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LHCb detector / 1
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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. 

• ~ 45 fs for B0s -> J/psi phi and B0s -> Ds pi 

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

• Great mass resolution: e.g. 15 MeV for J/psi. 

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

VELO 

Tracking 

RICH 

Calorimeter 

Muon system 
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LHCb / CMS so much different?

LHCb's B

Link 1 and 2 
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LHCb detector
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• 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 and one can 
develop a full map  
the VELO material 

• Real-time calibration in 
Run 2 (Turbo Stream) 

• Very efficient online  
reconstruction e.g. in di-muon 
final states (50 years of SM!)

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

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

IP(µ
±)]

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

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

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

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

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

VF(µ
+µ�), and min[�2

IP(µ
±)]

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

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

VF(µ
+µ�) and min[�2

IP(µ
±)] fits

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

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

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

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

IP(µ
±)] fit results are

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

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

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

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

3

trigger output

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

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

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

– 4 –
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LHCb’s track types
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No one-size-fits-all approach – decay products, lifetime, 
mass, boost all dramatically affect the detector signature

6

why do we need so many searches?

24 April 2017Heather Russell, McGill University

...and all subdetectors must be used for optimal results

What are long-lived particles?

• What is a long-lived particle? 
• As an experimentalist: it’s a particle that 

decays in a reconstructable distance 
from the production point (e.g. pp 
interaction point at the LHC) 

• De-facto used for BSM particles

8

B. Shuve

H. Russell

• Lifetime is sampled from an exp, there is an additional parameter

https://ep-dep.web.cern.ch/home
https://indico.cern.ch/event/714087/contributions/2985914/attachments/1650488/2641192/LHC-LLP_Shuve.pdf
https://indico.cern.ch/event/607314/contributions/2542309/
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The community
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M. Citron

• Started with few of us and slowly evolving 
in “main stream” particle physics 

• Great communal effort with a bottom up 
approach 

• Started independently and matured in the 
LHC Long-lived Particles Working 
Group (LHC LLP WG): Established in 
2020 to serve as a formal bridge with the 
relevant physics groups of the  
approved LHC  
experiments

J. Beacham

https://ep-dep.web.cern.ch/home
https://indico.cern.ch/event/1042226/contributions/4600229/attachments/2342225/3993372/whySoManyDetectors_LLPX_MC.pdf
https://indico.cern.ch/event/980853/contributions/4361192/attachments/2251119/3818788/Beacham_LLP9_Intro_2021May25.pdf
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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

mρ

(

1−
4m2

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

sm
3
ρ
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√
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and

Γ(ρ → γγ) = sin2 ε
Gfα2m3

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

[1608.08632]

RK =
B(B ! Kµµ)

B(B ! Kee)
=

[B(B ! Kµµ)/B(B ! KJ/ [µµ])]

[B(B ! Kee)/B(B ! KJ/ [ee])]
(1)

ASM = AQCD ⇥AEW (2)

⇡0 ! A0� (3)

e+e� ! A0� (4)

1

RK =
B(B ! Kµµ)

B(B ! Kee)
=

[B(B ! Kµµ)/B(B ! KJ/ [µµ])]

[B(B ! Kee)/B(B ! KJ/ [ee])]
(1)

ASM = AQCD ⇥AEW (2)

⇡0 ! A0� (3)

e+e� ! A0� (4)

1

RK =
B(B ! Kµµ)

B(B ! Kee)
=

[B(B ! Kµµ)/B(B ! KJ/ [µµ])]

[B(B ! Kee)/B(B ! KJ/ [ee])]
(1)

ASM = AQCD ⇥AEW (2)

⇡0 ! A0� (3)

e+e� ! A0� (4)

eZ ! eZA0 (5)

1

beam dumps

• A: Bump hunts, visible 
or invisible 

• B: Displaced vertex 
searches, short decay 
lengths 

• C: Displaced vertex 
searches, long decay 
lengths

11

Dark Sectors 2016: Community Report [1608.08632]  
Courtesy of Mike Williams

A

B

C
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Searching for Dark Photons

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

(γ∗) by a factor ε: 

• A′ inherits the production mode mechanisms from γ∗ 

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

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

• Separate γ∗ signal from background and measure its fraction 

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

12

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)

https://lphe-web.epfl.ch
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Search for Dark Photons / Prompt

13

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

'

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

σ½mðμþμ−Þ&/2 searching for A0 → μþμ− contributions. At
each mass, a binned extended maximum likelihood fit is
performed using all promptlike candidates in a
#12.5σ½mðμþμ−Þ& window around mðA0Þ. The profile
likelihood is used to determine the p value and the
confidence interval for nA

0

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

upper limit on nA
0

ob½mðA0Þ& is less than nA
0

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

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

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

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

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

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

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

PHYSICAL REVIEW LETTERS 120, 061801 (2018)

061801-3

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

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

https://lphe-web.epfl.ch
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• Looser requirements on muon transverse momentum 
• Material background mainly from photon conversions 
• Isolation decision tree from B0s→μ+μ− search 

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

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

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

excluded 
• First limit ever not from beam dump
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Figure 1: Three-dimensional distribution of �2
DF versus t versus m(µ+µ�), which is fit to

determine the long-lived signal yields. The data are consistent with being predominantly due to
b-hadron decays at small t, and due to K0

S decays for large t and m(µ+µ�) & 280MeV. The
largest signal-like excess occurs at m(A0) = 239MeV and ⌧(A0) = 0.86 ps.
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Figure 2: E�ciency ratio ✏A0
�⇤ [m(A0), ⌧(A0)] for long-lived dark photons, integrated over decay

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

±)] criterion
applied in the 2016 trigger.

3

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

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

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

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

0

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

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

0

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

σ½mðμþμ−Þ&/2 looking for A0 → μþμ− contributions; how-
ever, in this case, discrete steps in τðA0Þ are also considered.
Binned extended maximum likelihood fits are performed
using all long-lived candidates and the three-dimensional
feature space of mðμþμ−Þ, t, and the consistency of the
decay topology as quantified in the decay-fit χ2DF, which
has three degrees of freedom (the data distribution is
provided in Ref. [61]). The expected conversion contribu-
tion is derived in each bin from the number of candidates
rejected by the conversion criterion. Two large control data
samples are used to develop and validate the modeling of
the b-hadron and K0

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

0

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

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

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

0

ob½mðA0Þ; τðA0Þ& can be translated into
limits on nA

0

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

0

ob½mðA0Þ; ε2& is less
than nA

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

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

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

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

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

ob½mðA0Þ; ε2& at
90% C.L. to its expected value, where regions less than unity are
excluded. There are no constraints from previous experiments in
this region.
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• The dimuon results are consistent with (better than) predictions for prompt (long-lived) dark 
photons as discussed in [1603.08926]. Then onto electrons.

Dark Photons LHCb-PAPER-2017-038

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

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

 12

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

PRL 120 (2018) 061801
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Phys. Rev. Lett. 120, 061801 (2018)
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Low-mass dimuon resonances

6

Inclusive Prompt Displaced pointing

Prompt + b-jet Displaced non-pointing

+ non-zero width 
considered

+ no isolation 
requirement

+ non-zero width 
considered

❑Non-minimal searches, example signatures:

[JHEP10 (2020) 156]

Taken from one of Martino's talks

JHEP 10 (2020) 156

https://lphe-web.epfl.ch
https://cds.cern.ch/record/2747335
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Taken from I. Kostiuk's talk

JHEP 10 (2020) 156Low-mass dimuon resonances: prompt and displaced

7

[JHEP10 (2020) 156]

Beauty associated prompt    Beauty associated displaced     

Inclusive displaced     Inclusive prompt    

❑Upper limits at 90% CL on σ(X → μμ)

https://lphe-web.epfl.ch
https://cds.cern.ch/record/2744873/
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Signatures with N from b decays@LHCb

Serhii Cholak 3

• Parameter   gives HNL mixing with SM neutrino (flavour �) U2
�N

HNLs in the MSM�

W±(*)
�±

�

N
U�N

Z0(*)

��

N
U�N

virtual

Production:
just as SM neutrino

Decay:

�±
�

N
U�N

Z0(*) � qq̄, ��̄, ��̄

��

N
U�N

W�(*) � qq� �, ���

     • Could be visible in charged final states

VELO

T

T1 T2 T3

prompt prompt or displaced

     • N lifetime � � |U�N |�2 m�5

Same/opposite-sign dileptons + track(s):

allows to fully reconstruct N mass peak

N has to be light (mN . 5 GeV)

sensitive both to
lepton-number-violating (LNV) and
conserving (LNC) N decays

same-sign signature allows to look at any (reconstructible) displacement

opposite-sign: applicable only to very displaced signatures due to high SM
background at the low displacement

Start with muons and later extend the analysis to electrons as well
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• Can one expand such narrow searches? Combine 
all the knowledge of b quarks and missing masses? 

• Yes, e.g. in Majorana neutrino searches where it’s 
hard to compete with LHCb in the B production 
region 

• Previous analysis (B → μN**) only used one 
production mode: simple but inefficient 

• Here Xb → μN is added together with Bc→ μN 
• Multiple final states are also considered thanks to the 

expertise built in FLU searches  
containing νs: 

• Gain up to 12 times signal yield  
(only for displaced vertexes) 

What about from a b?

18 More N decay channels
Analysis strategy.               Possible extension 

15

• Exclusive decay   
• Bump hunt in  mass 

N � �+��
�+��

•  Can gain sensitivity by considering partially 
reconstructed   

• Bump hunt in  corrected mass 
•

N � �+��X
�+��X

• Can gain up to factor 12 in signal 
acceptance with  manageable 
background for displaced HNLs 
decays N � �+��X

x

Martino Borsato - University of Heidelberg

Sensitivity projections

28

Inclusive decay sensitivity??

* Inclusive decay sensitivity is a sketch, 
not real extrapolation

Serhii Cholak

=)
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Inclusive decay sensitivity??

* Inclusive decay sensitivity is a sketch, 
not real extrapolation

Serhii Cholak

old analysis used only N ! µ
+
⇡

� – easy (bump hunt), but rather low branching ratio
here use partially reconstructed decays – gain up to ⇥12 in signal yield! (works
only for displaced HNLs)
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More Xb decay channels

6

Calculations from K.Bondarenko et al, 05/18)
 Implemented by EPFL+Heidelberg  
github.com/MartinoBorsato/cHNLdecay

**

** Used for the Run1  (exclusive) analysisB+ � ���+�+

Serhii Cholak

Analysis strategy. Inclusive approach 

* Extrapolation is done assuming 0 bkg, signal is scaled with 
luminosity and taking into account reduced acceptance due to 
the HNLs displacement. SS and OS decays 
•

• Previous LHCb analysis considered  
 exclusive decays

• We enhance sensitivity by using the inclusive 

b →N(!+"−)"−+X
• Consider both Same Sign (SS) and Opposite 

Sign (OS) pair of muons in the final states
•

B� � (N � ���+)��

6

Calculations from K.Bondarenko et al, 05/18)
 Implemented by EPFL+Heidelberg  
github.com/MartinoBorsato/cHNLdecay

**

** Used for the Run1  (exclusive) analysisB+ � ���+�+

Serhii Cholak

Analysis strategy. Inclusive approach 

* Extrapolation is done assuming 0 bkg, signal is scaled with 
luminosity and taking into account reduced acceptance due to 
the HNLs displacement. SS and OS decays 
•

• Previous LHCb analysis considered  
 exclusive decays

• We enhance sensitivity by using the inclusive 

b →N(!+"−)"−+X
• Consider both Same Sign (SS) and Opposite 

Sign (OS) pair of muons in the final states
•

B� � (N � ���+)��

old analysis used only one N production channel: B
+ ! µN

here add Bc ! µN and Xb ! µNX:
Bc ! µN boosts sensitivity at higher N masses
Xb ! µNX enhances sensitivity at lower N masses 20 / 47

https://ep-dep.web.cern.ch/home
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More N decay channels
Analysis strategy.               Possible extension 
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Heavy neutral leptons

19

• Loose peak in invariant mass spectrum of N 
• Instead use corrected mass:  
• Derive the missing momentum from SV to TV 

direction create a good peak 
• Coupling to other leptons is also promising

Partial reconstruction: modified bump-huntAnalysis strategy.               Possible extension 

16

๏ We don’t have  MC (yet)
• Test on  ignoring the 
• Corrected mass well reproduced in 

RapidSim

N � ���+X
N � ���+ �+

x

*p�

N � ���+

Serhii Cholak

The search strategy modification:

• 3-body decay spectra with a missing 
particle doesn’t peak

      

• Impossible to reconstruct SV without the 
HNL’s momenta

     Use PV - TV line instead 

� Corrected mass = p2� + m2vis + p�

�

๏ Test on  ignoring the 
• It peaks pretty well!!

N � ���+�0 �0

N � ���+�0

Analysis strategy.               Possible extension 
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Serhii Cholak

The search strategy modification:

• 3-body decay spectra with a missing 
particle doesn’t peak

      

• Impossible to reconstruct SV without the 
HNL’s momenta

     Use PV - TV line instead 

� Corrected mass = p2� + m2vis + p�

�

๏ Test on  ignoring the 
• It peaks pretty well!!

N � ���+�0 �0

N � ���+�0 do not have a peak in mass spectrum if
lose a final state particle

use corrected mass: derive missing
momentum from secondary-to-tertiary
vertex direction (SV ! TV)

get a rather narrow signal distribution!
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Analysis strategy.               Possible extension 

16

๏ We don’t have  MC (yet)
• Test on  ignoring the 
• Corrected mass well reproduced in 

RapidSim

N → μ−π+X
N → μ−π+ π+

๏ Test on  ignoring the 
• It peaks pretty well!!

N → μ−π+π0 π0

x

*p⊥

N → μ−π+ N → μ−π+π0

Serhii Cholak

The search strategy modification:

• 3-body decay spectra with a missing 
particle doesn’t peak

      

• Impossible to reconstruct SV without the 
HNL’s momenta

     Use PV - TV line instead 

→ Corrected mass = p2
⊥ + m2

vis + p⊥

→

HNLatLHCb

HNLatLHCb

https://ep-dep.web.cern.ch/home
https://gitlab.cern.ch/mborsato/hnlatlhcb
https://gitlab.cern.ch/mborsato/hnlatlhcb
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Heavy neutral leptons
Estimated sensitivity with available dataConclusions and outlines. Analysis

17

• All  main parts of analysis are developed and need to be tuned 

• Need MC for final optimisation and proceeding with search

• Next step is the UL on the  + uncertainties 

• Inclusive decay b → N(!+"−Y)"− could improve a lot sensitivity

• The corrected mass technique works well. Studied on RapidSim but needs 
additional studies on LHCb MC samples.

•

|U�N |2

Martino Borsato - University of Heidelberg

Sensitivity projections

28

Inclusive decay sensitivity??

* Inclusive decay sensitivity is a sketch, 
not real extrapolation

Serhii Cholak

• Search for HNLs in b decays with a prompt τ lepton Xb → τNX 

• Limited number of direct collider searches for HNLs involving tau 
leptons 

• Good possibility to examine a weakly explored limits on the mixing 
  between the tau neutrino and a single HNL U2

�

Putting all together now with newly arriving signal samples
24 / 47

Only Run 2

Redi HNLs couplings to ⌧ leptons at the LHCb experiment Ambizione

2 3 5 10 20 30
10- 7

10- 6

10- 5

Mi [GeV ]

U
τ2 LHCb high pT, 50 fb-1

LHCb low pT, 50 fb-1

Figure 8: Projected sensitivity to heavy neutrinos with coupling to the third lepton generation only, based on

the expected complete Run 3 LHCb dataset. Current bounds are shown as a filled grey area. Projection for the

analysis in the high pT regime is shown as a dashed red line. Projection for the analysis in the low pT regime

is shown as a solid blue line.

2.3.5 Context of the work

The proposed work will be carried out within the QCD, Electroweak, and Exotica physics working

group (WG) of LHCb; more specifically in the Exotica and Higgs sub-WG. The PI is currently the

Exotica and Higgs sub-WG convenor. As described in Section 2.3.2, the main preliminary task related

to this project is the development of new trigger lines. This task will be performed within the Real-

Time Analysis WG. This freshly created WG aims at expanding LHCb’s Run 2 real-time alignment

and calibration procedure to implement the changes in the computing model and the associated o✏ine

computing resources needed for the LHCb Upgrade.

The core team of analysts will consist of a doctoral student funded by Ambizione and the PI. Some

specific sub-projects will be assigned to selected EPFL students in the context of a bachelor or master

projects. Since the work will be performed within the LHCb collaboration, once the project is mature

and established within the collaboration, more groups will exhibit interest in it and possibly join the

e↵ort and expand the physics case. Nevertheless the proposed project does not rely on any external

workforce and it is designed under conservative assumptions for the scientific output of the PI and the

doctoral student. Especially true for the case of the doctoral student is the fact that clearly identified

tasks are assigned to them.

2.4 Schedule and milestones

The proposed strategy will achieve the outlined goals while respecting the LHC schedule for the

upcoming years, as it is schematically shown in Figure 9. The start of the project is expected for Q4

of 2020, and the programme will last until after the end of Run 3 in 2023. The plan is constructed

14

leoredi/cHNLdecay

HNLatLHCb

https://ep-dep.web.cern.ch/home
https://github.com/leoredi/cHNLdecay?organization=leoredi&organization=leoredi
https://gitlab.cern.ch/mborsato/hnlatlhcb
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• The underdog: LHCb 

• The present 

• Two cherry picked results 

• The future prospects 

• A significant upgrade example

https://books.google.ch/books/about/Il_segreto_di_Majorana.html?hl=it&id=-lR4rgEACAAJ&output=html_text&redir_esc=y
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LHCb Timeline

• The amount of data and the physics yield from data recorded by the past LHCb experiment is 
limited by its detector: 

• But LHC has increased its performance: 
• Energy / beam (3.5 to 4 to 6.5 to 7 TeV) 
• Luminosity (peak 8x1033 to 2x1034 cm-2s-1 to HL-LHC) 

• Timeline of the Upgrades is in line with LHC timeline but asynchronous w.r.t. CMS and ATLAS 
• New instant Lumi = 2x1033 cm-2s-1 (x5 w.r.t. Run 1) 

LHC LHCb

Disclaimer: These figures may not be the most current but are provided for indicative purposes

https://ep-dep.web.cern.ch/home
https://lhc-commissioning.web.cern.ch/schedule/HL-LHC-plots.htm
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LHCb Phase-I upgrade

• New Vertex Locator 
• New dedicated luminometer (PLUME)  
• New silicon strip detector 
• New scintillating fibre detector 

• Particle ID: new optics, new photon detectors 

• Calorimeters: reduce PMT gain and new 
electronics 

• Muon: new electronics  
and increased granularity 

• No hardware trigger

The LHCb Detector and its Upgrade

)

2010 2018 2021 . . .

I Aim: Select more events containing suppressed decays

! Increase the number of interactions to 5

! Upgrade to triggerless read-out at 40MHz

I Requires to replace 90% of experiment

Kristof De Bruyn (CERN) The LHCb Vertex Locator Upgrade Vertex 2019 – 14/10/2019 4 / 23
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2010 2018 2021 . . .

I Aim: Select more events containing suppressed decays

! Increase the number of interactions to 5

! Upgrade to triggerless read-out at 40MHz

I Requires to replace 90% of experiment
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Trigger
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• Lower luminosity (and low pile-up) 
• ~1/8 of ATLAS/CMS in Run 1 
• ~1/20 of ATLAS/CMS in Run 2  

• Hardware L0 trigger removed 
• Full real-time reconstruction for all particles 

available to select events (since 2015) 
• Real-time reconstruction for all  

charged particles with pT > 0.5 GeV 
• We go from 1 TB/s (post zero suppression)  

to 0.7 GB/s (mix of full + partial events)  
• LHCb has moved to a hardware-less  

readout system for LHC Run 3,  
and process 5 TB/s in real time on the CPU 
farm. 

Martino Borsato - USC

The LHCb detector

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

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

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

detached vertices

Present trigger Upgraded trigger

[LHCB-TDR-016]

3

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

and particle ID at first level!

CERN-LHCC-2014-016 
LHCB-TDR-016

https://ep-dep.web.cern.ch/home
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Trigger

25

LHCB-TDR-018 
LHCB-TDR-016

• Removal of L0 hardware trigger 
• Increase in hadrons selection efficiency by 

factor ~2  
• HLT1 reconstruction on GPUs 

• First GPU trigger in a HEP experiment 
• Offline reconstruction in HLT2

https://ep-dep.web.cern.ch/home
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LHCb’s track types

26

https://ep-dep.web.cern.ch/home
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A new algorithm at LHCb to reconstruct  
Long-Lived particles in the first level trigger

27

Arantza’s talk at 
connecting the dots

• Removal of L0 hardware trigger 
• HLT1 reconstruction on GPUs 
• What about lips? 

• Great LHCb performance for b- and 
c-meson decays (long tracks) 

• But for particles with τ > 100ps 
many decays happen out of the 
VELO detector: 

• Produce downstream and T-tracks 
• Now LHCb can trigger at the 

HLT1 level on such tracks 
• Sensitivity gained for SM 

(baryon and mesons) and BSM 
particles

  Downstream at HLT1 level (why ?)

L. Calefice et al. (2022). Frontiers in Big Data, 2022.1008737

8

❖ Great LHCb performance for b- and 
 c-meson decays (long tracks)

❖ But for particles with τ > 100ps 
many  decays happen out of the 
VELO detector: 
produce downstream and T-tracks

 →  not selected by HLT1 !

CTD2023  11.10.2023                            A Downstream algorithm for HLT1 at LHCb                

Calefice et al., Frontiers in Big Data, 2022. 
DOI:10.3389/fdata.2022.1008737.

https://ep-dep.web.cern.ch/home
https://indico.cern.ch/event/1252748/contributions/5554776/
https://indico.cern.ch/event/1252748/contributions/5554776/
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A new algorithm at LHCb to reconstruct  
Long-Lived particles in the first level trigger

28

Arantza’s talk at 
connecting the dots

• LHS: . Reconstructibility of the decay vertex of the H' particle as a function of its mass and lifetime 
for downstream tracks 

• RHS: proportion of events triggered by the HLT1 decision on the H' decay products (Trigger on 
Signal, TOS)

Calefice et al., Frontiers in Big Data, 2022. 
DOI:10.3389/fdata.2022.1008737.

https://ep-dep.web.cern.ch/home
https://indico.cern.ch/event/1252748/contributions/5554776/
https://indico.cern.ch/event/1252748/contributions/5554776/
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Conclusions
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• The selection was heavily biased. A fresh look at LHCb reveals that 
it's not just a machine for b-physics; it's also an incredible tool for 
direct searches. 

• The techniques we've developed for LFU measurements can be 
applied to direct searches for BSM physics. This has initiated a 
new field of measurements at LHCb and beyond. 

• Maybe Michelangelo had it right 8 years ago after all. 
• The days of `guaranteed' discoveries or of no-lose theorems 

in particle physics are over, at least for the time being... 
• ... but the big questions of our field remain wild [SIC] open 

(hierarchy problem, flavour, neutrinos, DM, BAU,... ) 
• This simply implies that, more than for the past 30 years, 

future HEP’s progress is to be driven by experimental 
exploration, possibly renouncing/reviewing deeply rooted 
theoretical bias

ASPEN2014 Theoretical summary - M. Mangano

J. Beacham

https://ep-dep.web.cern.ch/home
https://indico.cern.ch/event/276476/contributions/1620133/attachments/501948/693157/Mangano_summary.pdf
https://indico.cern.ch/event/1128662/timetable/#37-introduction-and-welcome


Thanks for your kind attention Federico Leo Redi
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Il segreto di Majorana. Riccioni & Rocchi

https://books.google.ch/books/about/Il_segreto_di_Majorana.html?hl=it&id=-lR4rgEACAAJ&output=html_text&redir_esc=y
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• In this talk, I will concentrate 
BSM searches at LHCb 

• Landscape: LHC results in 
brief: 
• No direct NP searches by 

ATLAS and CMS succeeded 
yet 

• While BSM model parameter 
space shrinks, only <5% of 
HL-LHC data is analysed. 
• NP discovery still may 

happen!

Introduction

31
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VELO

32

Overview of the new VELO

Proton Beam

6

Primary Vacuum
RF Foil

�
� 

Secondary Vacuum

6

Module Read-Out

Kristof De Bruyn (CERN) The LHCb Vertex Locator Upgrade Vertex 2019 – 14/10/2019 6 / 23

CERN-LHCC-2013-021 and LHCB-TDR-013
The heart of the detector: the VeloPix Module

Proton Beam

?

Sensor
Tile - HV

�
� VeloPix

�� 

GBTx
@@I

Read-out
PCB

-

Data
Links

-
Control &
Data
Links

�

SubstrateA
A
A
AK

CO2

A
AAU LV-

The Module:

I 4 n-on-p silicon sensor tiles (2 front + 2 back)
I 3 VeloPix read-out ASICs per tile (12/module)

I 256⇥256 pixels with 55µm⇥ 55µm pitch

I Silicon microchannel substrate
I Low material budget, match thermal expansion
I Evaporative CO2 cooling
I See talk (C. Bertella, Thursday 08h30)

Microchannel cooling for the LHCb VELO pixel upgrade

I 2 GBTx ASICs for signal fan-out to VeloPix
I 2 bidirection slow control links (4.8 Gbit/s)

I Configuration, Monitoring, Timing, Control

I 20 unidirectional high speed data links (5.12 Gbit/s)

The Complete Velo:

I 52 Modules, 26 per detector half

I 624 VeloPix, or 40.9M pixels
Kristof De Bruyn (CERN) The LHCb Vertex Locator Upgrade Vertex 2019 – 14/10/2019 10 / 23

https://lphe-web.epfl.ch
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VELO

• 52 modules for a total of 41M pixels 
• Area ~ 1.2 m2 

• Two movable halves: get as close as 3.5 mm 
to the beam to improve IP resolution 
• Separation from primary vacuum achieved with 

150 μm thick RF foil 
• Silicon substrate built with micro channels that will 

carry CO2 for evaporative cooling 
• Designed to cool a load of up to 30W from 

each module 
• New ASIC VeloPix, ~20 Gbps in hottest ASIC and 

total of ~3 Tbps

CERN-LHCC-2013-021 and LHCB-TDR-013

VELO
• 52 modules for a total of 41M pixels

• Area ~ 1.2 m2

• Two movable halves à get as close as 3.5 mm to the beam to 
improve IP resolution
• Separation from primary vacuum achieved with 150 !" thick RF foil

• Silicon substrate built with micro channels that will carry CO2 
for evaporative cooling

• Designed to cool a load of up to 30W from each module

• New ASIC VeloPix, ~20 Gbps in hottest ASIC and total of ~3 
Tbps

Fabio Ferrari LHCb upgrades 11

Primary
Vacuum

Secondary
Vacuum

CERN-LHCC-2013-021

RF foil 33

https://ep-dep.web.cern.ch/home
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VELO
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• Example: the RF foil separates primary to secondary 
vacuum 

• Start from a single, forged AlMg3 alloy block 

• 98% of material is milled away (6 months) 

• Final thickness at tips of modules: on average 250 μm 

• On the 10th of January 2023, during a VELO warm 
up in neon, there was a loss of control of the 
protection system  

• RF foils have suffered plastic deformation up to 14 
mm and have to be replaced 

• Replace at the end of the year ( run in 2023 with 
VELO partially open) 

• Physics programme of 2023 is significantly affected, 
commissioning of Upgrade I systems can proceed as 
planned  

CERN-LHCC-2014-016 
LHCB-TDR-016The RF Foil

Raison d’être

1 Separate primary and secondary vacua
(contamination from outgasing)

2 Guide beam-induced currents

3 RF shielding of electronic components

Characteristics

I As little material as possible

I Withstand 10mbar pressure di↵erence

I Dimensions: 1m⇥ 0.2m⇥ 0.4m

Engineering Marvel

(1) Start from a single, forged AlMg3 alloy block.

(2) 98% of material is milled away

! takes 6 months to complete (video)

(3) Final thickness at tips of modules:
on average 250µm

I Extensive metrology campaign

(1) (2)

(3)

Kristof De Bruyn (CERN) The LHCb Vertex Locator Upgrade Vertex 2019 – 14/10/2019 7 / 23

VIDEO

https://ep-dep.web.cern.ch/home
https://www.youtube.com/watch?v=EqG5J7rro6s
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Muon stations

• Not everything needed to be changed: 
• ECAL and HCAL  and 
• Muon stations 

• 4 layers (M2-M5) of Multi-Wire Proportional  
Chambers (MWPCs) 

• Remove first layer (M1) with GEMs, since L0 
trigger level has been removed  

• Therefore more space: 
• install additional shielding around beampipe to 

reduce particle flux in M2 inner region 
• Redesign electronics to cope with 40 MHz 

trigger-less readout

CERN-LHCC-2013-022MUON
• Present MUON detector kept as it is

• 4 layers (M2-M5) of Multi-Wire Proportional 
Chambers (MWPCs)

• Remove first layer (M1) with GEMs, since 
L0 trigger level has been removed
• Install additional shielding around beam-

pipe to reduce particle flux in M2 inner 
region
• Redesign electronics to cope with 40 MHz 

trigger-less readout
• R&D to replace inner parts of M2 and M3 

with more granular detectors (triple 
GEMs/MWPCs)

Fabio Ferrari LHCb upgrades 17

Beam plug

Additional shielding

CERN-LHCC-2013-022

https://ep-dep.web.cern.ch/home
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PLUME

• Cross-shaped hodoscope composed by 48 
PMTs, installed upstream of the VELO 
• Detect Cherenkov light from particles 

impinging on a quartz tablet glued to the PMTs 
window  

• Measure rate of coincidences every 3 
seconds and compute luminosity with 
“logZero” method 
• Count the number of bunch crossings without 

any visible interaction in the PLUME detector 
• Provide real-time feedback to the LHC to level 

the luminosity at IP8 
• Very cheap to build but crucial for analysis without 

a calibration channel

CERN-LHCC-2021-022
PLUME
• Cross-shaped hodoscope composed by 

48 PMTs, installed upstream of the 
VELO 
• Detect Cherenkov light from particles 

impinging on a quartz tablet glued to the 
PMTs window

• Measure rate of coincidences every 3 
seconds and compute luminosity with 
logZero method
• Provide real-time feedback to the LHC to 

level the luminosity at IP8

Fabio Ferrari LHCb upgrades 19

CERN-LHCC-2021-002
Lateral view sketch

First results from PLUME vdM in July ‘22

https://ep-dep.web.cern.ch/home
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LHCb Phase-II upgrade

• VELO 
Thinner & smaller σt<200 
ps/hit 

• UT 
Microstrip and RETINA 
tracking (no CPU) 

• Magnet 
New SciFi stations inside 
the dipole for low pT 
tracking 

• Mighty tracker 
New silicon around beam 
line

The LHCb Detector and its Upgrade

)

2010 2018 2021 . . .

I Aim: Select more events containing suppressed decays

! Increase the number of interactions to 5

! Upgrade to triggerless read-out at 40MHz

I Requires to replace 90% of experiment

Kristof De Bruyn (CERN) The LHCb Vertex Locator Upgrade Vertex 2019 – 14/10/2019 4 / 23

• HCAL 
Remove 

• ECAL 
Improve granularity  
and σt ~50ps/hit 

• TORCH 
PID for  p<10 GeV  
and σt~15 ps 

• Muon stations 
Improve shielding and 
replace Multi Wire 
Proportional Chambers 

CERN-LHCC-2018-027

https://ep-dep.web.cern.ch/home
https://doi.org/10.22323/1.313.0136
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Prospects

• Collect 50 invfb by the end of Run 4 
and 300 invfb by the end of Run 6 

• Collected 9 invfb during Run 1 and 2 
• Aim at keeping same performance  

(or better) with Upgrades 
• Several flagship measurements still 

statistically dominated and with 
uncertainty on predictions negligible 
compared to the experimental 
knowledge there is potential 

• Even more for displaced searches or 
searches with low background 
where we can scale with luminosity

CERN-LHCC 2021-012

38

Prospects for Upgrade I and Upgrade II
• Collect 50 fb-1 by the end of Run 4 

and 300 fb-1 by the end of Run 6
• Collected 9 fb-1 during Run 1 and 2
• Aim at keeping same performance

(or better) with Upgrades
• Several flagship measurements

still statistically dominated and 
with uncertainty on predictions
negligible compared to the
experimental knowledge à great 
potential!

Fabio Ferrari LHCb upgrades 20
CERN-LHCC 2021-012

https://ep-dep.web.cern.ch/home
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Landscape today

• The Intensity frontier is a broad and diverse, yet connected, set of science opportunities: heavy 
quarks, charged leptons, hidden sectors, neutrinos, nucleons and atoms, proton decay, etc... 

• In this talk, I will concentrate on displaced signature and related physics searches. 
• Landscape: LHC results in brief: 

• Direct searches for NP by ATLAS and CMS have not happened so far  
• 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 (cautiously optimistic) for the violation of lepton flavour 
universality 
• In b→cμν / b→cτν, and in b→se+e- / b→sμ+μ− decays and in angular variables (P’5) 
• Possible evidence of BSM physics if substantiated with further studies (e.g. BELLE II)

39
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LHCb detector / 2

40

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

• Hardware L0 trigger to be removed 
• Full real-time reconstruction for all particles 

available to select events (since 2015) 
• Real-time reconstruction for all  

charged particles with pT > 0.4 GeV 
• We go from 1 TB/s (post zero suppression)  

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

without a hardware stage for LHC Run 3  
and process 5 TB/s in real time on the  
CPU farm

Martino Borsato - USC

The LHCb detector

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

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

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

detached vertices

Present trigger Upgraded trigger

[LHCB-TDR-016]

3

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

and particle ID at first level!

CERN-LHCC-2014-016 
LHCB-TDR-016

https://lphe-web.epfl.ch
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Massive LLPs decaying to jet pairs [EPJC (2017) 77 812]

Possible scenarios to accommodate this signature:
LSP in gravity mediated SUSY,
LSP in SUSY models with BNV or LNV,
HV ⇡v decaying to bb̄ – especially SM-like H

0 ! ⇡v⇡v production.

In most of the cases only one of the two ⇡v decays into the LHCb acceptance.

Experimental signature is a single displaced vertex with two associated jets.

Reconstruct the displaced vertex and find two associated jets.

Use ⇡v detachment to discriminate between signal and background.

Background dominated by bb̄ events and material interactions.

Carlos Vázquez Sierra New developments of LLPs at (HL-)LHC March 05, 2019 11 / 19

LHCb / Higgs→LLP→jet pairs

42

Eur. Phys. J. C77 812

• Massive LLP decaying →bb+bb  
with bb → jets 

• Single displaced vertex with two associated 
tracks; based on Run-1 dataset  

• Production of LLP could come e.g. from Higgs 
like particle decaying into pair of LLPs (e.g. πV) 

• mπV=[25; 50] GeV and τπV=[2; 500] ps 
• Background dominated by QCD  
• No excess found: result interpreted in various 

models 

https://lphe-web.epfl.ch
https://link.springer.com/article/10.1140/epjc/s10052-017-5178-x
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LHCb / Higgs→LLP→jets pairs / 2

43

10°4 10°3 10°2 10°1 100

ºV cø [m]

10

20

30

40

50

60

m
º

V
[G

eV
/c

2 ]

LHCb resultsR
L dt = 2 fb°1

10°4 10°3 10°2 10°1 100

ºV cø [m]

10

20

30

40

50

60

m
º

V
[G

eV
/c

2 ]

ATLAS and CMS dominated

A
T

L
A

S
an

d
C

M
S

do
m

in
at

ed

LHCb simulationR
L dt = 23 fb°1

10°4 10°3 10°2 10°1 100

ºV cø [m]

10

20

30

40

50

60

m
º

V
[G

eV
/c

2 ]

ATLAS and CMS dominated

A
T

L
A

S
an

d
C

M
S

do
m

in
at

ed

LHCb simulationR
L dt = 50 fb°1

10°4 10°3 10°2 10°1 100

ºV cø [m]

10

20

30

40

50

60

m
º

V
[G

eV
/c

2 ]

ATLAS and CMS dominated

A
T

L
A

S
an

d
C

M
S

do
m

in
at

ed

LHCb simulationR
L dt = 300 fb°1

Minimum B
excluded at 95% CL

75 %

50 %

30 %

20 %

5 %

2 %

1 %

Minimum B
excluded at 95% CL

75 %

50 %

30 %

20 %

5 %

2 %

1 %

LHCb-CONF-2018-006

• Model independent scaling of current results to future integrated luminosity for different BFs

https://lphe-web.epfl.ch
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LHCb / Higgs→LLP→jets pairs / 3

44

10°4 10°3 10°2 10°1 100

ºV cø [m]

10

20

30

40

50

60

m
º

V
[G

eV
/c

2 ]

ATLAS and CMS dominated

A
T

L
A

S
an

d
C

M
S

do
m

in
at

ed

LHCb simulation

LHCb dataset

Published Run 1
at 2 fb°1

23 fb°1

50 fb°1

300 fb°1

LHCb-CONF-2018-006

10°4 10°3 10°2 10°1 100

ºV cø [m]

10

20

30

40

50

60

m
º

V
[G

eV
/c

2 ]

ATLAS and CMS dominated

A
T

L
A

S
an

d
C

M
S

do
m

in
at

ed
LHCb simulation

BF(Higgs→πV+πV) < 20 % BF(Higgs→πV+πV) < 2 %

• Model dependent scaling of current results to future integrated luminosity for two different BFs

https://lphe-web.epfl.ch
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• Massive LLP decaying → μ+qq (→ jets) 
• Single displaced vertex with several tracks 

and a high pT muon; based on Run-1 dataset  
• Production of LLP could come e.g. from Higgs 

like particle decaying into pair of LLPs 
• mLLP=[20; 80] GeV and τLLP=[5; 100] ps 
• Background dominated by bb  
• No excess found: result interpreted in various 

models 

September 15th 2018 /10Xabier Cid Vidal - LHCb HiggsSeptember 12th 2018 /36!21

H→LLP→µ+jets (I)
✦ Signature: single displaced 

vertex with several tracks and a 
high pT muon. Use Run-1 
dataset 

✦ Model: mSUGRA neutralino 
decaying to a lepton and two 
quarks 

✦ LLP m=[20-80] GeV/c2, 
τ=[5-100] ps 

✦ Background dominated by bb 
➡ tight selection + MVA classifier 
➡ Number of candidates from fit 

to LLP mass

Eur. Phys. J. C 77 224

* Rxy = distance 
to beam axis

VELO RF 
foil

September 15th 2018 /10Xabier Cid Vidal - LHCb HiggsSeptember 12th 2018 /36!22

H→LLP→µ+jets (II)
✦ Result: no excess found: result interpreted in various 

models 
➡ In particular, SM Higgs decay

Rejecting BR(H→χχ)>10% down to mχ = 40 GeV/c2, cτχ = 1.5 mm

Eur. Phys. J. C 77 224

Eur. Phys. J. C 77 224 

https://lphe-web.epfl.ch


Federico Leo Redi | École polytechnique fédérale de Lausanne |

LHCb / Higgs→LLP→μ+jets / 2

46

10°4 10°3 10°2 10°1

¬̃0
1 cø [m]

20

30

40

50

60

70

m
¬̃

0 1
[G

eV
/c

2 ]

LHCb resultsR
L dt = 2 fb°1

10°4 10°3 10°2 10°1

¬̃0
1 cø [m]

20

30

40

50

60

70

m
¬̃

0 1
[G

eV
/c

2 ]
LHCb reachable

LHCb simulationR
L dt = 23 fb°1

10°4 10°3 10°2 10°1

¬̃0
1 cø [m]

20

30

40

50

60

70

m
¬̃

0 1
[G

eV
/c

2 ]

LHCb reachable

LHCb simulationR
L dt = 300 fb°1

10°4 10°3 10°2 10°1

¬̃0
1 cø [m]

20

30

40

50

60

70

m
¬̃

0 1
[G

eV
/c

2 ]

LHCb reachable

LHCb simulationR
L dt = 50 fb°1

Minimum B
excluded at 95% CL

50 %

25 %

10 %

5 %

2.0 %

1.0 %

0.5 %

0.1 %

0.05 %

0.02 %

Minimum B
excluded at 95% CL

50 %

25 %

10 %

5 %

2.0 %

1.0 %
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LHCb-CONF-2018-006

• Model independent scaling of current results to future integrated luminosity for different BFs

https://lphe-web.epfl.ch
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BF(Higgs→LLP+LLP) < 2 % BF(Higgs→LLP+LLP) < 0.5 %

• Model dependent scaling of current results to future integrated luminosity for two different BFs
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• In this analysis two productions mode have been considered:


• The Higgs-like decay analysis covers  masses from 30 to 200 GeV/c2


• LLPs masses are in the range [10, /2] GeV/c2 and lifetimes in the range [5,200] ps

• The direct production mode address LLPs masses in the range [10, 90] GeV/c2 and lifetimes in the range [5,200] ps


• Lifetime range well above b-hadron lifetime and vertices still within LHCb VELO

• Mass range to avoid SM b-quark states and to consider LHCb forward acceptance


• Relevant backgrounds:  and  direct production and , , Higgs and top decays

h0

∼ m(h0)

bb̄ cc̄ Z W

Status of LLPs searches at LHCbDavide Zuliani

Search for massive long-lived particles  
decaying semileptonically at  TeVs = 13

Search for massive long-lived particles decaying semileptonically at  TeVs = 13 06 / 15Davide Zuliani

LLPs  
production mode

Searching for long-lived particles at the LHC and beyond

Higgs-like boson decay Direct production

Search for massive long-lived particles 
decaying semileptonically

• Production: either in gluon fusion or non-resonant  

• Lifetimes in the range [5,200] ps  (compare with. 
B+ lifetime ~ 1 ps) 

• The LLP signature is a displaced vertex made of 
charged particle tracks accompanied by an isolated μ 
with high pT with respect to the proton beam direction 

• Mass range to avoid SM b-quark states and to 
consider LHCb forward acceptance  

• We use the fact that lifetime range is well above b-
hadron lifetime but vertices still within LHCb’s VELO  

• Requiring a vertex displaced from any PV in the event 
and containing one isolated, high-pT muon 

• Particles interacting with the detector material 
are an important source of background: veto

48
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Search for massive long-lived particles  
decaying semileptonically at  TeVs = 13

Search for massive long-lived particles decaying semileptonically at  TeVs = 13 08 / 15Davide Zuliani

Signal 
Selection

• Distribution for simulated  background samples and 
 with  GeV/c2 and  GeV/c2


• Shapes are consistent with  composition of background

• Background estimation used as cross-checks (see later)

bb̄
h0 → χ̃0

1 χ̃0
1 m(h0) = 125 m( χ̃0

1) = 40
bb̄

Searching for long-lived particles at the LHC and beyond [arXiv:2110.07293]

https://ep-dep.web.cern.ch/home
https://cds.cern.ch/record/2784470


Federico Leo Redi | CERN |

Search for massive long-lived particles 
decaying semileptonically

• Un-binned extended maximum-likelihood fit to the distribution of the 
reconstructed LLP mass.No excess is found 

• Statistical and systematic uncertainties are included as nuisance 
parameters 

• 95% CL upper limits are computed on σ(LLPs) × B(LLPs → μqq) for both 
production modes 

• Very hard to compete with CMS/ATLAS in this region, what for 
lower masses?

49
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Search for massive long-lived particles  
decaying semileptonically at  TeVs = 13

Search for massive long-lived particles decaying semileptonically at  TeVs = 13 10 / 15Davide Zuliani

Signal 
Extraction

• After MVA application no background events survive


• Background is obtained with a data-driven method


• Muon isolation is used to find a signal and a background region:


• Signal region = muon-isolation variable < 1.2


• Background region = muon-isolation variable > 1.2


• 80% of signal events are included in the signal region


• Fit to reconstructed LLP mass from background region


• Constraints on fit on signal region

Searching for long-lived particles at the LHC and beyond

[arXiv:2110.07293]

https://ep-dep.web.cern.ch/home
https://cds.cern.ch/record/2784470
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Table 3: Relative systematic uncertainties (in %) on the normalisation factors in the cross-section
calculation. When the uncertainty depends on mH a range is indicated.

µ⌧e µ⌧h1 µ⌧h3 µ⌧µ

Luminosity 1.16 1.16 1.16 1.16
Tau branching fraction 0.22 0.18 0.48 0.23
PDF 2.6–7.1 3.5–7.2 2.6–7.3 3.0–7.9
Scales 0.9–1.9 0.8–1.7 0.9–1.7 0.9–1.9
Reconstruction e�ciency 1.8–3.6 1.9–5.4 3.3–7.1 1.5–3.3
Selection e�ciency 2.5–6.0 1.9–4.1 4.0–9.3 3.8–8.5
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Figure 2: Cross-section times branching fraction 95% CL limits for the H! µ
±
⌧
⌥ decay as a

function of mH , from the simultaneous fit. The observed limits from individual channels are
also shown.

invariant-mass distributions of the µ⌧ candidates. The distributions for signal are obtained
from simulation, while distributions of the di↵erent background sources are obtained using
the method described in Sect. 4. The amount of each background component as well as
other terms in Eq. (1) containing uncertainties are treated as nuisance parameters and are
constrained to a Gaussian distribution with mean and standard deviation corresponding
to the expected value and its uncertainty, respectively.

The fit results for all mH values are compatible with a null signal, hence cross-section
upper limits are computed. The exclusion limits of �(gg! H! µ

±
⌧
⌥) defined at 95%

confidence level are obtained from the CLs method [54]. As mentioned before, for each
mass hypothesis the selection considered is that providing the smallest expected limit.
The �(gg ! H ! µ

±
⌧
⌥) exclusion limits are shown in Fig. 2, ranging from 22 pb for

mH = 45GeV/c2 to 4 pb formH = 195GeV/c2. In the particular case ofmH = 125GeV/c2,
using the production cross-section from Ref. [55] gives a best fit for the branching fraction
of B(H! µ

±
⌧
⌥) = �2+14

�12
% and an observed exclusion limit B(H! µ

±
⌧
⌥) < 26%. The

corresponding exclusion limit on the Yukawa coupling is
p
|Yµ⌧ |2 + |Y⌧µ|2 < 1.7⇥ 10�2,

assuming the decay width �SM = 4.1MeV/c2 [56].
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Figure 1: Invariant-mass distributions for the µ±
⌧
⌥ candidates for the four decay channels (from

top to bottom: µ⌧e, µ⌧h1, µ⌧h3, µ⌧µ) and the three selections (from left to right: L-selection,
C-selection, H-selection). The distribution of candidates observed (black points) is compared
with backgrounds (filled colour, stacked), and with signal hypothesis (cyan). The signal is
normalised to

p
N , with N the total number of candidates in the corresponding data histogram.

These e�ciencies are obtained from simulated samples and data for each decay channel
and selection set, following the methods developed for the Z! ⌧

+
⌧
� measurement [37].

The acceptance obtained from the Powheg-Box generator is identical for the µ⌧e, µ⌧h3,
and µ⌧µ channels, varying from 1.0% for mH = 195GeV/c2 to 3.2% for mH = 75GeV/c2.
The reconstruction e�ciency, which is the product of contributions from trigger, tracking,
and particle identification, is in the range 40–70%, but only about 15% in the case of the
µ⌧h3 channel because of the limited tracking e�ciency for the low-momentum hadrons.
With the exception of the µ⌧µ channel, the selection e�ciency is 18–30% in the L-selection,
and 24–49% in the C-selection and H-selection. In the case of the µ⌧µ channel, the tighter
selection on the muon pT and impact parameter reduces the selection e�ciency to 10–15%.

6

H→μτ decays / 1

Eur.Phys.J. C78 (2018) no.12, 1008

• Higgs-like boson decaying → μτ  
charged-lepton flavour-violating (CLFV) 

• Analysis is separated into four channels 
• mH=[45; 195] GeV and minimal flight 

distance (impact parameter) of the 
reconstructed candidate is imposed 

• Three different selections based on mH w.r.t. mZ  
• Background dominated by QCD, Z→ττ, Vj 
• No excess found

2.4. The Tau Lepton

2.4 The Tau Lepton

The · lepton is the third generation of the charged lepton family. It was discovered at
the SPEAR experiment at SLAC during 1974-1977, earning Martin Perl a Nobel Prize
in Physics in 1995 [61]. The properties of the · lepton have been studied extensively [3],
establishing a rest mass of 1776.9 MeV/c

2 (in contrast with 105.6 MeV/c
2 of the muon, and

0.511 MeV/c
2 of the electron), and a proper lifetime of 290.3 fs.

2.4.1 Decays of Tau Lepton

The most fascinating property of the · lepton is its decay channels. Its large mass is larger
than that of the lightest hadron (fi). The · lepton is thus the only lepton which decays via
weak charge current to both leptonic and hadronic modes, providing a unique link between
the electroweak and QCD theories. In recent years, the · lepton has been used to validate
di�erent areas of the SM [62]: testing lepton universality via Z æ ll decays, measuring
the QCD coupling at low-mass scales, determinating the strange quark mass, as well as
studying the hadronic contribution to the anomalous magnetic moment of the muon.

The decay channels of · leptons are summarized in Table 2.2, taken from [3]. More details
on the of · lepton decay can be found in [63, 64]. At a glance, a · lepton is more likely to
decay via hadronic channels than leptonic ones due to three possible quark colours. The
ratio between lepton channels, B·æµ/B·æe = 0.976, is also found to be consistent with the
SM prediction due to the phase-space.

Table 2.2 – Branching fraction of each · lepton decay channel, as grouped in this analysis. The
conjugated mode is implied. Charged hadronic product represented by h

± stands for fi
± or K

±.
“neutrals” stands for “’s and/or fi

0’s.

Process B [%]

·
≠

æ µ
≠

‹µ‹· 17.41 ± 0.04

·
≠

æ e
≠

‹e‹· 17.83 ± 0.04

·
≠

æ h
≠

‹· Ø 0 neutrals 50.11 ± 0.09

·
≠

æ h
≠

h
≠

h
+

‹· Ø 0 neutrals 14.57 ± 0.07

(others) < 0.08
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Figure 2.11 – List of major decay channels of · lepton, grouped into 4 channels in this analysis.
Only the charged final state particle(s) marked in red are used for the reconstruction, denoted as
(a) ·µ (b) ·e (c) ·h1 (d) ·h3. The conjugated mode is implied, as well as possible neutral hadrons
(omitted from figure) from the hadronic decay of the W .
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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)

JHEP 1809 (2018) 147

JINST 8 (2013) P12013

https://lphe-web.epfl.ch
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Searching in the Υ mass region / 2

52

• 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 
• Interpreted as a search for a scalar produced through the SM Higgs decay  
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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

JHEP 1809 (2018) 147
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Jet physics at LHCb / 1

53

• Efficiency above 90% for jets with pT above 20 GeV 
• Jets reconstructed both online and offline! 
• b and c jet tagging 
• Require jets with a secondary vertex reconstructed 

close enough  
• Light jet mistag rate < 1%, εb ∼ 65%, εc ∼ 25% 

• SV properties (displacement, kinematics, 
multiplicity, etc) and jet properties combined in two 
BDTs 
• BDTbc|udsg optimised for heavy flavour versus light 

discrimination 
• BDTb|c optimised for b versus c discrimination

September 15th 2018 /10Xabier Cid Vidal - LHCb HiggsSeptember 12th 2018 /36!9

b and c jet tagging
✦ Require jets with a secondary vertex reconstructed close 

enough 
➡ light jet mistag rate < 1%, εb ∼ 65%, εc ∼ 25% 

➡ SV properties (displacement, kinematics, multiplicity,...) and jet 
properties combined in two BDTs. 

➡ BDTbc|udsg optimised for heavy flavour versus light discrimination.  

➡ BDTb|c optimised for b versus c discrimination.
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Exploring the dark sector

• Indirect search (signal proportional to [coupling]2) 
• Missing energy technique 

• Direct search (signal proportional to [coupling]4) 
• Reconstruction of decay vertex 
• Scattering technique: electron or nuclei scattered by DM 
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Exploring the dark sector

• Indirect search (signal proportional to [coupling]2) 
• Missing energy technique 

• Direct search (signal proportional to [coupling]4) 
• Reconstruction of decay vertex 
• Scattering technique: electron or nuclei scattered by DM 
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ANUBIS

• AN Underground Belayed In-Shaft search experiment 
• Instrument the ATLAS shaft with Resistive Plate Chamber (RPC) used for 

ATLAS phase-2 upgrade 
• 2D readout triplet layers for a total of 2.3 km2 instrumented area 
• Benchmark: for LLPs for Higgs decays h → ss with different LLP masses  
• Comparable physics reach of MATHUSLA 
• Can work together with the ATLAS detector

Standard (conservative) 
scenario

Extended scenario1 ring scenario
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FIG. 5. Projected sensitivity of ANUBIS, CODEX-b [6],
and MATHUSLA [13] for LLPs for Higgs decays h ! ss with
di↵erent LLP masses ms = 5, 10 and 40 GeV at the HL-
LHC with a center-of-mass energy of 14 TeV. The projections
“ANUBIS 4 events” and “ANUBIS 50 events” are given for
a standard and a conservative scenario assuming respectively
4 and 50 events for sensitivity. The impact of extending the
ANUBIS decay volume up to the ATLAS muon spectrome-
ter is indicated by the filled area. The gray parameter space
is excluded by the existing constraints on invisible Higgs de-
cays [25, 26]. The region excluded by a dedicated Higgs portal
LLP search with ATLAS is shown for comparison [18].

VII. Conclusion and Outlook

Long-lived particles arise naturally in many extensions
of the SM, including scenarios with Dark Sectors. In
this Letter, we highlight a yet unexplored and unique
opportunity to close the present gap in sensitivity for
mean proper lifetimes greater than c⌧ > 102 m for
mLLP > 1 GeV, at a modest cost, by instrumenting the
existing service shafts of the ATLAS or CMS experiments
with a series of tracking stations.

We outline a proposal for the ANUBIS detector, de-
scribe its main features, specify its performance require-
ments, and demonstrate its advantages by providing sen-
sitivity and cost estimates. ANUBIS is expected to sub-

stantially extend the sensitivity of ATLAS and CMS, sur-
pass CODEX-b, and provide a sensitivity similar to that
of MATHUSLA. However, the total instrumented area of
ANUBIS of 2,320 m2 corresponds to about 1% of MATH-
USLA’s, while its total costs are estimated at ⇡10 Me,
which is a small fraction of some proposals.

We stress that, even though our proposal is made
specifically for the PX14 ATLAS shaft, the idea of ANU-
BIS is equally applicable to both ATLAS and CMS. Al-
ternative detector technologies, such as finely granulated
scintillators, can be used and may well further reduce the
total costs of ANUBIS relative to this proposal.

To demonstrate the feasibility of the project, we pro-
pose the construction of two 1 ⇥ 1 m2 tracking station
unit prototypes to be suspended at the bottom and top
of the PX14 shaft for Run 3 of the LHC. These demon-
stration units would allow for a better understanding of
the detector and readout implementations, mechanical
engineering needs, and background levels of ANUBIS.

The unique opportunity of large, pre-excavated spaces
close to the ATLAS and CMS interaction points must be
explored in order to fully exploit the discovery potential
of the LHC – the only apparatus capable of copiously
producing new particles above the electroweak scale in
a laboratory. No discovery opportunities should be left
unexplored.

Acknowledgments

We would like to thank the U. of Naples particle
physics group for their hospitality during the ATLAS Ex-
otics workshop where key parameters of this idea were
fleshed out. We would also like to thank Giulio Aielli,
Jamie Boyd, Chip Brock, Andrea Coccaro, Umberto
De Sanctis, Lars Henkelmann, Felix Kling, Christopher
Lester, Jianming Qian, Patrick Rieck, and Tova Holmes
for the fruitful discussions and/or the help with the cost
estimate. LL is supported by the US Department of En-
ergy under Grant DE-SC0007881. CO is supported by
the Swedish Research Council under Grant 2017-05160.

4

inate collision backgrounds within the ANUBIS accep-
tance. This can be further improved upon by consider-
ing tracks reconstructed in the ATLAS muon spectrom-
eter in the isolation requirements. This active veto is
easily provided by using LLP candidate events in ANU-
BIS to trigger the readout of the ATLAS detector, fur-
ther demonstrating the physics opportunity of a full in-
tegration with the ATLAS trigger infrastructure. Back-
grounds from cosmic rays can be e↵ectively vetoed using
timing and directionality requirements assuming the per-
formance specifications in Table I. Beam-induced back-
grounds like beam-gas and beam-collimator collisions are
negligible for ANUBIS given its position and orientation.
Finally, backgrounds from decays of quasi-thermal neu-
trons [19] are negligible since the momenta of their decay
products are only about 1 MeV, resulting in a quick ab-
sorption.

V. The ANUBIS Detector Technology and Cost

Estimate

With four TSs that are expected to provide good
physics performance at acceptable costs, the total instru-
mented area of ANUBIS is about 2.3⇥103 m2, assuming
1⇥1 m2 unit cells with a 5 cm stashed overlap, resulting
in a total instrumented area of 2 ⇥ 290 m2 = 580 m2 per
TS. Given the large scale of ANUBIS, its performance
specifications summarized in Table I can be met cost-
e↵ectively using Resistive Place Chamber (RPC) technol-
ogy, in particular the BIS78 RPCs to be installed at AT-
LAS in 2020. They feature a triplet of layers, nominally
providing three two-dimensional hit coordinates [20], re-
sulting in a time resolution of 0.4 ns combined with a
spatial resolution of 0.1 cm using analog readout [20–22].

Considering the production yield, BIS78 RPCs from a
commercial supplier cost 3.1 ke/m2 [23], including me-
chanics, gas gap, strips, and front-ends. This translates
into a total RPC cost of about 7.2 Me for ANUBIS in
a configuration with four TSs. The weight of the RPC
modules is 50 kg/m2 [23], resulting in about 30 tons per
TS. This is well manageable with the existing infrastruc-
ture, even if allowing for a very generous factor of five
for mechanical support and other infrastructure. The
tracking detectors represent the by far dominant cost
item, and the total costs of ANUBIS including minor civil
engineering, construction, and installation are estimated
to be around 10 Me. Alternative detector technologies
like finely granulated scintillators may further reduce the
costs relative to an RPC-based design.

VI. Sensitivity of ANUBIS

To estimate the reach of ANUBIS, we simulate exotic
Higgs boson decays to new long-lived scalars h ! ss
with MadGraph5 [24] and count the number of particle
trajectories that enter the detector volume and decay
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FIG. 4. Side-view in the (x, y) plane of one of the 1⇥ 1 m2

RPC module cell units composing the ANUBIS tracking sta-
tions. The unit consists of two RPC layers A and B (shaded
blue) with three detection layers each.

before they penetrate at least one TS. We consider four
equidistant TSs and conservatively neglect events recon-
structed by the first, least shielded TS. In Fig. 5 we com-
pare the projected sensitivity reach of ANUBIS using
3 ab�1 to the 10 ⇥ 10 ⇥ 10 m with 300 fb�1 as well
as 20⇥10⇥10 m with 1 ab�1 scenarios of CODEX-b [6],
to the 200 ⇥ 200 ⇥ 20 m3 version of MATHUSLA [13]
using 3 ab�1, and to the limit set by ATLAS [18]. The
projections are shown for LLP masses ms = 5, 10 and
40 GeV. ANUBIS surpasses the standard CODEX-b sce-
nario in the entire relevant phase space, outperforms
MATHUSLA for LLPs with c⌧ . 10 m, and extends
the reach of ATLAS by many orders of magnitude at
c⌧ & 1 m.

In addition, we consider a conservative scenario with
an expected background at the same level as the ATLAS
muon spectrometer search [18], while all other specifica-
tions remain unchanged. In this scenario, about 50 signal
events have to be collected for evidence of new physics.
This requirement increases the Br(h ! ss) evidence
threshold by only one order of magnitude, cf. Fig. 5. We
also study a moderately optimistic scenario that is iden-
tical to the standard one above except that the decay vol-
ume starts at the outer edge of the ATLAS Muon Spec-
trometer (i.e. ⇡10 m away from the interaction point),
and we assume that backgrounds can be brought under
control in this region. In this case the discovery reach for
LLP scenarios with c⌧ . 100 m is significantly extended,
cf. Fig. 5.
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Hardware Timing & Testing

10

� To reconstruct hit position along scintillator bar: use difference in arrival time between 
separate measurements at two ends
� Target timing resolution ~1 ns 

� Critical feature of the detector design 
� Separates downward- from upward-going tracks
� Rejects low-ȕ particles from neutrino QIS
� 4D tracking and vertexing reduces fakes/combinatorics

� Currently under investigation:
� Different vendors/models of scintillator, WLSF, SiPM
� Dark current and SiPM cooling
� Geometry optimisation: bar dimensions, number & thickness of fibers per bar, etc.

SiPM 1 SiPM 2

T1       T2
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MATHUSLA
• Massive Timing Hodoscope for Ultra Stable 

neutraL pArticles 
• Sensitive to neutral long-lived particles that have 

lifetime up to the Big Bang Nucleosynthesis 
(BBN) limit (107 – 108 m) for the HL-LHC 

• ~70 m to IP on surface, with IP ~80 m below 
surface and ~7.5 m offset to the beam line 

• 100x100x~29 m3 
• LLPs decaying inside MATHUSLA are 

reconstructed as displaced vertices, 
• 4D tracking with ~ns timing resolution 
• Can run standalone or combined to CMS  
• Important Background Simulations underway 

with GEANT4: e.g. upward-μ

MATHUSLA Concept � arXiv 1606.06298
� arXiv 1806.07396 
� CERN-LHCC-2018-025 

� LLPs decaying inside MATHUSLA reconstructed as displaced vertices, ~0-background analysis

� 4D tracking with ~ns timing resolution

� >100 m of rock shield from IP background

� Can run standalone or ͞ĐŽŵďŝŶĞĚ͟�ƚŽ��D^
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� To reconstruct hit position along scintillator bar: use difference in arrival time between 
separate measurements at two ends
� Target timing resolution ~1 ns 

� Critical feature of the detector design 
� Separates downward- from upward-going tracks
� Rejects low-ȕ particles from neutrino QIS
� 4D tracking and vertexing reduces fakes/combinatorics

� Currently under investigation:
� Different vendors/models of scintillator, WLSF, SiPM
� Dark current and SiPM cooling
� Geometry optimisation: bar dimensions, number & thickness of fibers per bar, etc.

SiPM 1 SiPM 2

T1       T2
Background Simulations

15

e.g. upward-going muons:
� Expect ~1011 from W events over lifetime of HL- LHC, ~109 will reach MATHUSLA 

� Can create vertices in a few different ways: delta-rays, induced EM showers, 5-
body decay in flight 

109 upward-μ for 300/fb
Ref
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FASER
• FASER: search for new, weakly-interacting 

particles in the MeV - GeV range (e.g. A’, HNL, 
ALPS) 

• FASERν: first measurements of neutrinos from a 
collider and in unexplored energy regime 
(SND@LHC) 

• Large inelastic pp cross-section σinel(13 TeV) ~ 75 
mb → Ninel (Run 3, 150/fb) ~ 1016 

• Small production angle: θ ~ mrad 
• Macroscopic decay length: ~ 100 m for m ~ 

10-100 MeV

ASPEN2014 Theoretical summary - M. ManganoFIG. 2. Layout of the proposed FASER detector. LLPs enter from the left. The detector compo-
nents include scintillators (gray), dipole magnets (red), tracking stations (blue), and a calorimeter
(dark purple).

After the decay volume is a spectrometer consisting of two 1 m long, 0.6 T dipole magnets
with three tracking stations, which are located at either end and in between the magnets.
Each tracking station is composed of layers of precision silicon strip detectors. The three
magnets have their fields aligned to give the maximum separation for charged particles in
the bending plane. Scintillator stations for triggering and precision time measurements are
located at the entrance and exit of the spectrometer. The primary purpose of the spectrom-
eter is to observe the characteristic signal of two oppositely-charged particles pointing back
towards the IP, measure their momenta, and sweep out low-momentum charged particles
before they reach the final layer of the spectrometer.

The final component is the electromagnetic calorimeter. This will identify high-energy
electrons and photons and measure the total electromagnetic energy. The primary signals
are two close-by electrons or photons with too-small separation for the calorimeter to resolve
individually.
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FASER
• FASER: 

• Benchmark physics process: Dark 
Photons A’ 

• Produced via kinetic mixing from e.g. 
π0 decays 

• Detected in decay to e+e- in FASER 
decay volume 

• Sensitive to other LLPs and decay 
modes as well 

• FASERν (and InterFace Tracker): 
• Based on emulsion film  

therefore vertex detector with 
intrinsic resolution of ~ 50 nm 

• Track-finding efficiency (> 96 %)
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FIG. 2. FASER⌫’s estimated ⌫-nucleon CC cross section sensitivity for ⌫e (left), ⌫µ (center), and ⌫⌧
(right) at Run 3 of the 14 TeV LHC with an integrated luminosity of 150 fb�1 collected from 2021-
23. Existing constraints are shown in gray. The black dashed curves are the theoretical predictions
for the average deep inelastic scattering (DIS) cross section per tungsten-weighted nucleon. The
solid error bars correspond to statistical uncertainties, the shaded regions show uncertainties from
neutrino production rate corresponding to the range of predictions obtained from di↵erent MC
generators, and the dashed error bars show their combination.

of statistical and production rate uncertainties, added in quadrature, is shown as the dashed
error bars. These sensitivity estimates take into account the geometrical acceptance, vertex
detection e�ciency, and lepton identification e�ciency, and assume that the measurement
is background free. We can see that FASER⌫ significantly extends the neutrino cross sec-
tion measurements to higher energies for both electron and tau neutrinos, while for muon
neutrinos, FASER⌫ will fill the gap between the existing measurements from accelerator ex-
periments and IceCube. An additional interface detector between FASER⌫ and the FASER
spectrometer will further be able to distinguish ⌫µ and ⌫̄µ events, as discussed in Sec. VI.

In addition to detecting collider neutrinos and anti-neutrinos of all three flavors and
measuring their cross sections at higher energies than observed from any previous human-
made source, FASER⌫ can explore several other topics related to the physics of neutrino
production, propagation, and interaction at the energy frontier:

Tau Neutrino Detection: Of the seventeen particles in the standard model of particle
physics, the tau neutrino is the least well measured. The DONuT and OPERA exper-
iments have each observed about 10 ⌫⌧ events [9, 13], and these data sets provide the
primary information about tau neutrinos at present. Additionally, SuperKamiokande and
IceCube have recently reported higher statistics ⌫⌧ appearance in atmospheric oscilla-
tions [14, 15], although with considerably larger uncertainties, resulting in a measurement
with precision comparable to DONuT and OPERA. During LHC Run 3, FASER⌫ will
accumulate about 20 ⌫⌧ CC interactions, of which about 13 ⌫⌧ events are expected to be
identified. This will significantly increase the worlds supply of reconstructed ⌫⌧ neutrinos
and will allow them to be studied at much higher energies E⌫ ⇠ TeV.

Event Shapes and Kinematics: Due to its high spatial resolution, the FASER⌫ detector
will be able to resolve the shape of each neutrino event, including, for example, the
multiplicity and momentum distributions of charged particles. These event shapes will
provide valuable input to tune MC tools used to simulate high-energy neutrino events,

6

10-6

10-3

�2
·c
� A
'[
nm

]

10-2 10-1 1

10-2

10-1

1

mA' [GeV]

B
(A
'�
XX

) ee

��

hadrons

10-2 10-1 1
10-7

10-6

10-5

10-4

10-3

mA' [GeV]

�

Dark Photon

FASER

FASER 2

LHCb Belle-II
HPS

SHiP

SeaQuest

NA62

LDMX

MATHUSLA

NA64 AWAKE

FIG. 6. Benchmark Model V1. The dark photon decay length (top left panel), its branching
fractions into hadronic and leptonic final states (bottom left panel) and FASER’s reach (right
panel). In the right panel, the gray-shaded regions are excluded by current bounds, and the
projected future sensitivities of other experiments are shown as colored contours. See the text for
details.

A. Benchmark V1: Dark Photons

The dark photon Lagrangian extends the SM Lagrangian with the following terms:

L � �
✏
0

2
Fµ⌫F

0µ⌫ +
1

2
m

02
X

2
, (9)

where Fµ⌫ and F
0
µ⌫ are the field strength tensors for the SM photon and a new gauge boson

X, respectively. After rotating to the mass basis, the dark photon–SM fermion coupling
parameter is given by ✏ = ✏

0 cos ✓W , cf. Eq. (8). (See, e.g., Appendix A of Ref. [30] for
a detailed discussion.) The kinetic mixing parameter is naturally small if it is induced by
loops of new heavy charged particles. After a field re-definition to remove the kinetic mixing
term, the dark photon A

0 emerges as a physical mass eigenstate that couples to the charged
SM fermions proportional to their charges through

L �
1

2
m

2
A0A

02
� ✏ e

X

f

qf f̄ 6A
0
f . (10)

The parameter space of the model is spanned by the dark photon mass mA0 and the kinetic
mixing parameter ✏.

Production: Light dark photons are mainly produced through decays of light mesons,
⇡, ⌘ ! �A

0 and through dark bremsstrahlung. To a good approximation, these processes
are suppressed by ✏

2 relative to their SM counterparts.

Decay and Lifetime: Dark photons can decay into all kinematically accessible light
charged states, but, especially for mA0 below a few hundred MeV, they mainly decay

15

1

103
106
109
1012

|U
N
�
2 ·c

� N
[n
m
]

10-1 1 10

10-2

10-1

1

mN [GeV]

B
(N

�
XX
X)

hadrons
3�

ee�

��� ���e�� ���
10-1 1 10

10-4

10-3

10-2

10-1

mN [GeV]

|U
N
�|

HNL - Tau Dominance

FASER

FASER 2

Belle/BaBar

NA62

MATHUSLASHiP

IceCube

CODEX-b

FIG. 14. Benchmark Model F3. As in Fig. 12, but for an HNL that only mixes with ⌫⌧ .

HNLs [84] under the assumption that ⇠ 10M tau decays will be analyzed. In addition,
we show the sensitivity line for the proposed search for double-bang events at IceCube
for 6 years of data taking [85]. Interestingly, HNLs can also be succesfully searched for in
heavy-ion collisions at the LHC when lighter-than-Pb nuclei are employed [86].

As can be seen in the right panels of Figs. 12 and 13, in the ⌫e and ⌫µ cases, FASER 2
will probe unconstrained regions of parameter space both below and above the threshold
for HNL production in D-meson decays. Notably, due to the typically large lifetimes of
HNLs, their decay rate in FASER simply scales as U2, similarly to the production rate, so
that the total number of events scales as U4. In this long-lifetime regime, the reach can be
significantly improved by increasing the size and luminosity of the experiment, as can be
seen by comparing the FASER and SHiP detectors in Figs. 12, 13, and 14. Importantly,
however, in the region above the D-meson threshold, the prospect of detecting HNLs in
these detectors can be comparable, while many other experiments lose their sensitivity
due to the large energy required for e�cient B meson production. In particular, although
the number of D mesons produced at SHiP is 10 times the number produced at the HL-
LHC, the number of B mesons is 100 times more at the HL-LHC than at SHiP, because
the SHiP rate is suppressed by the large B mass. Last, but not least, for the case of
mixing with the tau neutrino, and where current bounds are relatively weak, there is a
large unconstrained region of parameter space that will be covered by both FASER and
FASER 2.

VII. FASER REACH FOR AXION-LIKE PARTICLES

Unlike the previous models, axion-like particles (ALPs) couple to the SM through
dimension-5 operators. They are pseudoscalar SM-singlets that can appear as pseudo-
Nambu-Goldstone bosons in theories with broken global symmetries in analogy to the QCD
axion [87–90]. In the most general case, ALPs can have arbitrary couplings to photons,
gluons, and fermions, with a mass ma that is an independent parameter [91]. (See also
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Scattering and Neutrino 
Detector @ LHC

9 November 2021 Status of SND@LHC ± LLP X 2

Approved by the CERN Research Board on 17 March 2021
https://snd-lhc.web.cern.ch/

Stand-alone experiment 480m downstream of IP1 in TI18 to do measurements 
on neutrinos in the pseudorapidity region 7.2 < Ș < 8.7

• Stand-alone experiment 480 m downstream of IP1 in TI18 to do 
measurements on neutrinos in the pseudorapidity region 7.2 < η < 8.7 
• Large expected flux ν in forward direction  

• Large brad and butter physics output; e.g.: 
• σpp→νX 

• Measurement of the NC/CC ratio  
• Direct search for feebly interacting particles through 

scattering  

Motivation

� Large expected ߥ flux in forward direction
� High ߥ energies: relatively large ߥ cross sections

� 7.2 < Ș < 8.7: large nb high energy ߥ from heavy flavour
� ¥V ���TeV corresponds to cosmic ray neutrino energy of 105 TeV

9 November 2021 Status of SND@LHC ± LLP X 3

1��%HQL�HW�DO���³3K\VLFV�3RWHQWLDO�RI�DQ�([SHULPHQW�XVLQJ�/+&�1HXWULQRV´��-��3K\V��*��Nucl. Part. Phys. 46 
(2019) 115008, doi:10.1088/1361-6471/ab3f7c [arXiv:1903.06564] 

~5% Ĳ flavour

arXiv:1903.06564Physics program

� ıSS�ĺߥ� X in 7.2 < Ș < 8.7 range
�  e as a probe of charmߥ

quark production
� Lepton universality test: 

eߥ/Ĳߥ and ߥµ/ߥe

� Measurement of the NC/CC 
ratio

� Direct search for feebly 
interacting particles 
through their scattering
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SND@LHC

62Detector concept
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Electromagnetic calorimeter
~40 X0

Hadronic calorimeter
~10 Ȝ

Off axis location
Angular acceptance: 
7.2 < Ș < 8.7
Target material: Tungsten
Target mass: 830 kg
Surface: 390 x 390 mm2

Veto plane for 
charged 
particles in front 
of the target 
region 

Timing upstream for 
the muon filtering 

Timing downstream, 
double X-Y planes with 
higher granularity for 
muon-hadron 
separation 

Emulsion Cloud 
Chamber, emulsion 
and W absorbers for 
micrometric accuracy 
in the detection of Ĳ 
and FIPs, EM shower 
energy measurement.  

SciFi with timing, provide 
time stamp to emulsion, 
records TOF information of 
events in the target region, 
track matching with ECCs. 
EM shower measurement 
as sampling calorimeter 
every 10 X0. 

Muon system ± 
hadronic 
calorimeter 8 Ǌ, 
sampling every Ǌ, 
with target region 
10 Ǌ. 

Detector optimized to detect ! e, ! ", ! # 

! �
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SND@LHC

• Assuming 150/fb and 0 SM background 
• Some examples of LLP searches are: 
• Leptophobic portal 

• V→χχ and elastic scattering χN→χN 
• Deep inelastic Scattering: background suppression 

exploiting kinematical features 
• Dark photons 

• Search for Light Dark Matter scattering off atomic 
electrons A’→χχ with χe→χe in the target 

• DM scattering acquires and additional ε2 in the yield 
• SND@LHC is an ε4 experiment 
• Assume a time resolution of ∼200 ps, dominated by 

the bunch size

63

� Vector portal with minimal SM extension:

� with                          in the 
target

� Simulation: 0 SM background
� Sensitivity dominated by small 

couplings:
� DM scattering acquires and additional ɂ

in the yield
� SND@LHC is an ɂ experiment
� NA64 is an ɂ experiment and has better 

sensitivity

Dark photon (150 fb-1)

9 November 2021 Status of SND@LHC ± LLP X 10

Leptophobic sensitivity

9 November 2021 Status of SND@LHC ± LLP X 12
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milliQan
• milliQan targets a gap for heavier (~ GeV) low charged 

particles not reachable by searches using effects on 
sun, stars and supernovae, cosmological bounds, etc… 

• 33 m from CMS IP at an angle and 17 m of rock act as 
natural shielding against background coming from IP 

• Demonstrator run collecting ~35/fb, 2000h of data 
in 2018 (one of the few)  

• For Run 3 a bar and slab detector will be deployed 
• Bar detector is a 4 layer, 4x4 scintillator bar  

• Essentially a larger version of demonstrator 
• Extra layer helps veto backgrounds 

• Slab detector (new for Run 3) has 4 layers of 12 40 x 
60 x 5 cm slabs 
• Dramatically improve acceptance for Q > ~0.01e

ASPEN2014 Theoretical summary - M. Mangano

M. Citron mcitron@ucsb.edu 8

Expected reach

Charge limited region: 
very high mcp flux but 

low efficiency 

Acceptance limited region: 
high efficiency but  

low mcp flux

Backgrounds/signal efficiencies 
estimated using data collected by 

demonstrator (see backup)

Expect world leading sensitivity for  
0.1 < m < 45 GeV using 

combination of slab and bar 
detector

Projections published in 
PRD: PhysRevD.104.032002 

2−10 1−10 1 10
 [GeV]mCPm

310

410

510

610

710

810

910

1010 [p
b]

2
 / 

Q
Β × 

σ

)theoryσ1 ± cross section (−ζ+ζTotal 

 (13 TeV)pp
 [-2, 2]∈(parent) η

γζζ→0π ζζ→ρ ζζ→ψJ/ ζζ→(1S)ϒ

γζζ→η γζζ→'η ζζ→ψX, J/ψJ/→B ζζ→(2S)ϒ
0πζζ→ω ζζ→φ ζζ→(2S)ψ ζζ→(3S)ϒ

ζζ→ω ωζζ→'η  ζζ→(2S)ψX, (2S)ψ→B Drell-Yan*

M. Citron mcitron@ucsb.edu 6

The Run 3 milliQan slab detector

Four layers of twelve 
40 x 60 x 5cm slabs

Surface area 
equivalent to 

 ~1100 5 x 5cm bars! 

Use two PMTs on each end 
for optimal light collectionIP

LHC

Target: dramatically improve  
acceptance for Q > ~0.01e

Fully funded and under 
construction!

M. Citron mcitron@ucsb.edu 6
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40 x 60 x 5cm slabs

Surface area 
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LHC

Target: dramatically improve  
acceptance for Q > ~0.01e
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Bar

Slab
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MoEDAL Run 3 sensitivity, doubly charged particles

scalar Nsig = 1

scalar Nsig = 2

fermion Nsig = 1

fermion Nsig = 2

sc. triplet Nsig = 1

sc. triplet Nsig = 2

fer. triplet Nsig = 1

fer. triplet Nsig = 2

Figure 5. The expected sensitivities of MoEDAL for

various long-lived doubly-charged particle species, as-

suming 30 fb
�1

of integrated luminosity.

cussed earlier, this is because angular-momentum
conservation again forces the scalar pair produc-
tion via the s-channel gauge boson exchange to
be velocity suppressed, � ! 0 in the limit � ! 0.
Unlike scalars, the production rate for fermions is
non-vanishing even at � = 0.

We show in Fig. 5 the expected MoEDAL sen-
sitivities for four types of colour-singlet doubly-
charged particles: a scalar singlet (red), a scalar
triplet (blue), a fermion singlet (green) and a
fermion triplet (magenta), assuming a Run 3 in-
tegrated luminosity of 30 fb�1. As expected from
the above discussion, the fermion triplet has the
highest mass reach among the four types, due to
its large cross-section and favourable production
velocities. MoEDAL can probe this particle up to
mY ⇠ 1130 (990) GeV with Nsig = 1 (2) for the
Run 3 luminosity if c⌧ & 100 m, as indicated by
the solid (dashed) line. The next most sensitive
particle is the fermion-singlet, for which we esti-
mate the MoEDAL mass reach with c⌧ & 100 m
to be around 650 (540) GeV for Nsig = 1 (2). The
mass reaches for the two scalar particles (singlet
and triplet) are significantly lower than the corre-
sponding fermionic particles, due to their smaller
cross-sections and higher typical velocities. The
MoEDAL mass reaches at Run 3 are around 340

MoEDAL (CMS)

Scalar singlet 160 ((320))

Fermion singlet 650 (630)

Scalar triplet 340 ((590))

Fermion triplet 1130 ((900))

Table 2
Compilation of the prospective MoEDAL mass

reaches (Nsig = 1) at Run 3 and comparison with

the current (95% CL) mass bound for a long-lived

fermion-singlet doubly-charged particle obtained from

the CMS heavy stable charged particle search with

L = 2.5 fb
�1

[51] (in parentheses). Our estimates

of possible CMS bounds on other types of particle are

in double parentheses. All masses are in GeV.

(280) GeV for the scalar triplet and 160 (130)
GeV for the scalar singlet for Nsig = 1 (2) if
c⌧ & 100 m.

6.3. Comparison with the existing searches

We compare prospective MoEDAL mass
reaches (Nsig = 1) at Run 3 for the types of
doubly-charged meta-stable particles examined in
this Section, together with the available mass
bound. As discussed in Section 5.3, the most rel-
evant constraints are obtained by the heavy sta-
ble charged particle (HSCP) searches by ATLAS
and CMS, which are based on the ionization en-
ergy loss dE/dx and the time-of-flight measure-
ments but incorporate additional trigger require-
ments. The analysis utilizing the largest data-set
(L = 36.1 fb�1) is that from ATLAS [50]. In Sec-
tion 5.3 we compared the MoEDAL mass reaches
for various long-lived sparticles with mass bounds
from this analysis. However, ATLAS did not in-
terpret their results for doubly-charged particles
in [50], and did not provide mass limits.

CMS, on the other hand, has published their
latest HSCP analysis [51] based on a smaller data-
set, L = 2.5 fb�1, and have interpreted their re-
sult for a long-lived doubly-charged particle that
is an SU(2) singlet and has spin-1/2. The mass
bound for this particle is found to be 630 GeV,
which is 20 GeV lower than the MoEDAL Run 3
mass reach, as shown in parentheses in Table 2.
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MoEDAL
• So far MoEDAL has placed the world’s best direct limits 

on: Multiply charged magnetic monopoles, spin-1 
monopoles, Schwinger’s Dyon, etc… 

• Also sensitivity to Long-lived Massive Singly & 
Double Charged Particles  
• Enhanced by the installation of  MAPP (MoEDAL 

apparatus for penetrating particles) 
• Planned for deployment during LHC's Run 3 
• Lifetimes longer than 10 years can be probed 

• MoEDAL can cover the lifetime region with ct ≥ 100 m 
• Expected sensitivities for four types of doubly-charged 

particles, assuming a Run 3 integrated luminosity of 30/
fb: a scalar singlet (red), a scalar triplet (blue), a fermion 
singlet (green) a fermion triplet (magenta)
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• QEE (EW, QCD, Higgs) PAWG at LHCb: 
• Responsible for strategy, scientific oversight for all such measurements at LHCb 
• 6 published papers in the last year alone, a further 6 papers are in the final stages of the 

review process 
• The initial idea of looking for LLPs with LHCb turned in a plethora of new results 

 

• Displaced leptons (hard to beat us) 
• Dark photon  
• Low-mass di-muon resonances 
• Majorana neutrino  
• LLPs decaying to eμν

The QEE PAWG
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• Displaced jets (hard to beat CMS) 
• Majorana neutrino from Ws  
• LLPs to jet jet 
• LLPs to μ+jets

https://ep-dep.web.cern.ch/home
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Low-mass dimuon resonances

• A complex scalar singlet is added to the two-Higgs doublet (2HDM) potential  
• E.g. a scenario where the pseudoscalar boson acquires all of its couplings to SM fermions through 

its mixing with the Higgs doublets; the corresponding X–H mixing angle is denoted as θH
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Low-mass dimuon resonances: 2HDM scenario

8
8

[JHEP10 (2020) 156]

❑ 2HDM Higgs 𝜃𝐻 → world best limits:
• LHCb R1 [JHEP 09 (2018) 147]

• CMS R1 [PRL 109 (2012) 121801]

• CMS R2 [PRL 124, 131802 (2020)]

• Belle Υ → 𝑋𝛾 [PRD 87 (2013) 031102]

❑ The future: cover dielectron final states 
in 𝐷∗0 → 𝐷0𝐴′(𝑒𝑒) decays

JHEP 10 (2020) 156

https://lphe-web.epfl.ch

