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Portals to the dark sector
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4 portals: 4 new particles [arXiv:2209.04671]:


‣ Dark photons


‣ Higgs-portal scalars


‣ Sterile neutrinos


‣ ALPs coupling to photons, fermions & gluonsA
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https://arxiv.org/abs/2209.04671


Federico Leo Redi | École polytechnique fédérale de Lausanne |

LHCb: is CMS so much different?

15

Link 1 and 2
LHCb's B

LHCb: flavour and dark physics
‣ Only LHC experiment fully instrumented in the forward region 


‣ Despite limited acceptance and lower  than ATLAS/CMS, capacity 
for sensitivity to dark portals:


- Excellent vertex and momentum resolution

- Capacity for soft triggers (e.g. trigger on  GeV on detached 

)  enhanced flexibility in Run 3 with a fully software trigger
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L

pT ∼ 1
μμ →
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JINST3(2008)S08005

Int J Mod Phys A30(2015)1530022


CERN-LHCC-2018-014 ; LHCB-TDR-018

LHCb B field

Sketch adapted from 
Redi, LHCP ’21

Not to scale

https://cds.cern.ch/record/2772897/files/LHCP_DP_CINCO_Redi_2021_v1.0%2008.063.pdf


The LHCb trigger in Runs 2 & 3

‣ Run 2: consistent online (HLT2) 
and offline reconstruction 


‣ A’ results based on HLT2 objects 
 no prescales on  down to 

threshold (~ 210 MeV)


‣ Run 3: fully software triggers 
with enhanced sensitivity to low-
momentum candidates

→ μμ
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JINST3(2008)S08005

Int J Mod Phys A30(2015)1530022


CERN-LHCC-2018-014 ; LHCB-TDR-018

40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

12.5 kHz (0.6 GB/s) to storage

Partial event reconstruction, select 
displaced tracks/vertices and dimuons

Buffer events to disk, perform online 
detector calibration and alignment

Full offline-like event selection, mixture 
of inclusive and exclusive triggers

LHCb 2015 Trigger Diagram
30 MHz inelastic event rate 

(full rate event building)

Software High Level Trigger

2-5 GB/s to storage

Full event reconstruction, inclusive and 
exclusive kinematic/geometric selections

Add offline precision particle identification 
and track quality information to selections

Output full event information for inclusive 
triggers, trigger candidates and related 
primary vertices for exclusive triggers

LHCb Upgrade Trigger Diagram

Buffer events to disk, perform online 
detector calibration and alignment



LHCb: flavour and dark physics

‣ Experimental programme:


- Soft trigger & forward acceptance  lighter masses


- Forward boost and   low lifetimes (prompt vs displaced 
signatures)

→

σ(τ) ∼ 50 fs →
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Sketch by Martino Borsato, LHCb Implications Workshop ‘20

Produced in heavy-flavor decays Produced in pp  collisions  

https://indico.cern.ch/event/857473/timetable/#30-exotica-experimental


Dark photons at LHCb
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pT(µ) > 1GeV, p(µ) > 20GeV

‣  production: anywhere a  with  mass:


‣ Inclusive search of  with with Run 2 (5.5 fb )


‣ Updates search with 2016 data:

- luminosity

- Improved software trigger efficiency


A′￼ γ* A′￼

A′￼→ μ+μ− −1

3 ×
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↵0 = "2↵EM

PRL 120 (2018) 6, 061801

PRL 120 (2018) 6, 061801,  PRL 124 (2020) 041801

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.061801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.061801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.041801
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✦ Inclusive search for Dark Photons (A') in µµ with LHCb Run II dataset 
(updates search with 2016 data) 

✦ Analysis flow (similar for prompt/displaced): 

Searches for dark photons at LHCb (I)

8

PRL 120 (2018) 061801

➡ A’ can be very light, produced 
as γ* 

➡ Large fraction in forward region 
(specially for masses below ~10 
GeV/c2), very soft pT. 

➡ Self-normalize to γ*→µµ  
➡ Prompt search: backgrounds from b-hadron 

decays. Compute using same sign µ, fits to IPχ2, 

isolation cut applied only above 1 GeV/c2. 

➡ Displaced search: backgrounds from Ks→ππ, b-
hadron decays + material interactions (vetos for all)

Dark photons at LHCb
Analysis flow:


‣ Self-normalize to 


‣ Prompt analysis: 


• Bkgs: prompt h & ;  from heavy flavour misID as 
prompt


• Isolation applied for 


• Observed A’  yields extracted via fits to 
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�⇤ ! µµ

μ μ

m(μμ) > 1.1 GeV

min[χ2
IP(μ)]

7

PRL 124 (2020) 041801

Credit: Cid Vidal, ICHEP 2020

More detail in appendix

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.041801
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➡ A’ can be very light, produced 
as γ* 

➡ Large fraction in forward region 
(specially for masses below ~10 
GeV/c2), very soft pT. 

➡ Self-normalize to γ*→µµ  
➡ Prompt search: backgrounds from b-hadron 

decays. Compute using same sign µ, fits to IPχ2, 

isolation cut applied only above 1 GeV/c2. 

➡ Displaced search: backgrounds from Ks→ππ, b-
hadron decays + material interactions (vetos for all)

Dark photons at LHCb
Analysis flow:


‣ Self-normalize to 


‣ Prompt analysis: 


• Bkgs: prompt h & ;  from heavy flavour misID as 
prompt


• Isolation applied for 


• Observed A’  yields extracted via fits to 
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m(μμ) > 1.1 GeV

min[χ2
IP(μ)]
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PRL 124 (2020) 041801

Credit: Cid Vidal, ICHEP 2020

More detail in appendix

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.041801
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✦ Inclusive search for Dark Photons (A') in µµ with LHCb Run II dataset 
(updates search with 2016 data) 

✦ Analysis flow (similar for prompt/displaced): 

Searches for dark photons at LHCb (I)
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PRL 120 (2018) 061801

➡ A’ can be very light, produced 
as γ* 

➡ Large fraction in forward region 
(specially for masses below ~10 
GeV/c2), very soft pT. 

➡ Self-normalize to γ*→µµ  
➡ Prompt search: backgrounds from b-hadron 

decays. Compute using same sign µ, fits to IPχ2, 

isolation cut applied only above 1 GeV/c2. 

➡ Displaced search: backgrounds from Ks→ππ, b-
hadron decays + material interactions (vetos for all)

Dark photons at LHCb
Analysis flow:


‣ Self-normalize to 



‣ Displaced analysis: 


• Photon conversion into 
 vetoed by 

-dependent requirement 
on relevant p-value  


• Trigger requirements & 
BDTs to suppress 

 and 
dimuons from B decays
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�⇤ ! µµ

μ+μ− m(A′￼)

Ks → π+π−

9

PRL 124 (2020) 041801

Credit: Cid Vidal, ICHEP 2020
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✦ Prompt results

Searches for dark photons at LHCb (II)

9

PRL 124 (2020) 041801 

PRL 124, 131802 (2020)

Note new CMS 
limit above 

~10 GeV/c2! 
(presented on 

Tuesday by 
S.S. Ghosh)
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✦ Displaced results

More detail in appendix

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.041801
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Dark photons at LHCb
PRL 124 (2020) 041801

Putting it all together *:

*Update needed to include latest CMS results

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.041801


The future of dark photons at LHCb
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FIG. 1: Adapted from Ref. [14]: constraints on visible A0 decays from (blue regions) LHCb [2] and (gray regions) all other
experiments. The solid blue line is the union of Run 3 projections for LHCb from Refs. [9, 10], updated to include inclusive
A0 ! e+e� projections enabled by recent advances in the LHCb trigger. The dashed blue line projects further into the future
to the end of Run 6.

• Reference [15] applied a constant scale factor to pre-
dict the future sensitivity based on the Run 1 results;
however, this fails to account for the strong lifetime de-
pendence of the LHCb limits. For example, at higher
masses the Run 1 data sample only explored prompt
� decays which are contaminated by SM penguin and
charmonium decays. With much greater luminosity,
LHCb explores the long-lived � region which is back-
ground free, improving the sensitivity.

• The published LHCb limits are based on older models
for the � coupling to hadrons. We update the exist-
ing limits to use the hadronic couplings in Ref. [16],
which is the commonly used model employed by re-
cent long-lived-particle experimental proposals. (This
update also requires carefully considering the strong
lifetime-dependence of the LHCb constraints.)

• Finally, we include new projections based on includ-
ing the hadronic decays B ! K(⇤)�(⇡+⇡�) and
B ! K(⇤)�(K+K�). We show that including
these final states can improve the sensitivity in the
0.5 . m� . 1.5GeV region.

Figure 2 shows both our updated constraints using the
published Run 1 results and our new projections. The
Run 1 dimuon searches were background free in the dis-
placed case, and we assume here that this continues to
be true throughout the lifetime of LHCb data taking.

Updating the � hadronic couplings to those of Ref. [16]
weakens the existing constraints, largely due to the de-
creased � ! µ+µ� branching fraction. Figure 2 clearly
shows that one cannot use a constant scale factor to pre-
dict future sensitivities. The LHCb dimuon search sensi-
tivity improves more at higher masses. As stated above,
going to Run 3 this is largely because the Run 1 data only
probed prompt � decays, whereas Run 3 will explore the
nearly background-free long-lived � decays even at higher
masses.

For hadronic decays, we only consider the long-lived �
scenario, as larger couplings are ruled out by the dimuon
data alone. To estimate the background, we consider
the related hadronic final state B±

! K⌥⇡±⇡± stud-
ied by LHCb in Run 1 [17], which is dominated by ran-
dom combinations of hadrons produced in heavy-flavor
decays.2 Assuming that the background uniformly pop-
ulates each � ! ⇡+⇡� mass window3—the mass spectra
in Ref. [17] are integrated over ⇡+⇡� phase space—we es-

2
The motivation here is that we expect the background for B±

!

K±�(h+h�
) for long-lived � bosons to largely arise due to com-

binations of hadrons produced in heavy-flavor decays that ran-

domly satisfy the topological and kinematic constraints, which

is also likely the case in our chosen background proxy.
3
This assumption is expected to hold within an order of magni-

tude, which only a↵ects the limits by up to a factor of two.

Craik, Ilten, Johnson, Williams [arXiv:2203.07048v1]



Probe additional dark-sector particles using  data, dropping the 
assumption of a kinetic mixing with : 


‣ Adopt same trigger as  searches 

‣ Model-independent search

μ+μ−

γ*
A′￼

Blaise Delaney (MIT) on behalf of LHCb 12

Non-minimal searches: inclusive X → μ+μ−

Inclusive prompt Displaced pointing

Prompt +  jetb Displaced non-pointing

- No isolation 
requirements 


- Non-zero width 
considered

- Non-zero width 
considered

 JHEP10(2020)156

https://link.springer.com/article/10.1007/JHEP10(2020)156
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Non-minimal searches: inclusive X → μ+μ−
 JHEP10(2020)156

m(X) [ GeV ]

p T
[G

eV
]

10.50.3 3

5

3

10

2

1 fb

10 fb

100 fb

LHCb

‣ Upper limits at 90% CL on   for the inclusive displaced search σ(X → μ+μ−)

‣ Upper limits at  CL on  kinetic mixing for Hidden Valley 
(HV) model resulting in light hidden hadrons 


90 % γ − ZHV
World-leading constraints

https://link.springer.com/article/10.1007/JHEP10(2020)156


LHCb is a general-purpose 

detector at the LHC


LHCb Run 3  significant increase in discovery potential:

a) increase in pp collision rate

b) Fully software trigger 

→
5 ×



Appendix
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Off-shell photon

Phase space

 efficiency ratioA′￼/γ*

γ*/A′￼

γ*/A′￼

Displaced Prompt

1 for prompt 

Dark photons at LHCb
PRL 120 (2018) 6, 061801,  PRL 124 (2020) 041801

Analysis strategy:


Normalize to off-shell photon  just need to discriminate against 
non-  background

→
γ*

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.061801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.041801
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PRL 120 (2018) 6, 061801
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Displaced dark photons at LHCb
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PRL 120 (2018) 6, 061801

‣ Only region   MeV is sensitive

‣ Comparatively looser  requirements

‣ Main  background from  conversion in the VErtex LOcator

m(A′￼) < 350
pT(μ)

γ

Expected long-lived  yieldA′￼→ μμ

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.061801
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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.

region. Several data samples are used from different running periods: data collected during pp
running in 2011 and 2012 (Run 1) meant for luminosity studies, with beam energies of 3.5 and
4.0TeV, respectively; and data taken during a dedicated proton-helium run in 2016 (Run 2) with a
beam energy of 4.0TeV. Only one LHC beam has a nominally filled bunch slot in all events used
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.

– 4 –

Blaise Delaney (MIT) on behalf of LHCb 19

VELO Material Map
JINST 13 (2018) 06, P06008

‣ Beam-gas collisions can be distinguished from hadrons produced in heavy-flavor decays   

 map the whole VErtex LOcator geometry


‣ Can assign p-value to material interaction hypothesis

‣ Effective veto of  conversions to  in the material 


 veto main background displaced  searches at low mass

→

γ μμ
→ A′￼

https://inspirehep.net/literature/1663389
https://inspirehep.net/literature/1663389
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 : fiducial regionX → μ+μ−
JHEP10(2020)156

pT(µ) > 0.5GeV
10<p(µ)<1000GeV

All searches 2<⌘(µ)<4.5p
pT(µ+)pT(µ�) > 1GeV

5  ncharged(2<⌘<4.5, p>5GeV)<100 (from same PV as X )

1 < pT(X) < 50GeV
Prompt X decay time < 0.1 ps

X!µ+µ� decays ↵(µ+µ�) > 1mrad
20 < pT(b-jet) < 100GeV, 2.2 < ⌘(b-jet) < 4.2 (X + b only)

2 < pT(X) < 10GeV
Displaced 2<⌘(X)<4.5

X!µ+µ� decays ↵(µ+µ�) > 3mrad
12 < ⇢T(X) < 30mm

X produced in pp collision (promptly produced X only)

https://link.springer.com/article/10.1007/JHEP10(2020)156
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Non-minimal searches: inclusive X → μ+μ−
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 : fiducial regionX → μ+μ−
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1 < pT(X) < 50GeV
Prompt X decay time < 0.1 ps

X!µ+µ� decays ↵(µ+µ�) > 1mrad
20 < pT(b-jet) < 100GeV, 2.2 < ⌘(b-jet) < 4.2 (X + b only)

2 < pT(X) < 10GeV
Displaced 2<⌘(X)<4.5

X!µ+µ� decays ↵(µ+µ�) > 3mrad
12 < ⇢T(X) < 30mm

X produced in pp collision (promptly produced X only)

https://link.springer.com/article/10.1007/JHEP10(2020)156


‣ Exploit ability of LHCb of studying  penguin decays to search for 
hidden-sector bosons,  using Run 1 data (3 fb )


‣ Allow detached  within VELO  bump hunt for long-lived  candidates 
in 

b → s
χ −1

μμ → χ
B → K(*)χ, χ → μ+μ−

Higgs portal at LHCb
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K⇤(+)

Figure 26: BC4: Dark scalar mixing with the Higgs. Current limits (filled areas) and
experimental landscape (solid and dotted curves) for searches for dark scalar in the plane
coupling strength (sin2 ◊) versus dark scalar mass mS .

- Supernovae
A light, weakly coupled scalar mediator can be produced on shell during a supernova
(SN) explosion and significantly contribute to its energy loss, thereby shortening the
duration of the observable neutrino pulse emitted during core collapse. The most
significant constraint arises from SN1987a which has been used to constrain the
parameter space for axions and axion-like particles [246–249].

Searches in the near (≥ 5 years) future will be performed by: SeaQuest at FNAL [102],
using the same dataset for the search for a Dark Photon into e+e≠ final state as explained
in Section 9.1; LHCb, that will update the bump hunt in B æ K¸+¸≠ decays with an
integrated luminosity of ≥ 15 fb≠1 which is expected to be collected during Run 3. NA62
in kaon-mode will be able to explore the mass range below the kaon mass, as a side product
of the measurement at O(10%) accuracy of the rare decay K+

æ fi+‹‹, by interpreting it
as K+

æ fi+S. The NA62 search should be able to push down the limit currently set by
the E949 experiment by, at least, an order of magnitude, even if o�cial projections have
not yet been made by the collaboration.

Physics reach of PBC projects on 5 and 10-15 year timescale

Figure 27 shows the sensitivity of FASER during its first phase of data taking during
Run 3, and NA62++ in dump mode with 1018pot collected in about 100 days of data taking
during Run 3. These results could be obtained on a ≥ 5 year timescale. NA62++ in dump
mode should be able to improve the limit between the di-muon mass and ≥ 1 GeV range
and will compete with SeaQuest in the same timescale; FASER, in its first phase, is instead
not competitive.

– 94 –
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.071101
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LHCb  Run 1 

PRL 115 (2015) 1618, PRD (2017) 071101 


 

B → K(*)μ+μ−

h ∈ {K, π}

Craik, Ilten, Johnson, Williams [arXiv:2203.07048v1]
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B ! K(⇤)a(! ⇡⇡ {⌘, �})

Planned searches for ALPs 

Predicted sensitivity to ALP-gluon coupling via 

Cid Vidal, Mariotti, Redigolo, Sala, Tobioka 

[JHEP 01 (2019) 113, JHEP 06 (2020) 141]

Craik, Ilten, Johnson, Williams [arXiv:2203.07048v1]
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Search for massive LLP decaying 
semileptonically at  TeVs = 13

EPJC 82 (2022) 4, 373

‣ Target massive long-lived particles (LLP)   with a measurable flight 
distance and decaying via  


‣ LLP lifetime range between 5 ps (above B lifetime) and 200 ps (within 
Vertex Locator)  
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Fig. 4 Expected (open dots and 1σ and 2σ bands) and observed (full dots) cross-section times branching fraction upper limits (95% CL) as a
function of mχ̃0

1
for the resonant production processes with mh0 = 125 GeV/c2, and, from a to g, τχ̃0

1
of 5, 10, 20, 30, 50, 100, and 200 ps

of data and muons from simulated bb events, the maximum
uncertainty on this variable is estimated to be ±0.015 in the
proximity of the thresholds, with a maximal effect on the
efficiency of 1.7%.

Comparing the mass distributions of bb and Z → bb
events, a maximum mass-scale discrepancy between data and
simulated events of 10% is estimated in the proximity of the
threshold, which translates into a 1.4% contribution to the
detection efficiency uncertainty.

Finally, the total systematic uncertainty is obtained as the
sum in quadrature of all contributions, where the different
components of the detection efficiency are assumed to be
fully correlated.

The choice of the signal and background invariant-mass
templates can affect the results of the LLP mass fits. The
uncertainty due to the signal model accounts for the mass
scale and the mass resolution. The mass scale and resolu-
tion discrepancies between data and simulation are below

123

Upper limit at 95% CL wrt  with τχ̃0
1

mh0 = 125 GeV

Resonant production

https://link.springer.com/article/10.1140/epjc/s10052-022-10186-3#citeas
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Overcoming the LHCb acceptance 
limit with CODEX-b EPJC 80 1177

I INTRODUCTION C Baseline detector concept

x
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CODEX-b

UXA wall
shield veto

IP8Pb shield

DELPHI

(a) Location in the cavern (b) Detector geometry

FIG. 3: Left: Layout of the LHCb experimental cavern UX85 at point 8 of the LHC [9], overlaid
with the CODEX-b volume, as reproduced from Ref. [8]. Right: Schematic representation of the

proposed detector geometry.

To ensure good vertex resolution five additional triplets of RPC layers are placed equally

spaced along the depth of the detector, as shown in Fig. 3b. Other, more ambitious options

are being considered, that use both RPCs as well as large scale calorimeter technologies

such as liquid [10] or plastic scintillators, used in accelerator neutrino experiments such as

NO⌫A [11], T2K upgrade [12] or Dune [13]. If deemed feasible, implementing one of these

options would permit measurement of decay modes involving neutral final states, improved

particle identification and more e�cient background rejection techniques.

Because the baseline CODEX-b concept makes use of proven and well-understood tech-

nologies for tracking and precision timing resolution, any estimation or simulation of the

net reconstruction e�ciencies is expected to be reliable. These estimates must be ulti-

mately validated by data-driven determinations from a demonstrator detector, which we

call CODEX-�. (See Sec. IV.) Combined together, the baseline tracking and timing ca-

pabilities will permit mass reconstruction and particle identification for some benchmark

scenarios.

The transverse location of the detector permits reliable background simulations based

on well-measured SM transverse production cross-sections. The SM particle propagation

through matter – necessary to simulate the response of the UXA radiation wall and the

additional passive and active shielding – is also well understood for the typical particle

10

searching for long-lived particles beyond the standard model at the large hadron
collider 149

be sensitive. Studies of the potential LHCb reach to longer lifetimes
using downstream tracking are ongoing [372, 450]. The right-hand
panel of Figure 5.50 indicates the reach for more general models,
where the lifetime and production rate of j are unrelated.
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Figure 5.50: Top: CODEX-b reach for B ! Xs j in the s2
q–mj plane.

Solid (dot-dashed) line assumes L = 300 fb�1 (L = 1 ab�1). Bot-
tom: Inclusive CODEX-b B ! Xs j reach (solid lines). The shaded
regions (dashed lines) indicate current LHCb limits (300 fb�1 pro-
jection) from B ! K(j ! µµ), rescaled to the inclusive process and
assuming Br[j ! µµ] ' 30% and 10% for mj = 0.5 GeV and 1 GeV,
respectively. The gray shaded area and the dashed line indicate the
approximate current [451] and projected [452] limits, respectively,
for Belle II, from B ! K(⇤)nn̄ precision measurements.

For the second benchmark, a dark boson, gd, produced through
the exotic Higgs decay h ! gdgd is considered. For concreteness
the gd is taken to be a spin-1 field which can decay through mix-
ing with the SM photon [63, 223, 453, 454]. In this benchmark, the
production and decay are therefore controlled by different portals.
The projected reach is shown in Figure 5.51, overlaid with the reach
of ATLAS [255, 266] and MATHUSLA [96]. In particular, at low gd
masses, CODEX-b complements and significantly extends the reach
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