y region, with the average value being close
to 42MeV/c2. The total signal yields are obtained by summing the signal yields over all
(pT, y) bins and are summarised in Table 1.

4 Systematic uncertainties

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

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

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

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

U
T and y

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

U
T and y

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

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

A
⇣

p
U
T

, y
U
⌘
=

N
reco �

p
U
T, y

U
�� Si tracks satisfying Eq. (1)

�

Ngen
�

p
U
T, yU

� , (3)

and is computed in small bins in (p
U
T, y

U). The parameter N
gen is the number of U particles gen-

erated within a given (p
U
T, y

U) bin, while N
reco is the number of U particles with reconstructed

(p
U
T, y

U) values within that bin, and having the silicon tracks satisfying Eq. (1). The (p
U
T, y

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

2.

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

U
T and y

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

U
T and |yU| using bin sizes of 0.1 in

[PLB727(2013)101-125] [JHEP 1511(2015)103]
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(3% of 2012 dataset)

U.Haisch and J.F.Kamenik [1601.05110]
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Figure 1: E�ciency-corrected dimuon mass distributions for (left)
p
s = 7TeV and

(right)
p
s = 8TeV samples in the region 3 < pT < 4GeV/c, 3.0 < y < 3.5. The thick dark

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

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

The fits are performed independently on the e�ciency-corrected dimuon mass dis-
tributions in each (pT,y) bin. As an example, Fig. 1 shows the results of the fits in
the region 3 < pT < 4GeV/c and 3.0 < y < 3.5. For each bin the position and the res-
olution of the ⌥(1S) signal is found to be consistent between

p
s = 7 and 8TeV data

sets. The resolution varies between 33MeV/c2 in the region of low pT and small rapidity
and 90MeV/c2 for the high pT and large y region, with the average value being close
to 42MeV/c2. The total signal yields are obtained by summing the signal yields over all
(pT, y) bins and are summarised in Table 1.

4 Systematic uncertainties

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

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

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

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

U
T and y

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

U
T and y

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

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

A
⇣

p
U
T

, y
U
⌘
=

N
reco �

p
U
T, y

U
�� Si tracks satisfying Eq. (1)

�

Ngen
�

p
U
T, yU

� , (3)

and is computed in small bins in (p
U
T, y

U). The parameter N
gen is the number of U particles gen-

erated within a given (p
U
T, y

U) bin, while N
reco is the number of U particles with reconstructed

(p
U
T, y

U) values within that bin, and having the silicon tracks satisfying Eq. (1). The (p
U
T, y

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

2.

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

U
T and y

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

U
T and |yU| using bin sizes of 0.1 in

[PLB727(2013)101-125] [JHEP 1511(2015)103]
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• Search for dimuon resonance in mμμ from 5.5 to 15 GeV (also between Υ(nS) peaks)  
• No signal: limits on σ•BR set on (pseudo)scalars as proposed by Haisch & Kamenik 

[1601.05110] 
• First limits in 8.7-11.5 GeV region - elsewhere competitive with CMS
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Figure 3: (top) Fit to the dimuon invariant mass distribution in the whole scanned region. All
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closeup view of the mass spectrum in the ⌥(nS) region together with � boson mass peaks for
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mass tails change with the kinematics, two regions of pT are displayed in the plot.
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Figure 4: Upper limits on the direct production of a spin-0 boson decaying to µ
+
µ
� in 8 TeV

pp collisions.

tributing more than 90% to the production cross-section in the whole � boson mass range.
In order to set limits on new spin-0 particles in terms of couplings, interference e↵ects with
spin-0 bottomonium states should be considered [24], but this is beyond the scope of this
analysis. Therefore, upper limits are set on the product of the production cross-section
and the dimuon branching fraction, �(gg ! �) ⇥ B(� ! µ

+
µ
�). Since the cross-section

depends on the collision energy, the limits are set for
p

s = 8 TeV and the result from
7 TeV is combined by taking the expected fraction of cross-sections as a function of m(�),
based on the framework detailed in Ref. [24]. This ratio of cross-sections is roughly equal
to the ratio of collision energies and has a small dependence on m(�) of order 4% within
the mass range considered. The observed limits are given in Fig. 4 along with the range
of limits expected for the background-only hypothesis.

In Appendix A the upper limits are interpreted for � bosons coming from the decay
of the 125 GeV Higgs boson to two � bosons and for vector A

0 bosons with Drell-Yan
production. If the vector A

0 boson is interpreted as a dark photon, these are the first
limits in the region between 9.1 and 10.6 GeV. Furthermore, reinterpretation of the limits
in any other model involving the production of a dimuon resonance in the mass range
considered is possible by using the information given in the supplemental material.

7 Conclusions

In summary, a search is presented for a hypothetical light dimuon resonance, produced in
pp collisions recorded by the LHCb detector at centre-of-mass energies of 7 and 8 TeV. A
sample of dimuon candidates with invariant mass between 5.5 and 15 GeV corresponding

9
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Future / 1 [Stolen from Martino Borsato slides from LLP Ghent 2019]
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Martino Borsato - University of Heidelberg

More  from Run 2ℓ+ℓ−

๏ Non-minimal A’ search (no data-driven normalisation)

๏ No muon tracks isolation (e.g. dark showers)

๏ Dimuon with associated b-jet (e.g. CMS excess?)

๏ Non-standard topology (e.g. non-pointing µµ)

๏ Four-muons searches (e.g. dark Higgs)

๏ Inclusive dielectron search (below 2 mµ)

13
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<latexit sha1_base64="1koQXerJFVPo+aZ1QzLjFIc/6Gs=">AAAB6nicdVDLSsNAFL3xWeur6sKFm8EiuApJW2jdSMGNywrGFtpQJtNJM3TyYGYilNBfcONCxa1f5M6f6Dc4aSqo6IELh3Pu5d57vIQzqSzrw1hZXVvf2Cxtlbd3dvf2KweHdzJOBaEOiXkseh6WlLOIOoopTnuJoDj0OO16k6vc795TIVkc3appQt0QjyPmM4JVLg2SgA0rVcusNWqtegMVpNZckrqNbNNaoNo+ns8RAHSGlffBKCZpSCNFOJayb1uJcjMsFCOczsqDVNIEkwke076mEQ6pdLPFrTN0ppUR8mOhK1JooX6fyHAo5TT0dGeIVSB/e7n4l9dPld9yMxYlqaIRKRb5KUcqRvnjaMQEJYpPNcFEMH0rIgEWmCgdT1mH8PUp+p84NfPCtG90GJdQoAQncArnYEMT2nANHXCAQAAP8ATPRmg8Gi/Ga9G6YixnjuAHjLdPAfKQog==</latexit><latexit sha1_base64="KhtY9jsDKyhjymfz8pFyTwg2Rv4=">AAAB6nicdVDLSsNAFJ34rPXRqgsXbgaL4CokbaEVRApuXFYwttCGMplOmqGTSZiZCCX0F9y4UHHrH/gn7vwAt/0GJ00FFT1w4XDOvdx7jxczKpVlvRtLyyura+uFjeLm1vZOqby7dyOjRGDi4IhFoushSRjlxFFUMdKNBUGhx0jHG19kfueWCEkjfq0mMXFDNOLUpxipTOrHAR2UK5ZZrVebtTrMSbWxIDUb2qY1R6V1MJuVzl4/2oPyW38Y4SQkXGGGpOzZVqzcFAlFMSPTYj+RJEZ4jEakpylHIZFuOr91Co+1MoR+JHRxBefq94kUhVJOQk93hkgF8reXiX95vUT5TTelPE4U4Thf5CcMqghmj8MhFQQrNtEEYUH1rRAHSCCsdDxFHcLXp/B/4lTNU9O+0mGcgxwFcAiOwAmwQQO0wCVoAwdgEIA78AAejdC4N56M57x1yVjM7IMfMF4+AVoEkmU=</latexit><latexit sha1_base64="KhtY9jsDKyhjymfz8pFyTwg2Rv4=">AAAB6nicdVDLSsNAFJ34rPXRqgsXbgaL4CokbaEVRApuXFYwttCGMplOmqGTSZiZCCX0F9y4UHHrH/gn7vwAt/0GJ00FFT1w4XDOvdx7jxczKpVlvRtLyyura+uFjeLm1vZOqby7dyOjRGDi4IhFoushSRjlxFFUMdKNBUGhx0jHG19kfueWCEkjfq0mMXFDNOLUpxipTOrHAR2UK5ZZrVebtTrMSbWxIDUb2qY1R6V1MJuVzl4/2oPyW38Y4SQkXGGGpOzZVqzcFAlFMSPTYj+RJEZ4jEakpylHIZFuOr91Co+1MoR+JHRxBefq94kUhVJOQk93hkgF8reXiX95vUT5TTelPE4U4Thf5CcMqghmj8MhFQQrNtEEYUH1rRAHSCCsdDxFHcLXp/B/4lTNU9O+0mGcgxwFcAiOwAmwQQO0wCVoAwdgEIA78AAejdC4N56M57x1yVjM7IMfMF4+AVoEkmU=</latexit><latexit sha1_base64="EDOuCl36YzJL8M9zWX5Du4c5oSU=">AAAB6nicdVBNS8NAEN3Ur1q/qh69LBbBU0jSQutFCl48VjC20Iay2W6apbubsLsRSuhf8OJBxau/yJv/xk0bQUUfDDzem2FmXpgyqrTjfFiVtfWNza3qdm1nd2//oH54dKeSTGLi44QlchAiRRgVxNdUMzJIJUE8ZKQfzq4Kv39PpKKJuNXzlAQcTQWNKEa6kEZpTMf1hmN7La/TbMEV8dolabrQtZ0lGqBEb1x/H00SnHEiNGZIqaHrpDrIkdQUM7KojTJFUoRnaEqGhgrEiQry5a0LeGaUCYwSaUpouFS/T+SIKzXnoenkSMfqt1eIf3nDTEedIKcizTQReLUoyhjUCSwehxMqCdZsbgjCkppbIY6RRFibeGomhK9P4f/E9+wL271xGt3LMo0qOAGn4By4oA264Br0gA8wiMEDeALPFrcerRfrddVascqZY/AD1tsn4HKOTw==</latexit>

µ
<latexit sha1_base64="K4/vgQ31QJdNY+0iTtFsV9uEuOo=">AAAB6XicdVDLSsNAFL2pr1pfVRcu3AwWwVVI0kLrRgpuXFY0ttCGMplO2qGTBzMToYR+ghsXKm79I3f+RL/BaVNBRQ9cOJxzL/fe4yecSWVZH0ZhZXVtfaO4Wdra3tndK+8f3Mk4FYS6JOax6PhYUs4i6iqmOO0kguLQ57Ttjy/nfvueCsni6FZNEuqFeBixgBGstHTTC9N+uWKZTs1pVGsoJ059Sao2sk1rgUrzaDZDANDql997g5ikIY0U4VjKrm0lysuwUIxwOi31UkkTTMZ4SLuaRjik0ssWp07RqVYGKIiFrkihhfp9IsOhlJPQ150hViP525uLf3ndVAUNL2NRkioakXxRkHKkYjT/Gw2YoETxiSaYCKZvRWSEBSZKp1PSIXx9iv4nrmOem/a1DuMCchThGE7gDGyoQxOuoAUuEBjCAzzBs8GNR+PFeM1bC8Zy5hB+wHj7BEwokDk=</latexit><latexit sha1_base64="JcQkiEOAMc+V2AhQTFwHzIFV2lA=">AAAB6XicdVDLSsNAFJ3UV62PVl24cDNYBFchSQutIFJw47KisYU2lMl00g6dScLMRCihn+DGhYpbP8E/cecHuO03OG0qqOiBC4dz7uXee/yYUaks693ILS2vrK7l1wsbm1vbxdLO7o2MEoGJiyMWibaPJGE0JK6iipF2LAjiPiMtf3Q+81u3REgahddqHBOPo0FIA4qR0tJVlye9UtkynapTr1RhRpzaglRsaJvWHOXG/nRaPH39aPZKb91+hBNOQoUZkrJjW7HyUiQUxYxMCt1EkhjhERqQjqYh4kR66fzUCTzSSh8GkdAVKjhXv0+kiEs55r7u5EgN5W9vJv7ldRIV1L2UhnGiSIizRUHCoIrg7G/Yp4JgxcaaICyovhXiIRIIK51OQYfw9Sn8n7iOeWLalzqMM5AhDw7AITgGNqiBBrgATeACDAbgDjyAR4MZ98aT8Zy15ozFzB74AePlE6Q6kfw=</latexit><latexit sha1_base64="JcQkiEOAMc+V2AhQTFwHzIFV2lA=">AAAB6XicdVDLSsNAFJ3UV62PVl24cDNYBFchSQutIFJw47KisYU2lMl00g6dScLMRCihn+DGhYpbP8E/cecHuO03OG0qqOiBC4dz7uXee/yYUaks693ILS2vrK7l1wsbm1vbxdLO7o2MEoGJiyMWibaPJGE0JK6iipF2LAjiPiMtf3Q+81u3REgahddqHBOPo0FIA4qR0tJVlye9UtkynapTr1RhRpzaglRsaJvWHOXG/nRaPH39aPZKb91+hBNOQoUZkrJjW7HyUiQUxYxMCt1EkhjhERqQjqYh4kR66fzUCTzSSh8GkdAVKjhXv0+kiEs55r7u5EgN5W9vJv7ldRIV1L2UhnGiSIizRUHCoIrg7G/Yp4JgxcaaICyovhXiIRIIK51OQYfw9Sn8n7iOeWLalzqMM5AhDw7AITgGNqiBBrgATeACDAbgDjyAR4MZ98aT8Zy15ozFzB74AePlE6Q6kfw=</latexit><latexit sha1_base64="tR04qDoLjbLPQtrsA6FeUTHrNVQ=">AAAB6XicdVBNS8NAEJ34WetX1aOXxSJ4CklaaL1IwYvHisYW2lA22027dDcJuxuhhP4ELx5UvPqPvPlv3LYRVPTBwOO9GWbmhSlnSjvOh7Wyura+sVnaKm/v7O7tVw4O71SSSUJ9kvBEdkOsKGcx9TXTnHZTSbEIOe2Ek8u537mnUrEkvtXTlAYCj2IWMYK1kW76IhtUqo7t1b1mrY6WxGsUpOYi13YWqEKB9qDy3h8mJBM01oRjpXquk+ogx1Izwums3M8UTTGZ4BHtGRpjQVWQL06doVOjDFGUSFOxRgv1+0SOhVJTEZpOgfVY/fbm4l9eL9NRM8hZnGaaxmS5KMo40gma/42GTFKi+dQQTCQztyIyxhITbdIpmxC+PkX/E9+zz2332qm2Loo0SnAMJ3AGLjSgBVfQBh8IjOABnuDZ4taj9WK9LltXrGLmCH7AevsEKreN5g==</latexit>

µ
<latexit sha1_base64="K4/vgQ31QJdNY+0iTtFsV9uEuOo=">AAAB6XicdVDLSsNAFL2pr1pfVRcu3AwWwVVI0kLrRgpuXFY0ttCGMplO2qGTBzMToYR+ghsXKm79I3f+RL/BaVNBRQ9cOJxzL/fe4yecSWVZH0ZhZXVtfaO4Wdra3tndK+8f3Mk4FYS6JOax6PhYUs4i6iqmOO0kguLQ57Ttjy/nfvueCsni6FZNEuqFeBixgBGstHTTC9N+uWKZTs1pVGsoJ059Sao2sk1rgUrzaDZDANDql997g5ikIY0U4VjKrm0lysuwUIxwOi31UkkTTMZ4SLuaRjik0ssWp07RqVYGKIiFrkihhfp9IsOhlJPQ150hViP525uLf3ndVAUNL2NRkioakXxRkHKkYjT/Gw2YoETxiSaYCKZvRWSEBSZKp1PSIXx9iv4nrmOem/a1DuMCchThGE7gDGyoQxOuoAUuEBjCAzzBs8GNR+PFeM1bC8Zy5hB+wHj7BEwokDk=</latexit><latexit sha1_base64="JcQkiEOAMc+V2AhQTFwHzIFV2lA=">AAAB6XicdVDLSsNAFJ3UV62PVl24cDNYBFchSQutIFJw47KisYU2lMl00g6dScLMRCihn+DGhYpbP8E/cecHuO03OG0qqOiBC4dz7uXee/yYUaks693ILS2vrK7l1wsbm1vbxdLO7o2MEoGJiyMWibaPJGE0JK6iipF2LAjiPiMtf3Q+81u3REgahddqHBOPo0FIA4qR0tJVlye9UtkynapTr1RhRpzaglRsaJvWHOXG/nRaPH39aPZKb91+hBNOQoUZkrJjW7HyUiQUxYxMCt1EkhjhERqQjqYh4kR66fzUCTzSSh8GkdAVKjhXv0+kiEs55r7u5EgN5W9vJv7ldRIV1L2UhnGiSIizRUHCoIrg7G/Yp4JgxcaaICyovhXiIRIIK51OQYfw9Sn8n7iOeWLalzqMM5AhDw7AITgGNqiBBrgATeACDAbgDjyAR4MZ98aT8Zy15ozFzB74AePlE6Q6kfw=</latexit><latexit sha1_base64="JcQkiEOAMc+V2AhQTFwHzIFV2lA=">AAAB6XicdVDLSsNAFJ3UV62PVl24cDNYBFchSQutIFJw47KisYU2lMl00g6dScLMRCihn+DGhYpbP8E/cecHuO03OG0qqOiBC4dz7uXee/yYUaks693ILS2vrK7l1wsbm1vbxdLO7o2MEoGJiyMWibaPJGE0JK6iipF2LAjiPiMtf3Q+81u3REgahddqHBOPo0FIA4qR0tJVlye9UtkynapTr1RhRpzaglRsaJvWHOXG/nRaPH39aPZKb91+hBNOQoUZkrJjW7HyUiQUxYxMCt1EkhjhERqQjqYh4kR66fzUCTzSSh8GkdAVKjhXv0+kiEs55r7u5EgN5W9vJv7ldRIV1L2UhnGiSIizRUHCoIrg7G/Yp4JgxcaaICyovhXiIRIIK51OQYfw9Sn8n7iOeWLalzqMM5AhDw7AITgGNqiBBrgATeACDAbgDjyAR4MZ98aT8Zy15ozFzB74AePlE6Q6kfw=</latexit><latexit sha1_base64="tR04qDoLjbLPQtrsA6FeUTHrNVQ=">AAAB6XicdVBNS8NAEJ34WetX1aOXxSJ4CklaaL1IwYvHisYW2lA22027dDcJuxuhhP4ELx5UvPqPvPlv3LYRVPTBwOO9GWbmhSlnSjvOh7Wyura+sVnaKm/v7O7tVw4O71SSSUJ9kvBEdkOsKGcx9TXTnHZTSbEIOe2Ek8u537mnUrEkvtXTlAYCj2IWMYK1kW76IhtUqo7t1b1mrY6WxGsUpOYi13YWqEKB9qDy3h8mJBM01oRjpXquk+ogx1Izwums3M8UTTGZ4BHtGRpjQVWQL06doVOjDFGUSFOxRgv1+0SOhVJTEZpOgfVY/fbm4l9eL9NRM8hZnGaaxmS5KMo40gma/42GTFKi+dQQTCQztyIyxhITbdIpmxC+PkX/E9+zz2332qm2Loo0SnAMJ3AGLjSgBVfQBh8IjOABnuDZ4taj9WK9LltXrGLmCH7AevsEKreN5g==</latexit>

qv
<latexit sha1_base64="2qKr9zX0PpPFhnwoyy3apKuzP8Y=">AAAB73icdVBNS8NAEJ3Ur1q/qh48eFksgqeStIXWixS8eKxgbKUNZbPdtkt3k7i7KZTQX+HFg4pX/443/0R/g9umgoo+GHi8N8PMPD/iTGnb/rAyK6tr6xvZzdzW9s7uXn7/4FaFsSTUJSEPZcvHinIWUFczzWkrkhQLn9OmP7qc+80xlYqFwY2eRNQTeBCwPiNYG+nuvpt0pEDjaTdfsIulSqlWrqCUlKpLUnaQU7QXKNSPZjMEAI1u/r3TC0ksaKAJx0q1HTvSXoKlZoTTaa4TKxphMsID2jY0wIIqL1kcPEWnRumhfihNBRot1O8TCRZKTYRvOgXWQ/Xbm4t/ee1Y92tewoIo1jQg6aJ+zJEO0fx71GOSEs0nhmAimbkVkSGWmGiTUc6E8PUp+p+4peJ50bk2YVxAiiwcwwmcgQNVqMMVNMAFAgIe4AmeLWk9Wi/Wa9qasZYzh/AD1tsnxuyS0A==</latexit><latexit sha1_base64="cfNeZoCZWtTZhZgYCWH0KWWayKg=">AAAB73icdVDLSsNAFJ3UV62PVl24cDNYBFchaQutIFJw47KCsZU2lMl00g6dSeLMpFBCv8KNCxW3rv0Td36A236D06aCih64cDjnXu69x4sYlcqy3o3M0vLK6lp2PbexubWdL+zsXsswFpg4OGShaHlIEkYD4iiqGGlFgiDuMdL0huczvzkiQtIwuFLjiLgc9QPqU4yUlm5uu0lHcDiadAtFyyxVSrVyBaakVF2Qsg1t05qjWN+fTvOnrx+NbuGt0wtxzEmgMENStm0rUm6ChKKYkUmuE0sSITxEfdLWNECcSDeZHzyBR1rpQT8UugIF5+r3iQRxKcfc050cqYH87c3Ev7x2rPyam9AgihUJcLrIjxlUIZx9D3tUEKzYWBOEBdW3QjxAAmGlM8rpEL4+hf8Tp2SemPalDuMMpMiCA3AIjoENqqAOLkADOAADDu7AA3g0hHFvPBnPaWvGWMzsgR8wXj4BHw2Ukw==</latexit><latexit sha1_base64="cfNeZoCZWtTZhZgYCWH0KWWayKg=">AAAB73icdVDLSsNAFJ3UV62PVl24cDNYBFchaQutIFJw47KCsZU2lMl00g6dSeLMpFBCv8KNCxW3rv0Td36A236D06aCih64cDjnXu69x4sYlcqy3o3M0vLK6lp2PbexubWdL+zsXsswFpg4OGShaHlIEkYD4iiqGGlFgiDuMdL0huczvzkiQtIwuFLjiLgc9QPqU4yUlm5uu0lHcDiadAtFyyxVSrVyBaakVF2Qsg1t05qjWN+fTvOnrx+NbuGt0wtxzEmgMENStm0rUm6ChKKYkUmuE0sSITxEfdLWNECcSDeZHzyBR1rpQT8UugIF5+r3iQRxKcfc050cqYH87c3Ev7x2rPyam9AgihUJcLrIjxlUIZx9D3tUEKzYWBOEBdW3QjxAAmGlM8rpEL4+hf8Tp2SemPalDuMMpMiCA3AIjoENqqAOLkADOAADDu7AA3g0hHFvPBnPaWvGWMzsgR8wXj4BHw2Ukw==</latexit><latexit sha1_base64="wPQC3K15haBUzaPBBM+VCiTnVIY=">AAAB73icdVBNS8NAEJ34WetX1aOXxSJ4CklbaL1IwYvHCsZW2lA22027dDeJu5tCCf0VXjyoePXvePPfuG0jqOiDgcd7M8zMCxLOlHacD2tldW19Y7OwVdze2d3bLx0c3qo4lYR6JOax7ARYUc4i6mmmOe0kkmIRcNoOxpdzvz2hUrE4utHThPoCDyMWMoK1ke7u+1lPCjSZ9Utlx67UKo1qDS1JpZ6Tqotc21mgDDla/dJ7bxCTVNBIE46V6rpOov0MS80Ip7NiL1U0wWSMh7RraIQFVX62OHiGTo0yQGEsTUUaLdTvExkWSk1FYDoF1iP125uLf3ndVIcNP2NRkmoakeWiMOVIx2j+PRowSYnmU0MwkczcisgIS0y0yahoQvj6FP1PvIp9brvXTrl5kadRgGM4gTNwoQ5NuIIWeEBAwAM8wbMlrUfrxXpdtq5Y+cwR/ID19gmle5B9</latexit>

q̄v
<latexit sha1_base64="oN0fwJCKk86PZCCVehhxw1iNMhM=">AAAB93icdVDLSgNBEOz1GeMjqx48eBkMgqewmwQSLxLw4jGCawLJssxOJsmQ2Yczs4G45Eu8eFDx6q948yfyDU6yEVS0oKGo6qa7y485k8qyPoyV1bX1jc3cVn57Z3evYO4f3MooEYQ6JOKRaPtYUs5C6iimOG3HguLA57Tljy7nfmtMhWRReKMmMXUDPAhZnxGstOSZha6PRXo39dKuCNB46plFq1SuluuVKspIubYkFRvZJWuBYuNoNkMA0PTM924vIklAQ0U4lrJjW7FyUywUI5xO891E0hiTER7QjqYhDqh008XhU3SqlR7qR0JXqNBC/T6R4kDKSeDrzgCrofztzcW/vE6i+nU3ZWGcKBqSbFE/4UhFaJ4C6jFBieITTTARTN+KyBALTJTOKq9D+PoU/U+ccum8ZF/rMC4gQw6O4QTOwIYaNOAKmuAAgQQe4AmejXvj0XgxXrPWFWM5cwg/YLx9Ag5ilcY=</latexit><latexit sha1_base64="VEnrxugQzpHz+1GtSwquhOxWwRw=">AAAB93icdVDLSsNAFJ3UV62PRl24cDNYBFclSQutIFJw47KCsYU2lMl00g6dPJyZFGrIl7hxoeJW/BN3foDbfoPTpoKKHrhwOOde7r3HjRgV0jDetdzS8srqWn69sLG5tV3Ud3avRRhzTGwcspC3XSQIowGxJZWMtCNOkO8y0nJH5zO/NSZc0DC4kpOIOD4aBNSjGEkl9fRi10U8uUl7SZf7cJz29JJRtqpWvVKFGbFqC1IxoVk25ig19qfT4unrR7Onv3X7IY59EkjMkBAd04ikkyAuKWYkLXRjQSKER2hAOooGyCfCSeaHp/BIKX3ohVxVIOFc/T6RIF+Iie+qTh/JofjtzcS/vE4svbqT0CCKJQlwtsiLGZQhnKUA+5QTLNlEEYQ5VbdCPEQcYamyKqgQvj6F/xPbKp+UzUsVxhnIkAcH4BAcAxPUQANcgCawAQYxuAMP4FG71e61J+05a81pi5k98APayydmdJeJ</latexit><latexit sha1_base64="VEnrxugQzpHz+1GtSwquhOxWwRw=">AAAB93icdVDLSsNAFJ3UV62PRl24cDNYBFclSQutIFJw47KCsYU2lMl00g6dPJyZFGrIl7hxoeJW/BN3foDbfoPTpoKKHrhwOOde7r3HjRgV0jDetdzS8srqWn69sLG5tV3Ud3avRRhzTGwcspC3XSQIowGxJZWMtCNOkO8y0nJH5zO/NSZc0DC4kpOIOD4aBNSjGEkl9fRi10U8uUl7SZf7cJz29JJRtqpWvVKFGbFqC1IxoVk25ig19qfT4unrR7Onv3X7IY59EkjMkBAd04ikkyAuKWYkLXRjQSKER2hAOooGyCfCSeaHp/BIKX3ohVxVIOFc/T6RIF+Iie+qTh/JofjtzcS/vE4svbqT0CCKJQlwtsiLGZQhnKUA+5QTLNlEEYQ5VbdCPEQcYamyKqgQvj6F/xPbKp+UzUsVxhnIkAcH4BAcAxPUQANcgCawAQYxuAMP4FG71e61J+05a81pi5k98APayydmdJeJ</latexit><latexit sha1_base64="gkXXsRA3rvNi2LN12CtB7Bk4C+A=">AAAB93icdVDLSsNAFJ3UV62PRl26GSyCq5CkhdaNFNy4rGBsoQlhMp20QycPZyaFGvIlblyouPVX3Pk3TtsIKnrgwuGce7n3niBlVEjT/NAqa+sbm1vV7drO7t5+XT84vBVJxjFxcMISPgiQIIzGxJFUMjJIOUFRwEg/mF4u/P6McEGT+EbOU+JFaBzTkGIkleTrdTdAPL8r/NzlEZwVvt4wDbtld5otuCJ2uyRNC1qGuUQDlOj5+rs7SnAWkVhihoQYWmYqvRxxSTEjRc3NBEkRnqIxGSoao4gIL18eXsBTpYxgmHBVsYRL9ftEjiIh5lGgOiMkJ+K3txD/8oaZDDteTuM0kyTGq0VhxqBM4CIFOKKcYMnmiiDMqboV4gniCEuVVU2F8PUp/J84tnFuWNdmo3tRplEFx+AEnAELtEEXXIEecAAGGXgAT+BZu9cetRftddVa0cqZI/AD2tsn7OKTcw==</latexit>

Z 0
<latexit sha1_base64="1IV2oKTTUmwQx2EcKTYpyKH1j+I=">AAAB7nicdZDLSsNAFIZP6q3WW9Wlm8EiuApJWmjdaMGNywrGFttYJtNJO3RycWYilNCXcONCxa3v4Ru4822cNgoq+sPAx/+fw5xz/IQzqSzr3SgsLC4trxRXS2vrG5tb5e2dSxmnglCXxDwWHR9LyllEXcUUp51EUBz6nLb98eksb99SIVkcXahJQr0QDyMWMIKVtjpX171EsJD2yxXLdGpOo1pDOTj1T6jayDatuSonr9VqEwBa/fJbbxCTNKSRIhxL2bWtRHkZFooRTqelXippgskYD2lXY4RDKr1sPu8UHWhngIJY6BcpNHe/d2Q4lHIS+royxGokf2cz86+sm6qg4WUsSlJFI5J/FKQcqRjNlkcDJihRfKIBE8H0rIiMsMBE6ROV9BG+NkX/g+uYR6Z9blWax5CrCHuwD4dgQx2acAYtcIEAhzt4gEfjxrg3noznvLRgfPbswg8ZLx8bnZGz</latexit><latexit sha1_base64="0Mdk7E+NhjXKqPMrmgWl+wZWSoc=">AAAB7nicdZDNSgMxFIUz9a/Wv6pLN8EiuBpm2kLrRgtuXFZwbLEdSybNtKFJZkwyQhn6Em5cqLj1PXwDd76N6YyCih4IfJxzL7n3BjGjSjvOu1VYWFxaXimultbWNza3yts7lypKJCYejlgkuwFShFFBPE01I91YEsQDRjrB5HSed26JVDQSF3oaE5+jkaAhxUgbq3t13Y8l5WRQrjh2tV5t1uowh2rjE2oudG0nU+XktZapPSi/9YcRTjgRGjOkVM91Yu2nSGqKGZmV+okiMcITNCI9gwJxovw0m3cGD4wzhGEkzRMaZu73jhRxpaY8MJUc6bH6nc3Nv7JeosOmn1IRJ5oInH8UJgzqCM6Xh0MqCdZsagBhSc2sEI+RRFibE5XMEb42hf+DV7WPbPfcqbSOQa4i2AP74BC4oAFa4Ay0gQcwYOAOPIBH68a6t56s57y0YH327IIfsl4+ANX/kj8=</latexit><latexit sha1_base64="0Mdk7E+NhjXKqPMrmgWl+wZWSoc=">AAAB7nicdZDNSgMxFIUz9a/Wv6pLN8EiuBpm2kLrRgtuXFZwbLEdSybNtKFJZkwyQhn6Em5cqLj1PXwDd76N6YyCih4IfJxzL7n3BjGjSjvOu1VYWFxaXimultbWNza3yts7lypKJCYejlgkuwFShFFBPE01I91YEsQDRjrB5HSed26JVDQSF3oaE5+jkaAhxUgbq3t13Y8l5WRQrjh2tV5t1uowh2rjE2oudG0nU+XktZapPSi/9YcRTjgRGjOkVM91Yu2nSGqKGZmV+okiMcITNCI9gwJxovw0m3cGD4wzhGEkzRMaZu73jhRxpaY8MJUc6bH6nc3Nv7JeosOmn1IRJ5oInH8UJgzqCM6Xh0MqCdZsagBhSc2sEI+RRFibE5XMEb42hf+DV7WPbPfcqbSOQa4i2AP74BC4oAFa4Ay0gQcwYOAOPIBH68a6t56s57y0YH327IIfsl4+ANX/kj8=</latexit><latexit sha1_base64="V37W6I/HLQq5SSLmpGrqugklmfI=">AAAB7nicdVBNS8NAEJ34WetX1aOXxSJ4CklaaL1IwYvHCsYW21g22027dDeJuxuhlP4JLx5UvPp7vPlv3LYRVPTBwOO9GWbmhSlnSjvOh7W0vLK6tl7YKG5ube/slvb2r1WSSUJ9kvBEtkOsKGcx9TXTnLZTSbEIOW2Fo/OZ37qnUrEkvtLjlAYCD2IWMYK1kdo3t91UMkF7pbJje1WvXqmiBfFqOam4yLWdOcqQo9krvXf7CckEjTXhWKmO66Q6mGCpGeF0WuxmiqaYjPCAdgyNsaAqmMzvnaJjo/RRlEhTsUZz9fvEBAulxiI0nQLrofrtzcS/vE6mo3owYXGaaRqTxaIo40gnaPY86jNJieZjQzCRzNyKyBBLTLSJqGhC+PoU/U98zz613Uun3DjL0yjAIRzBCbhQgwZcQBN8IMDhAZ7g2bqzHq0X63XRumTlMwfwA9bbJ996kAs=</latexit>

q
<latexit sha1_base64="+9aBH2bIsNOgKiuE9b3F8iDnrbY=">AAAB53icdVDLSgNBEOyNrxhfUQ8evAwGwdOymwQSLxLw4jEB1wSSJcxOZpMxsw9nZoWw5Au8eFDx6i958yfyDU6yEVS0oKGo6qa7y4s5k8qyPozcyura+kZ+s7C1vbO7V9w/uJFRIgh1SMQj0fGwpJyF1FFMcdqJBcWBx2nbG1/O/fY9FZJF4bWaxNQN8DBkPiNYaal11y+WLLNcLdcrVZSRcm1JKjayTWuBUuNoNkMA0OwX33uDiCQBDRXhWMqubcXKTbFQjHA6LfQSSWNMxnhIu5qGOKDSTReHTtGpVgbIj4SuUKGF+n0ixYGUk8DTnQFWI/nbm4t/ed1E+XU3ZWGcKBqSbJGfcKQiNP8aDZigRPGJJpgIpm9FZIQFJkpnU9AhfH2K/idO2Tw37ZYO4wIy5OEYTuAMbKhBA66gCQ4QoPAAT/Bs3BqPxovxmrXmjOXMIfyA8fYJyzaPWA==</latexit><latexit sha1_base64="4NuVagZtsNVcT01uXTomJ0Xvcek=">AAAB53icdVDLSsNAFJ3UV62PVl24cDNYBFchaQutIFJw47IFYwttKJPppB07mcSZiVBCv8CNCxW3foN/4s4PcNtvcNpUUNEDFw7n3Mu993gRo1JZ1ruRWVpeWV3Lruc2Nre284Wd3SsZxgITB4csFG0PScIoJ46iipF2JAgKPEZa3uh85rduiZA05JdqHBE3QANOfYqR0lLzplcoWmapUqqVKzAlpeqClG1om9Ycxfr+dJo/ff1o9Apv3X6I44BwhRmSsmNbkXITJBTFjExy3ViSCOERGpCOphwFRLrJ/NAJPNJKH/qh0MUVnKvfJxIUSDkOPN0ZIDWUv72Z+JfXiZVfcxPKo1gRjtNFfsygCuHsa9ingmDFxpogLKi+FeIhEggrnU1Oh/D1KfyfOCXzxLSbOowzkCILDsAhOAY2qII6uAAN4AAMCLgDD+DRuDbujSfjOW3NGIuZPfADxssnI1eRGw==</latexit><latexit sha1_base64="4NuVagZtsNVcT01uXTomJ0Xvcek=">AAAB53icdVDLSsNAFJ3UV62PVl24cDNYBFchaQutIFJw47IFYwttKJPppB07mcSZiVBCv8CNCxW3foN/4s4PcNtvcNpUUNEDFw7n3Mu993gRo1JZ1ruRWVpeWV3Lruc2Nre284Wd3SsZxgITB4csFG0PScIoJ46iipF2JAgKPEZa3uh85rduiZA05JdqHBE3QANOfYqR0lLzplcoWmapUqqVKzAlpeqClG1om9Ycxfr+dJo/ff1o9Apv3X6I44BwhRmSsmNbkXITJBTFjExy3ViSCOERGpCOphwFRLrJ/NAJPNJKH/qh0MUVnKvfJxIUSDkOPN0ZIDWUv72Z+JfXiZVfcxPKo1gRjtNFfsygCuHsa9ingmDFxpogLKi+FeIhEggrnU1Oh/D1KfyfOCXzxLSbOowzkCILDsAhOAY2qII6uAAN4AAMCLgDD+DRuDbujSfjOW3NGIuZPfADxssnI1eRGw==</latexit><latexit sha1_base64="iSzGEaP0mh3QVwXy7JnpR1NtFDk=">AAAB53icdVBNS8NAEJ3Ur1q/qh69LBbBU0hqofUiBS8eWzC20Iay2W7atZtN3N0IJfQXePGg4tW/5M1/47aNoKIPBh7vzTAzL0g4U9pxPqzCyura+kZxs7S1vbO7V94/uFFxKgn1SMxj2Q2wopwJ6mmmOe0mkuIo4LQTTC7nfueeSsVica2nCfUjPBIsZARrI7XvBuWKY1dr1cZZDS1JtZ6TMxe5trNABXK0BuX3/jAmaUSFJhwr1XOdRPsZlpoRTmelfqpogskEj2jPUIEjqvxscegMnRhliMJYmhIaLdTvExmOlJpGgemMsB6r395c/MvrpTps+BkTSaqpIMtFYcqRjtH8azRkkhLNp4ZgIpm5FZExlphok03JhPD1KfqfeFX73HbbTqV5kadRhCM4hlNwoQ5NuIIWeECAwgM8wbN1az1aL9brsrVg5TOH8APW2yepxY0F</latexit>

q̄
<latexit sha1_base64="qVa8D7DjVPiWR1ZHr+DsdcMr4bY=">AAAB7XicdVDLSsNAFL2pr1pfVRcu3AwWwVVI0kLrRgpuXFYwttCGMplO2qGThzMToYR+hBsXKm79H3f+RL/BaVNBRQ9cOJxzL/fe4yecSWVZH0ZhZXVtfaO4Wdra3tndK+8f3Mo4FYS6JOax6PhYUs4i6iqmOO0kguLQ57Ttjy/nfvueCsni6EZNEuqFeBixgBGstNTu+Vhkd9N+uWKZTs1pVGsoJ059Sao2sk1rgUrzaDZDANDql997g5ikIY0U4VjKrm0lysuwUIxwOi31UkkTTMZ4SLuaRjik0ssW507RqVYGKIiFrkihhfp9IsOhlJPQ150hViP525uLf3ndVAUNL2NRkioakXxRkHKkYjT/HQ2YoETxiSaYCKZvRWSEBSZKJ1TSIXx9iv4nrmOem/a1DuMCchThGE7gDGyoQxOuoAUuEBjDAzzBs5EYj8aL8Zq3FozlzCH8gPH2CYZfkh0=</latexit><latexit sha1_base64="AkP7CHaPdsHX4wa3H5Yhh9CSD6g=">AAAB7XicdVDLSsNAFJ3UV62PVl24cDNYBFchSQutIFJw47KCsYU2lMl00g6dTOLMRCihH+HGhYpbP8A/cecHuO03OG0qqOiBC4dz7uXee/yYUaks693ILS2vrK7l1wsbm1vbxdLO7rWMEoGJiyMWibaPJGGUE1dRxUg7FgSFPiMtf3Q+81u3REga8Ss1jokXogGnAcVIaanV9ZFIbya9UtkynapTr1RhRpzaglRsaJvWHOXG/nRaPH39aPZKb91+hJOQcIUZkrJjW7HyUiQUxYxMCt1EkhjhERqQjqYchUR66fzcCTzSSh8GkdDFFZyr3ydSFEo5Dn3dGSI1lL+9mfiX10lUUPdSyuNEEY6zRUHCoIrg7HfYp4JgxcaaICyovhXiIRIIK51QQYfw9Sn8n7iOeWLalzqMM5AhDw7AITgGNqiBBrgATeACDEbgDjyARyM27o0n4zlrzRmLmT3wA8bLJ95xk+A=</latexit><latexit sha1_base64="AkP7CHaPdsHX4wa3H5Yhh9CSD6g=">AAAB7XicdVDLSsNAFJ3UV62PVl24cDNYBFchSQutIFJw47KCsYU2lMl00g6dTOLMRCihH+HGhYpbP8A/cecHuO03OG0qqOiBC4dz7uXee/yYUaks693ILS2vrK7l1wsbm1vbxdLO7rWMEoGJiyMWibaPJGGUE1dRxUg7FgSFPiMtf3Q+81u3REga8Ss1jokXogGnAcVIaanV9ZFIbya9UtkynapTr1RhRpzaglRsaJvWHOXG/nRaPH39aPZKb91+hJOQcIUZkrJjW7HyUiQUxYxMCt1EkhjhERqQjqYchUR66fzcCTzSSh8GkdDFFZyr3ydSFEo5Dn3dGSI1lL+9mfiX10lUUPdSyuNEEY6zRUHCoIrg7HfYp4JgxcaaICyovhXiIRIIK51QQYfw9Sn8n7iOeWLalzqMM5AhDw7AITgGNqiBBrgATeACDEbgDjyARyM27o0n4zlrzRmLmT3wA8bLJ95xk+A=</latexit><latexit sha1_base64="gYd9Z/8c7ZTtFgLUCR+45o5sdag=">AAAB7XicdVBNS8NAEJ34WetX1aOXxSJ4CklaaL1IwYvHCsYW2lA22027dLOJuxuhhP4ILx5UvPp/vPlv3LYRVPTBwOO9GWbmhSlnSjvOh7Wyura+sVnaKm/v7O7tVw4Ob1WSSUJ9kvBEdkOsKGeC+pppTruppDgOOe2Ek8u537mnUrFE3OhpSoMYjwSLGMHaSJ1+iGV+NxtUqo7t1b1mrY6WxGsUpOYi13YWqEKB9qDy3h8mJIup0IRjpXquk+ogx1Izwums3M8UTTGZ4BHtGSpwTFWQL86doVOjDFGUSFNCo4X6fSLHsVLTODSdMdZj9dubi395vUxHzSBnIs00FWS5KMo40gma/46GTFKi+dQQTCQztyIyxhITbRIqmxC+PkX/E9+zz2332qm2Loo0SnAMJ3AGLjSgBVfQBh8ITOABnuDZSq1H68V6XbauWMXMEfyA9fYJZO6Pyg==</latexit>

µ
<latexit sha1_base64="K4/vgQ31QJdNY+0iTtFsV9uEuOo=">AAAB6XicdVDLSsNAFL2pr1pfVRcu3AwWwVVI0kLrRgpuXFY0ttCGMplO2qGTBzMToYR+ghsXKm79I3f+RL/BaVNBRQ9cOJxzL/fe4yecSWVZH0ZhZXVtfaO4Wdra3tndK+8f3Mk4FYS6JOax6PhYUs4i6iqmOO0kguLQ57Ttjy/nfvueCsni6FZNEuqFeBixgBGstHTTC9N+uWKZTs1pVGsoJ059Sao2sk1rgUrzaDZDANDql997g5ikIY0U4VjKrm0lysuwUIxwOi31UkkTTMZ4SLuaRjik0ssWp07RqVYGKIiFrkihhfp9IsOhlJPQ150hViP525uLf3ndVAUNL2NRkioakXxRkHKkYjT/Gw2YoETxiSaYCKZvRWSEBSZKp1PSIXx9iv4nrmOem/a1DuMCchThGE7gDGyoQxOuoAUuEBjCAzzBs8GNR+PFeM1bC8Zy5hB+wHj7BEwokDk=</latexit><latexit sha1_base64="JcQkiEOAMc+V2AhQTFwHzIFV2lA=">AAAB6XicdVDLSsNAFJ3UV62PVl24cDNYBFchSQutIFJw47KisYU2lMl00g6dScLMRCihn+DGhYpbP8E/cecHuO03OG0qqOiBC4dz7uXee/yYUaks693ILS2vrK7l1wsbm1vbxdLO7o2MEoGJiyMWibaPJGE0JK6iipF2LAjiPiMtf3Q+81u3REgahddqHBOPo0FIA4qR0tJVlye9UtkynapTr1RhRpzaglRsaJvWHOXG/nRaPH39aPZKb91+hBNOQoUZkrJjW7HyUiQUxYxMCt1EkhjhERqQjqYh4kR66fzUCTzSSh8GkdAVKjhXv0+kiEs55r7u5EgN5W9vJv7ldRIV1L2UhnGiSIizRUHCoIrg7G/Yp4JgxcaaICyovhXiIRIIK51OQYfw9Sn8n7iOeWLalzqMM5AhDw7AITgGNqiBBrgATeACDAbgDjyAR4MZ98aT8Zy15ozFzB74AePlE6Q6kfw=</latexit><latexit sha1_base64="JcQkiEOAMc+V2AhQTFwHzIFV2lA=">AAAB6XicdVDLSsNAFJ3UV62PVl24cDNYBFchSQutIFJw47KisYU2lMl00g6dScLMRCihn+DGhYpbP8E/cecHuO03OG0qqOiBC4dz7uXee/yYUaks693ILS2vrK7l1wsbm1vbxdLO7o2MEoGJiyMWibaPJGE0JK6iipF2LAjiPiMtf3Q+81u3REgahddqHBOPo0FIA4qR0tJVlye9UtkynapTr1RhRpzaglRsaJvWHOXG/nRaPH39aPZKb91+hBNOQoUZkrJjW7HyUiQUxYxMCt1EkhjhERqQjqYh4kR66fzUCTzSSh8GkdAVKjhXv0+kiEs55r7u5EgN5W9vJv7ldRIV1L2UhnGiSIizRUHCoIrg7G/Yp4JgxcaaICyovhXiIRIIK51OQYfw9Sn8n7iOeWLalzqMM5AhDw7AITgGNqiBBrgATeACDAbgDjyAR4MZ98aT8Zy15ozFzB74AePlE6Q6kfw=</latexit><latexit sha1_base64="tR04qDoLjbLPQtrsA6FeUTHrNVQ=">AAAB6XicdVBNS8NAEJ34WetX1aOXxSJ4CklaaL1IwYvHisYW2lA22027dDcJuxuhhP4ELx5UvPqPvPlv3LYRVPTBwOO9GWbmhSlnSjvOh7Wyura+sVnaKm/v7O7tVw4O71SSSUJ9kvBEdkOsKGcx9TXTnHZTSbEIOe2Ek8u537mnUrEkvtXTlAYCj2IWMYK1kW76IhtUqo7t1b1mrY6WxGsUpOYi13YWqEKB9qDy3h8mJBM01oRjpXquk+ogx1Izwums3M8UTTGZ4BHtGRpjQVWQL06doVOjDFGUSFOxRgv1+0SOhVJTEZpOgfVY/fbm4l9eL9NRM8hZnGaaxmS5KMo40gma/42GTFKi+dQQTCQztyIyxhITbdIpmxC+PkX/E9+zz2332qm2Loo0SnAMJ3AGLjSgBVfQBh8IjOABnuDZ4taj9WK9LltXrGLmCH7AevsEKreN5g==</latexit>µ
<latexit sha1_base64="K4/vgQ31QJdNY+0iTtFsV9uEuOo=">AAAB6XicdVDLSsNAFL2pr1pfVRcu3AwWwVVI0kLrRgpuXFY0ttCGMplO2qGTBzMToYR+ghsXKm79I3f+RL/BaVNBRQ9cOJxzL/fe4yecSWVZH0ZhZXVtfaO4Wdra3tndK+8f3Mk4FYS6JOax6PhYUs4i6iqmOO0kguLQ57Ttjy/nfvueCsni6FZNEuqFeBixgBGstHTTC9N+uWKZTs1pVGsoJ059Sao2sk1rgUrzaDZDANDql997g5ikIY0U4VjKrm0lysuwUIxwOi31UkkTTMZ4SLuaRjik0ssWp07RqVYGKIiFrkihhfp9IsOhlJPQ150hViP525uLf3ndVAUNL2NRkioakXxRkHKkYjT/Gw2YoETxiSaYCKZvRWSEBSZKp1PSIXx9iv4nrmOem/a1DuMCchThGE7gDGyoQxOuoAUuEBjCAzzBs8GNR+PFeM1bC8Zy5hB+wHj7BEwokDk=</latexit><latexit sha1_base64="JcQkiEOAMc+V2AhQTFwHzIFV2lA=">AAAB6XicdVDLSsNAFJ3UV62PVl24cDNYBFchSQutIFJw47KisYU2lMl00g6dScLMRCihn+DGhYpbP8E/cecHuO03OG0qqOiBC4dz7uXee/yYUaks693ILS2vrK7l1wsbm1vbxdLO7o2MEoGJiyMWibaPJGE0JK6iipF2LAjiPiMtf3Q+81u3REgahddqHBOPo0FIA4qR0tJVlye9UtkynapTr1RhRpzaglRsaJvWHOXG/nRaPH39aPZKb91+hBNOQoUZkrJjW7HyUiQUxYxMCt1EkhjhERqQjqYh4kR66fzUCTzSSh8GkdAVKjhXv0+kiEs55r7u5EgN5W9vJv7ldRIV1L2UhnGiSIizRUHCoIrg7G/Yp4JgxcaaICyovhXiIRIIK51OQYfw9Sn8n7iOeWLalzqMM5AhDw7AITgGNqiBBrgATeACDAbgDjyAR4MZ98aT8Zy15ozFzB74AePlE6Q6kfw=</latexit><latexit sha1_base64="JcQkiEOAMc+V2AhQTFwHzIFV2lA=">AAAB6XicdVDLSsNAFJ3UV62PVl24cDNYBFchSQutIFJw47KisYU2lMl00g6dScLMRCihn+DGhYpbP8E/cecHuO03OG0qqOiBC4dz7uXee/yYUaks693ILS2vrK7l1wsbm1vbxdLO7o2MEoGJiyMWibaPJGE0JK6iipF2LAjiPiMtf3Q+81u3REgahddqHBOPo0FIA4qR0tJVlye9UtkynapTr1RhRpzaglRsaJvWHOXG/nRaPH39aPZKb91+hBNOQoUZkrJjW7HyUiQUxYxMCt1EkhjhERqQjqYh4kR66fzUCTzSSh8GkdAVKjhXv0+kiEs55r7u5EgN5W9vJv7ldRIV1L2UhnGiSIizRUHCoIrg7G/Yp4JgxcaaICyovhXiIRIIK51OQYfw9Sn8n7iOeWLalzqMM5AhDw7AITgGNqiBBrgATeACDAbgDjyAR4MZ98aT8Zy15ozFzB74AePlE6Q6kfw=</latexit><latexit sha1_base64="tR04qDoLjbLPQtrsA6FeUTHrNVQ=">AAAB6XicdVBNS8NAEJ34WetX1aOXxSJ4CklaaL1IwYvHisYW2lA22027dDcJuxuhhP4ELx5UvPqPvPlv3LYRVPTBwOO9GWbmhSlnSjvOh7Wyura+sVnaKm/v7O7tVw4O71SSSUJ9kvBEdkOsKGcx9TXTnHZTSbEIOe2Ek8u537mnUrEkvtXTlAYCj2IWMYK1kW76IhtUqo7t1b1mrY6WxGsUpOYi13YWqEKB9qDy3h8mJBM01oRjpXquk+ogx1Izwums3M8UTTGZ4BHtGRpjQVWQL06doVOjDFGUSFOxRgv1+0SOhVJTEZpOgfVY/fbm4l9eL9NRM8hZnGaaxmS5KMo40gma/42GTFKi+dQQTCQztyIyxhITbdIpmxC+PkX/E9+zz2332qm2Loo0SnAMJ3AGLjSgBVfQBh8IjOABnuDZ4taj9WK9LltXrGLmCH7AevsEKreN5g==</latexit>

µ
<latexit sha1_base64="K4/vgQ31QJdNY+0iTtFsV9uEuOo=">AAAB6XicdVDLSsNAFL2pr1pfVRcu3AwWwVVI0kLrRgpuXFY0ttCGMplO2qGTBzMToYR+ghsXKm79I3f+RL/BaVNBRQ9cOJxzL/fe4yecSWVZH0ZhZXVtfaO4Wdra3tndK+8f3Mk4FYS6JOax6PhYUs4i6iqmOO0kguLQ57Ttjy/nfvueCsni6FZNEuqFeBixgBGstHTTC9N+uWKZTs1pVGsoJ059Sao2sk1rgUrzaDZDANDql997g5ikIY0U4VjKrm0lysuwUIxwOi31UkkTTMZ4SLuaRjik0ssWp07RqVYGKIiFrkihhfp9IsOhlJPQ150hViP525uLf3ndVAUNL2NRkioakXxRkHKkYjT/Gw2YoETxiSaYCKZvRWSEBSZKp1PSIXx9iv4nrmOem/a1DuMCchThGE7gDGyoQxOuoAUuEBjCAzzBs8GNR+PFeM1bC8Zy5hB+wHj7BEwokDk=</latexit><latexit sha1_base64="JcQkiEOAMc+V2AhQTFwHzIFV2lA=">AAAB6XicdVDLSsNAFJ3UV62PVl24cDNYBFchSQutIFJw47KisYU2lMl00g6dScLMRCihn+DGhYpbP8E/cecHuO03OG0qqOiBC4dz7uXee/yYUaks693ILS2vrK7l1wsbm1vbxdLO7o2MEoGJiyMWibaPJGE0JK6iipF2LAjiPiMtf3Q+81u3REgahddqHBOPo0FIA4qR0tJVlye9UtkynapTr1RhRpzaglRsaJvWHOXG/nRaPH39aPZKb91+hBNOQoUZkrJjW7HyUiQUxYxMCt1EkhjhERqQjqYh4kR66fzUCTzSSh8GkdAVKjhXv0+kiEs55r7u5EgN5W9vJv7ldRIV1L2UhnGiSIizRUHCoIrg7G/Yp4JgxcaaICyovhXiIRIIK51OQYfw9Sn8n7iOeWLalzqMM5AhDw7AITgGNqiBBrgATeACDAbgDjyAR4MZ98aT8Zy15ozFzB74AePlE6Q6kfw=</latexit><latexit sha1_base64="JcQkiEOAMc+V2AhQTFwHzIFV2lA=">AAAB6XicdVDLSsNAFJ3UV62PVl24cDNYBFchSQutIFJw47KisYU2lMl00g6dScLMRCihn+DGhYpbP8E/cecHuO03OG0qqOiBC4dz7uXee/yYUaks693ILS2vrK7l1wsbm1vbxdLO7o2MEoGJiyMWibaPJGE0JK6iipF2LAjiPiMtf3Q+81u3REgahddqHBOPo0FIA4qR0tJVlye9UtkynapTr1RhRpzaglRsaJvWHOXG/nRaPH39aPZKb91+hBNOQoUZkrJjW7HyUiQUxYxMCt1EkhjhERqQjqYh4kR66fzUCTzSSh8GkdAVKjhXv0+kiEs55r7u5EgN5W9vJv7ldRIV1L2UhnGiSIizRUHCoIrg7G/Yp4JgxcaaICyovhXiIRIIK51OQYfw9Sn8n7iOeWLalzqMM5AhDw7AITgGNqiBBrgATeACDAbgDjyAR4MZ98aT8Zy15ozFzB74AePlE6Q6kfw=</latexit><latexit sha1_base64="tR04qDoLjbLPQtrsA6FeUTHrNVQ=">AAAB6XicdVBNS8NAEJ34WetX1aOXxSJ4CklaaL1IwYvHisYW2lA22027dDcJuxuhhP4ELx5UvPqPvPlv3LYRVPTBwOO9GWbmhSlnSjvOh7Wyura+sVnaKm/v7O7tVw4O71SSSUJ9kvBEdkOsKGcx9TXTnHZTSbEIOe2Ek8u537mnUrEkvtXTlAYCj2IWMYK1kW76IhtUqo7t1b1mrY6WxGsUpOYi13YWqEKB9qDy3h8mJBM01oRjpXquk+ogx1Izwums3M8UTTGZ4BHtGRpjQVWQL06doVOjDFGUSFOxRgv1+0SOhVJTEZpOgfVY/fbm4l9eL9NRM8hZnGaaxmS5KMo40gma/42GTFKi+dQQTCQztyIyxhITbdIpmxC+PkX/E9+zz2332qm2Loo0SnAMJ3AGLjSgBVfQBh8IjOABnuDZ4taj9WK9LltXrGLmCH7AevsEKreN5g==</latexit>µ
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A.Pierce et al. PRD97 (2018) no.9, 095033

µ
<latexit sha1_base64="K4/vgQ31QJdNY+0iTtFsV9uEuOo=">AAAB6XicdVDLSsNAFL2pr1pfVRcu3AwWwVVI0kLrRgpuXFY0ttCGMplO2qGTBzMToYR+ghsXKm79I3f+RL/BaVNBRQ9cOJxzL/fe4yecSWVZH0ZhZXVtfaO4Wdra3tndK+8f3Mk4FYS6JOax6PhYUs4i6iqmOO0kguLQ57Ttjy/nfvueCsni6FZNEuqFeBixgBGstHTTC9N+uWKZTs1pVGsoJ059Sao2sk1rgUrzaDZDANDql997g5ikIY0U4VjKrm0lysuwUIxwOi31UkkTTMZ4SLuaRjik0ssWp07RqVYGKIiFrkihhfp9IsOhlJPQ150hViP525uLf3ndVAUNL2NRkioakXxRkHKkYjT/Gw2YoETxiSaYCKZvRWSEBSZKp1PSIXx9iv4nrmOem/a1DuMCchThGE7gDGyoQxOuoAUuEBjCAzzBs8GNR+PFeM1bC8Zy5hB+wHj7BEwokDk=</latexit><latexit sha1_base64="JcQkiEOAMc+V2AhQTFwHzIFV2lA=">AAAB6XicdVDLSsNAFJ3UV62PVl24cDNYBFchSQutIFJw47KisYU2lMl00g6dScLMRCihn+DGhYpbP8E/cecHuO03OG0qqOiBC4dz7uXee/yYUaks693ILS2vrK7l1wsbm1vbxdLO7o2MEoGJiyMWibaPJGE0JK6iipF2LAjiPiMtf3Q+81u3REgahddqHBOPo0FIA4qR0tJVlye9UtkynapTr1RhRpzaglRsaJvWHOXG/nRaPH39aPZKb91+hBNOQoUZkrJjW7HyUiQUxYxMCt1EkhjhERqQjqYh4kR66fzUCTzSSh8GkdAVKjhXv0+kiEs55r7u5EgN5W9vJv7ldRIV1L2UhnGiSIizRUHCoIrg7G/Yp4JgxcaaICyovhXiIRIIK51OQYfw9Sn8n7iOeWLalzqMM5AhDw7AITgGNqiBBrgATeACDAbgDjyAR4MZ98aT8Zy15ozFzB74AePlE6Q6kfw=</latexit><latexit sha1_base64="JcQkiEOAMc+V2AhQTFwHzIFV2lA=">AAAB6XicdVDLSsNAFJ3UV62PVl24cDNYBFchSQutIFJw47KisYU2lMl00g6dScLMRCihn+DGhYpbP8E/cecHuO03OG0qqOiBC4dz7uXee/yYUaks693ILS2vrK7l1wsbm1vbxdLO7o2MEoGJiyMWibaPJGE0JK6iipF2LAjiPiMtf3Q+81u3REgahddqHBOPo0FIA4qR0tJVlye9UtkynapTr1RhRpzaglRsaJvWHOXG/nRaPH39aPZKb91+hBNOQoUZkrJjW7HyUiQUxYxMCt1EkhjhERqQjqYh4kR66fzUCTzSSh8GkdAVKjhXv0+kiEs55r7u5EgN5W9vJv7ldRIV1L2UhnGiSIizRUHCoIrg7G/Yp4JgxcaaICyovhXiIRIIK51OQYfw9Sn8n7iOeWLalzqMM5AhDw7AITgGNqiBBrgATeACDAbgDjyAR4MZ98aT8Zy15ozFzB74AePlE6Q6kfw=</latexit><latexit sha1_base64="tR04qDoLjbLPQtrsA6FeUTHrNVQ=">AAAB6XicdVBNS8NAEJ34WetX1aOXxSJ4CklaaL1IwYvHisYW2lA22027dDcJuxuhhP4ELx5UvPqPvPlv3LYRVPTBwOO9GWbmhSlnSjvOh7Wyura+sVnaKm/v7O7tVw4O71SSSUJ9kvBEdkOsKGcx9TXTnHZTSbEIOe2Ek8u537mnUrEkvtXTlAYCj2IWMYK1kW76IhtUqo7t1b1mrY6WxGsUpOYi13YWqEKB9qDy3h8mJBM01oRjpXquk+ogx1Izwums3M8UTTGZ4BHtGRpjQVWQL06doVOjDFGUSFOxRgv1+0SOhVJTEZpOgfVY/fbm4l9eL9NRM8hZnGaaxmS5KMo40gma/42GTFKi+dQQTCQztyIyxhITbdIpmxC+PkX/E9+zz2332qm2Loo0SnAMJ3AGLjSgBVfQBh8IjOABnuDZ4taj9WK9LltXrGLmCH7AevsEKreN5g==</latexit>

µ
<latexit sha1_base64="K4/vgQ31QJdNY+0iTtFsV9uEuOo=">AAAB6XicdVDLSsNAFL2pr1pfVRcu3AwWwVVI0kLrRgpuXFY0ttCGMplO2qGTBzMToYR+ghsXKm79I3f+RL/BaVNBRQ9cOJxzL/fe4yecSWVZH0ZhZXVtfaO4Wdra3tndK+8f3Mk4FYS6JOax6PhYUs4i6iqmOO0kguLQ57Ttjy/nfvueCsni6FZNEuqFeBixgBGstHTTC9N+uWKZTs1pVGsoJ059Sao2sk1rgUrzaDZDANDql997g5ikIY0U4VjKrm0lysuwUIxwOi31UkkTTMZ4SLuaRjik0ssWp07RqVYGKIiFrkihhfp9IsOhlJPQ150hViP525uLf3ndVAUNL2NRkioakXxRkHKkYjT/Gw2YoETxiSaYCKZvRWSEBSZKp1PSIXx9iv4nrmOem/a1DuMCchThGE7gDGyoQxOuoAUuEBjCAzzBs8GNR+PFeM1bC8Zy5hB+wHj7BEwokDk=</latexit><latexit sha1_base64="JcQkiEOAMc+V2AhQTFwHzIFV2lA=">AAAB6XicdVDLSsNAFJ3UV62PVl24cDNYBFchSQutIFJw47KisYU2lMl00g6dScLMRCihn+DGhYpbP8E/cecHuO03OG0qqOiBC4dz7uXee/yYUaks693ILS2vrK7l1wsbm1vbxdLO7o2MEoGJiyMWibaPJGE0JK6iipF2LAjiPiMtf3Q+81u3REgahddqHBOPo0FIA4qR0tJVlye9UtkynapTr1RhRpzaglRsaJvWHOXG/nRaPH39aPZKb91+hBNOQoUZkrJjW7HyUiQUxYxMCt1EkhjhERqQjqYh4kR66fzUCTzSSh8GkdAVKjhXv0+kiEs55r7u5EgN5W9vJv7ldRIV1L2UhnGiSIizRUHCoIrg7G/Yp4JgxcaaICyovhXiIRIIK51OQYfw9Sn8n7iOeWLalzqMM5AhDw7AITgGNqiBBrgATeACDAbgDjyAR4MZ98aT8Zy15ozFzB74AePlE6Q6kfw=</latexit><latexit sha1_base64="JcQkiEOAMc+V2AhQTFwHzIFV2lA=">AAAB6XicdVDLSsNAFJ3UV62PVl24cDNYBFchSQutIFJw47KisYU2lMl00g6dScLMRCihn+DGhYpbP8E/cecHuO03OG0qqOiBC4dz7uXee/yYUaks693ILS2vrK7l1wsbm1vbxdLO7o2MEoGJiyMWibaPJGE0JK6iipF2LAjiPiMtf3Q+81u3REgahddqHBOPo0FIA4qR0tJVlye9UtkynapTr1RhRpzaglRsaJvWHOXG/nRaPH39aPZKb91+hBNOQoUZkrJjW7HyUiQUxYxMCt1EkhjhERqQjqYh4kR66fzUCTzSSh8GkdAVKjhXv0+kiEs55r7u5EgN5W9vJv7ldRIV1L2UhnGiSIizRUHCoIrg7G/Yp4JgxcaaICyovhXiIRIIK51OQYfw9Sn8n7iOeWLalzqMM5AhDw7AITgGNqiBBrgATeACDAbgDjyAR4MZ98aT8Zy15ozFzB74AePlE6Q6kfw=</latexit><latexit sha1_base64="tR04qDoLjbLPQtrsA6FeUTHrNVQ=">AAAB6XicdVBNS8NAEJ34WetX1aOXxSJ4CklaaL1IwYvHisYW2lA22027dDcJuxuhhP4ELx5UvPqPvPlv3LYRVPTBwOO9GWbmhSlnSjvOh7Wyura+sVnaKm/v7O7tVw4O71SSSUJ9kvBEdkOsKGcx9TXTnHZTSbEIOe2Ek8u537mnUrEkvtXTlAYCj2IWMYK1kW76IhtUqo7t1b1mrY6WxGsUpOYi13YWqEKB9qDy3h8mJBM01oRjpXquk+ogx1Izwums3M8UTTGZ4BHtGRpjQVWQL06doVOjDFGUSFOxRgv1+0SOhVJTEZpOgfVY/fbm4l9eL9NRM8hZnGaaxmS5KMo40gma/42GTFKi+dQQTCQztyIyxhITbdIpmxC+PkX/E9+zz2332qm2Loo0SnAMJ3AGLjSgBVfQBh8IjOABnuDZ4taj9WK9LltXrGLmCH7AevsEKreN5g==</latexit>

Spin-0

Non-pointing

Dark showers

A0
<latexit sha1_base64="TPJLXnILCBDTM6I7RZ/X+kLXB70=">AAAB7nicdZDLSsNAFIZPvNZ6q7p0M1gEVyFJC60brbhxWcHYQhvLZDpph04uzkyEEvoSblyouPU9fAN3vo3TpoKK/jDw8f/nMOccP+FMKsv6MBYWl5ZXVgtrxfWNza3t0s7utYxTQahLYh6Lto8l5SyirmKK03YiKA59Tlv+6Hyat+6okCyOrtQ4oV6IBxELGMFKW+2zm24iWEh7pbJlOlWnXqmiHJzaHCo2sk1rpvLpW6XSAIBmr/Te7cckDWmkCMdSdmwrUV6GhWKE00mxm0qaYDLCA9rRGOGQSi+bzTtBh9rpoyAW+kUKzdzvHRkOpRyHvq4MsRrK39nU/CvrpCqoexmLklTRiOQfBSlHKkbT5VGfCUoUH2vARDA9KyJDLDBR+kRFfYSvTdH/4DrmsWlfWuXGCeQqwD4cwBHYUIMGXEATXCDA4R4e4cm4NR6MZ+MlL10w5j178EPG6yf1FJGa</latexit><latexit sha1_base64="L1yHRgsH/N9tO7d+ILkphkPNjxI=">AAAB7nicdZDNSgMxFIUz/tb6V3XpJlgEV8PMtNC60YoblxWsLbRjyaSZNjTJjElGKENfwo0LFbe+h2/gzrcxnamgogcCH+fcS+69Qcyo0o7zYS0sLi2vrBbWiusbm1vbpZ3daxUlEpMWjlgkOwFShFFBWppqRjqxJIgHjLSD8fksb98RqWgkrvQkJj5HQ0FDipE2VufsphdLykm/VHZsr+rVK1WYg1ebQ8WFru1kKp++VTI1+6X33iDCCSdCY4aU6rpOrP0USU0xI9NiL1EkRniMhqRrUCBOlJ9m807hoXEGMIykeULDzP3ekSKu1IQHppIjPVK/s5n5V9ZNdFj3UyriRBOB84/ChEEdwdnycEAlwZpNDCAsqZkV4hGSCGtzoqI5wtem8H9oefax7V465cYJyFUA++AAHAEX1EADXIAmaAEMGLgHj+DJurUerGfrJS9dsOY9e+CHrNdPr4WSJg==</latexit><latexit sha1_base64="L1yHRgsH/N9tO7d+ILkphkPNjxI=">AAAB7nicdZDNSgMxFIUz/tb6V3XpJlgEV8PMtNC60YoblxWsLbRjyaSZNjTJjElGKENfwo0LFbe+h2/gzrcxnamgogcCH+fcS+69Qcyo0o7zYS0sLi2vrBbWiusbm1vbpZ3daxUlEpMWjlgkOwFShFFBWppqRjqxJIgHjLSD8fksb98RqWgkrvQkJj5HQ0FDipE2VufsphdLykm/VHZsr+rVK1WYg1ebQ8WFru1kKp++VTI1+6X33iDCCSdCY4aU6rpOrP0USU0xI9NiL1EkRniMhqRrUCBOlJ9m807hoXEGMIykeULDzP3ekSKu1IQHppIjPVK/s5n5V9ZNdFj3UyriRBOB84/ChEEdwdnycEAlwZpNDCAsqZkV4hGSCGtzoqI5wtem8H9oefax7V465cYJyFUA++AAHAEX1EADXIAmaAEMGLgHj+DJurUerGfrJS9dsOY9e+CHrNdPr4WSJg==</latexit><latexit sha1_base64="GWG1WlZPltGX7WMcIP7IeX+mrvU=">AAAB7nicdVBNS8NAEJ34WetX1aOXxSJ4CklaaL1IxYvHCsYW2lg22027dLOJuxuhlP4JLx5UvPp7vPlv3LYRVPTBwOO9GWbmhSlnSjvOh7W0vLK6tl7YKG5ube/slvb2b1SSSUJ9kvBEtkOsKGeC+pppTtuppDgOOW2Fo4uZ37qnUrFEXOtxSoMYDwSLGMHaSO3z224qWUx7pbJje1WvXqmiBfFqOam4yLWdOcqQo9krvXf7CcliKjThWKmO66Q6mGCpGeF0WuxmiqaYjPCAdgwVOKYqmMzvnaJjo/RRlEhTQqO5+n1igmOlxnFoOmOsh+q3NxP/8jqZjurBhIk001SQxaIo40gnaPY86jNJieZjQzCRzNyKyBBLTLSJqGhC+PoU/U98zz613Sun3DjL0yjAIRzBCbhQgwZcQhN8IMDhAZ7g2bqzHq0X63XRumTlMwfwA9bbJ7kAj/I=</latexit>

µ
<latexit sha1_base64="K4/vgQ31QJdNY+0iTtFsV9uEuOo=">AAAB6XicdVDLSsNAFL2pr1pfVRcu3AwWwVVI0kLrRgpuXFY0ttCGMplO2qGTBzMToYR+ghsXKm79I3f+RL/BaVNBRQ9cOJxzL/fe4yecSWVZH0ZhZXVtfaO4Wdra3tndK+8f3Mk4FYS6JOax6PhYUs4i6iqmOO0kguLQ57Ttjy/nfvueCsni6FZNEuqFeBixgBGstHTTC9N+uWKZTs1pVGsoJ059Sao2sk1rgUrzaDZDANDql997g5ikIY0U4VjKrm0lysuwUIxwOi31UkkTTMZ4SLuaRjik0ssWp07RqVYGKIiFrkihhfp9IsOhlJPQ150hViP525uLf3ndVAUNL2NRkioakXxRkHKkYjT/Gw2YoETxiSaYCKZvRWSEBSZKp1PSIXx9iv4nrmOem/a1DuMCchThGE7gDGyoQxOuoAUuEBjCAzzBs8GNR+PFeM1bC8Zy5hB+wHj7BEwokDk=</latexit><latexit sha1_base64="JcQkiEOAMc+V2AhQTFwHzIFV2lA=">AAAB6XicdVDLSsNAFJ3UV62PVl24cDNYBFchSQutIFJw47KisYU2lMl00g6dScLMRCihn+DGhYpbP8E/cecHuO03OG0qqOiBC4dz7uXee/yYUaks693ILS2vrK7l1wsbm1vbxdLO7o2MEoGJiyMWibaPJGE0JK6iipF2LAjiPiMtf3Q+81u3REgahddqHBOPo0FIA4qR0tJVlye9UtkynapTr1RhRpzaglRsaJvWHOXG/nRaPH39aPZKb91+hBNOQoUZkrJjW7HyUiQUxYxMCt1EkhjhERqQjqYh4kR66fzUCTzSSh8GkdAVKjhXv0+kiEs55r7u5EgN5W9vJv7ldRIV1L2UhnGiSIizRUHCoIrg7G/Yp4JgxcaaICyovhXiIRIIK51OQYfw9Sn8n7iOeWLalzqMM5AhDw7AITgGNqiBBrgATeACDAbgDjyAR4MZ98aT8Zy15ozFzB74AePlE6Q6kfw=</latexit><latexit sha1_base64="JcQkiEOAMc+V2AhQTFwHzIFV2lA=">AAAB6XicdVDLSsNAFJ3UV62PVl24cDNYBFchSQutIFJw47KisYU2lMl00g6dScLMRCihn+DGhYpbP8E/cecHuO03OG0qqOiBC4dz7uXee/yYUaks693ILS2vrK7l1wsbm1vbxdLO7o2MEoGJiyMWibaPJGE0JK6iipF2LAjiPiMtf3Q+81u3REgahddqHBOPo0FIA4qR0tJVlye9UtkynapTr1RhRpzaglRsaJvWHOXG/nRaPH39aPZKb91+hBNOQoUZkrJjW7HyUiQUxYxMCt1EkhjhERqQjqYh4kR66fzUCTzSSh8GkdAVKjhXv0+kiEs55r7u5EgN5W9vJv7ldRIV1L2UhnGiSIizRUHCoIrg7G/Yp4JgxcaaICyovhXiIRIIK51OQYfw9Sn8n7iOeWLalzqMM5AhDw7AITgGNqiBBrgATeACDAbgDjyAR4MZ98aT8Zy15ozFzB74AePlE6Q6kfw=</latexit><latexit sha1_base64="tR04qDoLjbLPQtrsA6FeUTHrNVQ=">AAAB6XicdVBNS8NAEJ34WetX1aOXxSJ4CklaaL1IwYvHisYW2lA22027dDcJuxuhhP4ELx5UvPqPvPlv3LYRVPTBwOO9GWbmhSlnSjvOh7Wyura+sVnaKm/v7O7tVw4O71SSSUJ9kvBEdkOsKGcx9TXTnHZTSbEIOe2Ek8u537mnUrEkvtXTlAYCj2IWMYK1kW76IhtUqo7t1b1mrY6WxGsUpOYi13YWqEKB9qDy3h8mJBM01oRjpXquk+ogx1Izwums3M8UTTGZ4BHtGRpjQVWQL06doVOjDFGUSFOxRgv1+0SOhVJTEZpOgfVY/fbm4l9eL9NRM8hZnGaaxmS5KMo40gma/42GTFKi+dQQTCQztyIyxhITbdIpmxC+PkX/E9+zz2332qm2Loo0SnAMJ3AGLjSgBVfQBh8IjOABnuDZ4taj9WK9LltXrGLmCH7AevsEKreN5g==</latexit>

µ
<latexit sha1_base64="K4/vgQ31QJdNY+0iTtFsV9uEuOo=">AAAB6XicdVDLSsNAFL2pr1pfVRcu3AwWwVVI0kLrRgpuXFY0ttCGMplO2qGTBzMToYR+ghsXKm79I3f+RL/BaVNBRQ9cOJxzL/fe4yecSWVZH0ZhZXVtfaO4Wdra3tndK+8f3Mk4FYS6JOax6PhYUs4i6iqmOO0kguLQ57Ttjy/nfvueCsni6FZNEuqFeBixgBGstHTTC9N+uWKZTs1pVGsoJ059Sao2sk1rgUrzaDZDANDql997g5ikIY0U4VjKrm0lysuwUIxwOi31UkkTTMZ4SLuaRjik0ssWp07RqVYGKIiFrkihhfp9IsOhlJPQ150hViP525uLf3ndVAUNL2NRkioakXxRkHKkYjT/Gw2YoETxiSaYCKZvRWSEBSZKp1PSIXx9iv4nrmOem/a1DuMCchThGE7gDGyoQxOuoAUuEBjCAzzBs8GNR+PFeM1bC8Zy5hB+wHj7BEwokDk=</latexit><latexit sha1_base64="JcQkiEOAMc+V2AhQTFwHzIFV2lA=">AAAB6XicdVDLSsNAFJ3UV62PVl24cDNYBFchSQutIFJw47KisYU2lMl00g6dScLMRCihn+DGhYpbP8E/cecHuO03OG0qqOiBC4dz7uXee/yYUaks693ILS2vrK7l1wsbm1vbxdLO7o2MEoGJiyMWibaPJGE0JK6iipF2LAjiPiMtf3Q+81u3REgahddqHBOPo0FIA4qR0tJVlye9UtkynapTr1RhRpzaglRsaJvWHOXG/nRaPH39aPZKb91+hBNOQoUZkrJjW7HyUiQUxYxMCt1EkhjhERqQjqYh4kR66fzUCTzSSh8GkdAVKjhXv0+kiEs55r7u5EgN5W9vJv7ldRIV1L2UhnGiSIizRUHCoIrg7G/Yp4JgxcaaICyovhXiIRIIK51OQYfw9Sn8n7iOeWLalzqMM5AhDw7AITgGNqiBBrgATeACDAbgDjyAR4MZ98aT8Zy15ozFzB74AePlE6Q6kfw=</latexit><latexit sha1_base64="JcQkiEOAMc+V2AhQTFwHzIFV2lA=">AAAB6XicdVDLSsNAFJ3UV62PVl24cDNYBFchSQutIFJw47KisYU2lMl00g6dScLMRCihn+DGhYpbP8E/cecHuO03OG0qqOiBC4dz7uXee/yYUaks693ILS2vrK7l1wsbm1vbxdLO7o2MEoGJiyMWibaPJGE0JK6iipF2LAjiPiMtf3Q+81u3REgahddqHBOPo0FIA4qR0tJVlye9UtkynapTr1RhRpzaglRsaJvWHOXG/nRaPH39aPZKb91+hBNOQoUZkrJjW7HyUiQUxYxMCt1EkhjhERqQjqYh4kR66fzUCTzSSh8GkdAVKjhXv0+kiEs55r7u5EgN5W9vJv7ldRIV1L2UhnGiSIizRUHCoIrg7G/Yp4JgxcaaICyovhXiIRIIK51OQYfw9Sn8n7iOeWLalzqMM5AhDw7AITgGNqiBBrgATeACDAbgDjyAR4MZ98aT8Zy15ozFzB74AePlE6Q6kfw=</latexit><latexit sha1_base64="tR04qDoLjbLPQtrsA6FeUTHrNVQ=">AAAB6XicdVBNS8NAEJ34WetX1aOXxSJ4CklaaL1IwYvHisYW2lA22027dDcJuxuhhP4ELx5UvPqPvPlv3LYRVPTBwOO9GWbmhSlnSjvOh7Wyura+sVnaKm/v7O7tVw4O71SSSUJ9kvBEdkOsKGcx9TXTnHZTSbEIOe2Ek8u537mnUrEkvtXTlAYCj2IWMYK1kW76IhtUqo7t1b1mrY6WxGsUpOYi13YWqEKB9qDy3h8mJBM01oRjpXquk+ogx1Izwums3M8UTTGZ4BHtGRpjQVWQL06doVOjDFGUSFOxRgv1+0SOhVJTEZpOgfVY/fbm4l9eL9NRM8hZnGaaxmS5KMo40gma/42GTFKi+dQQTCQztyIyxhITbdIpmxC+PkX/E9+zz2332qm2Loo0SnAMJ3AGLjSgBVfQBh8IjOABnuDZ4taj9WK9LltXrGLmCH7AevsEKreN5g==</latexit>
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The LHCb upgrades

๏ Upgrade Ia LHCb detector:

• Upgraded VELO with pixels and live readout
‣ Lower fake rate and faster pattern recognition
‣ Less material interaction (factor 3 better)
‣ Better IP resolution (factor 2 better at pT~0.5 GeV)

• Upgraded Trigger all in software
‣ Reading out full detector in real time (~30 MHz)
‣ Lower pT thresholds, displaced vertices at first level
‣ Turbo stream with offline-quality calibration

14

searches for long-lived particles beyond the standard model at the large hadron
collider 87

rent VELO. The replacement of strips with pixel sensors also makes3131

the pattern recognition faster for the same multiplicity. This can3132

be used in the trigger to find tracks and identify displaced vertices3133

in the trigger, making it possible to soften or remove inefficient pT3134

requirements.3135 LHCB-TDR-013

8

VELO 

LHC-LLP - 20/10/2017 Elena Dall’Occo

• performance evaluated in upgraded conditions  
• efficiency of the upgraded VELO superior to that of the existing one  
• significant improvement in the IP resolution  
• pattern recognition faster for the single track
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Figure 24: Reconstruction e�ciency (at � = 7.6,
p

s = 14TeV) for particles which are recon-
structible as VELO tracks as a function of (top left) particle momentum, (top right) transverse
momentum, (middle left) pseudorapidity, (middle right) azimuthal angle, (bottom left) origin
vertex z-position and (bottom right) origin vertex radius. The requirements a track has to
satisfy to be reconstructible are listed in the text. The current VELO is shown with black circles
and the upgrade VELO with red squares. The insets shows the low momentum and transverse
momentum regions.
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Figure 30: The left figure shows the x resolution and the right figure shows the 3D resolution of
the IP. For both VELO segments with 2 < � < 5 from a primary vertex are used. The segments
were fitted with a Kalman filter using an approximation of the amount of scattering at a fixed
pT. The current VELO is shown with black circles and the upgrade VELO with red squares,
both are evaluated at � = 7.6,

p
s = 14TeV. The resolutions in x and y are similar. The light

grey histogram shows the relative population of b-hadron daughter tracks in each 1/pT bin.

Table 6: Parameters of a straight line fit to the IP resolution distributions in Figs. 30 and 31.
For long tracks the measured momentum is taken into account during the track fit. As a result
both the o�set and slope are improved compared to VELO only track segments for which no
momentum estimate is available.

O�set [ µm ] Slope [ µm GeV/c ]

VELO only �x 15.0 11.7

VELO only �IP3D 20.2 15.0

Long track �x 11.0 13.1

Long track �IP3D 15.7 16.5

The slope away from the intercept is sensitive mostly to the multiple scattering term.

For equal RF foil thickness (0.25 mm) the upgrade VELO slope becomes about 60% that

of the current VELO. In agreement with the ratio of their inner edge distance Rdet (the

silicon material di�erence also plays a role and makes the ratio somewhat smaller than

1.122 · 5.1 mm/8.2 mm).

Possible improvements in IP resolution performance with di�erent foil geometries were

explored. The foil thickness was varied from 0.25 mm to 0 mm in steps of 0.083 mm to

show the residual e�ect of the foil material. Figure 32 shows �IP for the di�erent foil
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upgrade

current
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Figure 15: Comparison of current and upgrade
VELO z-layouts. Top layout (black): current
VELO. Bottom layout (red): upgrade VELO
optimised with full-simulation.

Table 4: Optimised z-positions of the 52 modules of the VELO upgrade, split by side. A side is
also known as the left side and is in the positive x-direction. C side is also known as the right
side and is in the negative x-direction. The z-positions are given in mm from the interaction
point.

Side Module z-position [mm]

-277.0 -252.0 -227.0 -202.0 -132.0 -62.0 -37.0 -12.0 13.0

A 38.0 63.0 88.0 113.0 138.0 163.0 188.0 213.0 238.0

263.0 325.0 402.0 497.0 616.0 661.0 706.0 751.0

-289.0 -264.0 -239.0 -214.0 -144.0 -74.0 -49.0 -24.0 1.0

C 26.0 51.0 76.0 101.0 126.0 151.0 176.0 201.0 226.0

251.0 313.0 390.0 485.0 604.0 649.0 694.0 739.0

for the upgraded VELO are listed in Table 4. The acceptance of the optimised layout is

shown in Fig. 16 from the ray-tracing simulation.

3.2 Material scan

The material budget of the upgraded VELO is evaluated by following straight-line tracks

from the origin to the plane z = 835 mm. For each volume traversed by the track, the

radiation length of the material and the length of the track segment inside the volume

are recorded. Figure 17 shows the resulting integrated fraction of the radiation length

x/X0 as function of � and �. The most prominent features in the material map are the

ridges due to the RF foil at � = ±�/2 and the peaks due to the cooling connector at

� = 0, �. Averaged over the nominal pseudorapidity range 2 < � < 5, the total material
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Figure 5.18: A comparison of the current and upgrade VELO z�layouts is shown
on the left. The top layout (black) is the current VELO while the bottom layout (red)
is the upgrade VELO. On the right the track reconstruction efficiency is shown as
a function of the origin in z for the current (black) and upgrade (black) VELO in
upgrade conditions.

Figure 5: Upgrade VELO module layout, with the LHCb acceptance shaded. This figure
illustrates how various parts of the modules fall into the acceptance of physics quality tracks.

Figure 6: Artist’s impression of the upgraded VELO once installed.
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Figure 16: Fraction of tracks with (red) three or (black) four hits from ray-tracing simulation
as a function of di�erent variables. Top row: di�erent regions of �, requiring the track came
from ±2�lumi of the interaction region. Bottom left: track origin z-position, requiring 2 < � < 5.
Bottom right: �, requiring the track came from ±2�lumi of the interaction region and was between
2 < � < 5.

budget of the upgraded VELO amounts to ⇠ 21.3% X0, which is similar to the existing

VELO (20.0%). As can be seen from Fig. 19 (left), the largest contribution (⇠ 53%) comes

from the RF foil. This is also visible in Fig. 18 which shows the material map projected

onto the � and � axes. Figure 18 also shows the contributions from material before the

first and second measured points, respectively. These are important quantities for the IP

distribution and the extrapolation of VELO tracks to the downstream tracking. Averaged

over 2 < � < 5, the material before the first measured point amounts to ⇠ 1.7% X0. As
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Figure 5.19: On the left is a display of the upgrade VELO geometry and a compari-
son with the LHCb spectrometer acceptance which is shaded in yellow. On the right
the h acceptance of the upgrade VELO geometry is given both for forward and back-
ward tracks. The fraction of tracks crossing three and four modules is given in red
and black, respectively.

Real tracks created in the VELO material can be a significant3136

background to LLP searches (see more details in Appendix 4. The3137

total material budget of the upgrade VELO is similar to the current3138

one (about 20% radiation lengths) and is dominated by the Radio-3139

Frequency foil separating the beam vacuum from the vacuum of the3140

sensors. However, the average percentage of radiation length before3141

the first measured point is significantly reduced in the upgrade3142

VELO, passing from 4.6%X0 in the current design to 1.7%X0 in the3143

upgrade VELO.3144

5.2.2.2 Upgraded trigger3145

The online event selection in the LHCb experiment during the3146

2010-2018 running period is performed by a trigger composed of3147

a hardware level (L0), and two software levels, High Level Trigger3148

searches for long-lived particles beyond the standard model at the large hadron
collider 89

Persistence) was used. With Turbo SP both the trigger candidate3196

and a subset of reconstructed event is saved. This extremely flex-3197

ible solution allows the analyser to choose which objects to save,3198

minimizing the size of the stored event. A sketch of the evolution3199

of Turbo is showed in Figure 5.22. In view of a full software trigger3200

in the Upgrade, Turbo becomes the only available solution. The3201

reduced event size, would indeed allow to store candidate at high3202

rate, fully exploiting the improvement due to the L0 removal.3203

Figure 5.20: Scheme of the current (left) and of the upgraded LHCb trigger scheme
(right). `2KQp�H Q7 ?�`/r�`2 i`B;;2` A

r?�i /Q2bMǶi rQ`F
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Figure 5.21: Trigger yields for B ! p+p�, Bs ! f(K+K�)g,
Bs ! J/y(µ+µ�)f(K+K�) and Bs ! D�

s (K+K�p�)K+ as a function of the lu-
minosity. For not muonic channels, the saturation effect due to the L0 bottleneck can
be observed.

5.2.3 Upgrade LHCb projections: LLP signatures3204

The much higher luminosity and improved capabilities of the up-3205

graded LHCb detector is expected to largely improve the LHCb3206

capabilities in LLP searches in LHC Run 3. In the following, the3207
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5.2.2 LHCb detector and trigger upgrade for Run 3 (Phase Ia)3971

In LHC Run 3, LHCb plans to take data at an instantaneous lumi-3972

nosity of 2 ⇥ 1033 cm�2s�1, a factor of five larger than the current3973

luminosity. The LHCb detector needs to be upgraded to cope with3974

the higher radiation dose and, most importantly, to avoid the sat-3975

uration of the trigger rate and exploit the higher luminosity. The3976

main bottleneck in the current trigger is in the first stage, which3977

reduces the accepted rate from 30 MHz to 1 MHz at hardware level.3978

For the upgrade, the hardware trigger will be removed and the3979

full event will be read out at the bunch crossing rate of the LHC3980

(40 MHz), with a very flexible software-based trigger.3981

Current Upgrade-Ia Upgrade-Ib Upgrade-II
L/(cm�2s�1) 4 ⇥ 1032 2 ⇥ 1033 2 ⇥ 1033 2 ⇥ 1034
R

L 8 fb�1 23 fb�1 50 fb�1 300 fb�1
p

s 7, 8, 13 TeV 14 TeV 14 TeV 14 TeV
µ ⇠ 1 ⇠ 5 ⇠ 5 ⇠ 50

Table 5.1: LHCb current and upgraded operating conditions [301].
Instantaneous luminosity L, integrated luminosity

R
L (includ-

ing previous runs), pp collision energy
p

s and average number of
visible proton interactions µ are listed.

Table 5.1 summarises the current and upgraded conditions of3982

the detector. To cope with the larger occupancy and higher rate of3983

the upgraded detector, the electronics of all of the sub-detectors3984

must be upgraded, and some sub-detectors must be fully replaced;3985

for example, the tracking system, which plays a crucial role in LLP3986

searches, must be replaced.3987

The upgraded tracking system consists of the VErtex LOcator3988

(VELO), surrounding the interaction point, the Upstream Tracker3989

(UT), a tracking station placed before the magnet, and the Scintil-3990

lating Fibers tracker (SciFi), three stations after the magnet. In the3991

VELO [302], the current strips will be replaced by pixel detectors,3992

with a custom developed ASIC (VeloPix) able to withstand a max-3993

imum hit rate of 900 Mhits/s/ASIC. The UT [303] is composed of3994

four silicon micro-strip planes, with finer granularity and larger ac-3995

ceptance compared to the current tracker. Each station of the SciFi3996

has four planes of 2.5 m long scintillating fibres read out by silicon3997

photo-multipliers.3998

The upgrade components most important for LLP searches are3999

probably the VELO, the tracking and the software trigger. In the4000

following subsections a brief description of their design and capa-4001

bilities is given for each.4002

5.2.2.1 VELO Upgrade4003

The VELO plays a fundamental role in LLP searches at LHCb: due4004

to the large boost particles typically get in the forward direction, a4005

very precise measurement of the LLP vertex position allows LHCb4006
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Dark Photons below 2mµ

๏ Can cover region below 2mµ using 
charm decays D*0 → D0A’(ee)
๏ Requires upgraded trigger to select  

efficiently soft final state

๏ Get 300⨉109 D*0 → D0γ per fb-1

๏ Can use D(*) mass constraint to correct 
bremsstrahlung losses

๏ At these p electrons emit light in RICH 
while pions don’t → excellent PID

๏ Both displaced and prompt searches

15

2

FIG. 1. Current bounds on dark photons with visible decays
to SM states, adapted and updated from Ref. [19]. The upper
bounds are from prompt-A0 searches while the wedge-shaped
bounds are from beam-dump searches and supernova consid-
erations. The LHCb search region in Fig. 2 covers most of the
gap between these bounds for mA0 . 100 MeV, with a reach
extending to mA0 . 140 MeV. Anticipated limits from other
planned experiments are shown in Fig. 9.

The range of mA0 values that is in principle accessible
in this search is mA0 2 [2me,�mD], where [50]

�mD ⌘ mD⇤0 �mD0 = 142.12± 0.07 MeV. (3)

The proximity of �mD to m⇡0 leads to phase-space sup-
pression of the decay D⇤0

! D0⇡0, which results in a
sizable branching fraction of about 38% for the decay
D⇤0

! D0�.4 The small value of �mD, however, also
leads to typical electron momenta of O(GeV) within the
LHCb acceptance. Therefore, the planned upgrade to
a triggerless-readout system employing real-time calibra-
tion at LHCb in Run 3 [51]—which will permit identi-
fication of relatively low-momentum e+e� pairs online
during data taking—will be crucial for carrying out this
search.

To cover the desired dark photon parameter space, we
employ two di↵erent search strategies, shown in Fig. 2.
The displaced search, relevant at smaller values of ✏2,
looks for an A0

! e+e� decay vertex that is significantly
displaced from the pp collision. This search benefits from
the sizable Lorentz boost factor of the produced dark

4 This explains why we choose the decay D⇤0 ! D0A0 instead of
D⇤(2010)+! D+A0, since the corresponding branching fraction
D⇤+! D+� is only 1.6%.
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FIG. 2. Potential bounds from LHCb after Run 3, for both
the displaced (pre-module, solid blue) and resonant (dashed
blue) searches. Also shown is an alternative displaced search
strategy (post-module, dotted blue) that looks for A0 vertices
downstream of the first tracking module.

photons and the excellent vertex resolution of LHCb.
Our main displaced search looks for A0 decays within
the beam vacuum upstream of the first tracking mod-
ule (i.e. pre-module), where the dominant background
comes from misreconstructed prompt D⇤0

! D0e+e�

events.5 Because the A0 gains a transverse momentum
kick from pp collisions, the A0 flight trajectory intersects
the LHCb detector, making it possible to identify dis-
placed e+e� pairs with smaller opening angles than the
HPS experiment [52]. We also present an alternative dis-
placed search for A0 decays downstream of the first track-
ing module (i.e. post-module), where the dominant back-
ground comes from D⇤0

! D0� events with � ! e+e�

conversion within the LHCb material.
The resonant search, relevant at larger values of ✏2,

looks for an A0
! e+e� resonance peak over the con-

tinuum SM background. This search benefits from the
large yield of D⇤0

! D0A0 decays during LHC Run 3,
which is larger than the A0 yield in fixed-target exper-
iments like MAMI/A1 [30, 31] and APEX [32]. Fur-
thermore, the narrow width of the D⇤0 meson, which
is less than the detector invariant-mass resolution, pro-
vides kinematical constraints that can be used to im-
prove the resolution on me+e� . This resonant search can
also be employed for non-minimal dark photon scenarios

5 We thank Natalia Toro for extensive discussions regarding this
background.
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• Huge forward π rate (∼ 1015) in FASER 
acceptance 

• Large suppression (ε2) in π → A' X but 
substantial rates of A' in acceptance  

• Multi-TeV LLP produced at ATLAS IP; 
480 m to FASER, including 100 m of concrete 

• Decay within 1.5 m decay volume to charged 
particle pair, e.g. e+e−  

• Oppositely charged tracks separated by 
spectrometer B field 

• Silicon strip tracker (from ATLAS) to measure 
charged track trajectory  

• EM calorimeter (from LHCb) to measure energy, 
e vs. μ ID

ForwArd Search ExpeRiment: FASER
FASER Collaboration LOI (arXiv:1811.10243) Tech. proposal (arXiv:1812.09139) Physics potential (arXiv:1811.12522)

D. W. Miller (EFI, Chicago) New dark-sector LHC experiments – LHCP 2019 May 21, 2019 8 / 26
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• FASER probes new parameter space with just 1 fb−1 starting in 2021  
• FASER 2 larger volume (R = 1 m, L = 5 m) and HL-LHC Lumi 

FASER physics goals and sensitivity
FASER Collaboration FASER LOI FASER Tech. proposal
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FASER probes new parameter space with just 1 fb�1 starting in 2021
FASER 2 larger volume (R = 1 m, L = 5 m) and HL-LHC L
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Conclusions

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

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

Phase II 
(proposed)

L = 2e34;  
300 fb-1 

(proposed)
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LCHb track types
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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

https://lphe-web.epfl.ch


Federico Leo Redi | École polytechnique fédérale de Lausanne |

Exclusion plots for displaced region
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Figure 15: Exclusion limits at 90% confidence level from the displaced search. The top plot
shows the upper limits on the reconstructed yields. The middle plot shows the ratio of the upper
limit on the yield to the expected yield for each signal hypothesis. Values less than one are
excluded (roughly cyan to blue are excluded). The bottom plot shows the excluded regions.
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Figure 15: Exclusion limits at 90% confidence level from the displaced search. The top plot
shows the upper limits on the reconstructed yields. The middle plot shows the ratio of the upper
limit on the yield to the expected yield for each signal hypothesis. Values less than one are
excluded (roughly cyan to blue are excluded). The bottom plot shows the excluded regions.
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