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1 Introduction
LHCSpin aims at installing a polarized gas target in front of the LHCb spectrometer [1], bringing, for the first
time, polarized physics to the LHC. The project will benefit from the experience achieved with the installation
of an unpolarized gas target at LHCb during the LHC Long Shutdown 2 [2, 3]. LHCb will then become the first
experiment simultaneously running in collider and fixed-target mode with polarized targets, opening a whole new
range of explorations to its exceptional spectrometer.

Among the main advantages of a polarized gas target are the high polarization achievable (>80%), the absence
of unpolarized materials in the target (no dilution), the possiblity to flip the nuclear spin state very rapidly (order
of minutes) such to efficiently reduce systematic effects and a negligible impact on the beam lifetime.

LHCSpin will offer a unique opportunity to probe polarized quark and gluon parton distributions in nucleons
and nuclei, especially at high x and intermediate Q

2, where experimental data are still largely missing. Beside
standard collinear parton distribution functions (PDFs), LHCSpin will make it possible to study multidimen-
sional polarized parton distributions that depend also on parton transverse momentum (transverse-momentum-
dependent PDFs, or TMDs).

The study of the multidimensional partonic structure of the nucleon, particularly including polarization
effects, can test our knowledge of QCD at an unprecedented level of sophistication, both in the perturbative and
nonperturbative regime. At the same time, an accurate knowledge of hadron structure is necessary for precision
measurements of Standard Model (SM) observables and discovery of physics beyond the SM.

Due to the intricate nature of the strong interaction, it is indispensable to perform the widest possible suite
of experimental measurements. In the time range covered by the next update of the ESPP, it will be ideal to
have two new projects complementing each other: a new facility for polarized electron-proton collisions and a
new facility for polarized proton-proton collisions. LHCSpin [4] stands out at the moment as the most promising
candidate for the second type of project, going beyond the kinematic coverage and the accuracy of the existent
experiments, especially on the heavy-quark sector.

The document comprises two main parts, describing the physics case and the hardware implementation,
respectively.
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Kinematic coverage at LHCb
• Full simulations with LHCb Upgrade I detector ( ) were produced to investigate the kinematic coverage and 
efficiencies vs the distance between the cell and the vertex detector (VELO)

• The kinematic coverage depends on the cell position   slightly affected,  range shrinks when moving upstream
• The goal of this WP to produce something similar for the IR4 setup, informed by the physics reach

η = [2,5]

→ pT x

0

0.05

0.1

0.15

0.2

0.25

0.3
3−10×

 [-560,-360] mm−µ+µ → ΨJ/

0.35− 0.3− 0.25− 0.2− 0.15− 0.1− 0.05− 0
Fx

0

1000

2000

3000

4000

5000

6000

) [
M

eV
/c

]
Ψ

(J
/

Tp

 [-560,-360] mm−µ+µ → ΨJ/

0

0.05

0.1

0.15

0.2

0.25

0.3

3−10×

 [-600,-400] mm−µ+µ → ΨJ/

0.35− 0.3− 0.25− 0.2− 0.15− 0.1− 0.05− 0
Fx

0

1000

2000

3000

4000

5000

6000

) [
M

eV
/c

]
Ψ

(J
/

Tp

 [-600,-400] mm−µ+µ → ΨJ/

0

0.05

0.1

0.15

0.2

0.25

0.3

3−10×

 [-670,-470] mm−µ+µ → ΨJ/

0.35− 0.3− 0.25− 0.2− 0.15− 0.1− 0.05− 0
Fx

0

1000

2000

3000

4000

5000

6000

) [
M

eV
/c

]
Ψ

(J
/

Tp

 [-670,-470] mm−µ+µ → ΨJ/

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

3−10×

 [-800,-600] mm−µ+µ → ΨJ/

0.35− 0.3− 0.25− 0.2− 0.15− 0.1− 0.05− 0
Fx

0

1000

2000

3000

4000

5000

6000

) [
M

eV
/c

]
Ψ

(J
/

Tp

 [-800,-600] mm−µ+µ → ΨJ/

•  spectra for some channels:xF
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Spectrometer
• The IR4 setup will be in-between an R&D setup and an actual detector
• We need a GEANT simulation of a possible spectrometer layout, possibly using [DD4HEP] geometry description
• Ahead of that, here I just make simple considerations from formulas

δp
p

=
8σ

N + 1

1
0.3z ⋅ Bl ⋅ L

p

δp
p

|MS =
0.0136
0.3Bβ

1
LX0

• Assuming:
• Sagitta error 
•  hit measurements with resolution 
• Small bending angle (e.g. a few degrees)
• No MS contribution. (or can be assumed to 
be equal to the spatial resolution)

δs ≈ σ

N ≳ 10 σ

182 3 Accelerators and Experimental Apparatuses

Fig. 3.2 Examples of
particle tracking using N + 1
measuring stations over a
total lever arm L . In the first
and second case, the
spectrometer is immersed in
a uniform magnetic field
providing a total bending
power of |B|L . Two layouts
of the measuring stations are
deployed: uniformly spaced
(top) and clustered at the
front, middle, and rear of the
spectrometre (centre). In the
last case, the spectrometer is
not fully magnetised and the
bending power is only |B|ℓ
(bottom); the measuring
stations are equally
distributed at the front and
rear of the magnetised
volume, and at the front and
rear of the spectrometer as to
achieve a lever arm L
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Solution

A classical particle of charge q and mass m moving inside a uniform electric field E
superimposed to a uniform magnetic field B is subject to the classical force

F = q(E+ v × B). (3.16)

The second term in the right-hand side of Eq. (3.16) described the Lorentz force. The
equation of motion r(t) is determined by Newton’s law:

dp
dt

= F = q (E+ v × B), (3.17)

which is a system of three coupled ODE. We choose the reference frame so that the
z-axis is aligned along B, i.e. B = (0, 0, |B|), and the y-axis is parallel to E × B,
so that E = (E⊥, 0, E∥) with E⊥ > 0, and. We further define the origin such that at
time t = 0 the particle is at the origin of the reference frame. Equation (3.17) and the

• Momentum resolution: Gluckstern formula for 
equally spaced trackers in B 

• For the configuration on the right side it 
can be shown that:

[L
. 

Bi
an

ch
in

i 
20

18
]

https://dd4hep.web.cern.ch/dd4hep/
https://link.springer.com/book/10.1007/978-3-319-70494-4
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Momentum resolution vs lever arm
• The lever arm will be driven by the available space
• Showing three easily achievable hit resolutions: σ = 1,2,3 mm (*)
• with reasonable bending powers: Bl = 1,2,3 Tm
• and N = 10 hit measurements

 can achieve < 1 % resolution within a few meters for momenta up to a few GeV
(*) the single hit resolution of the prototype sciFi modules installed at IR4 is around 
→

150 μm
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• Assuming B and detector alignment error are negligible then 
in the above we have ~ similar contributions, which means a 
mass resolution of ~  X the p resolution
 if we achieve  that makes  at the  

mass (compared to ~ 13 MeV at LHCb)

2

→ δp/p = 1 % δm ≈ 40 MeV J/ψ

Jψ → μ+μ−

pH @ s = 115 GeV

• An interesting performance figure for physics is the 
dimuon invariant mass resolution around 

• If p > GeV and with small opening angle, as shown on the 
right, then:

m = 3 GeV
Jψ → μ+μ−

pH @ s = 115 GeV

opening angle

momentum
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Muon identification

• Can think of 3-5 layers of gas chambers w 
iron walls to filter muons

• Right plot: 80 cm of iron btw each station
• Can tune absorbers length and number of 
stations to achieve a desired muonID-misID 
working point 

• This depends on the momentum i.e. on the 
physics channels

5 The MuonID procedure for a real detector

The main limitations of the procedure used so far in Monte Carlo simulation [3] are the
following:

1. the IsMuon decision is a boolean decision: yes/no answer depends on number of
hits in momentum bins (Table 3). In reality the probability to have a muon hit in a
given station is a smooth function of the momentum p as shown in Figure 3. These
curves define the probability that a muon with a given momentum p releases a hit
in FOI in a given Muon Station.
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Probability for a muon to reach a given station

Figure 3: Probability for muon tracks to reach a given station as a function of momentum.
These curves are obtained with true muons from a J/ ! µµ inclusive sample.

2. The IsMuon decision requires at least one hit in all the stations listed in Table 3.
This requirement determines a strong dependence of the algorithm e�ciency on
variations in time and space of the muon chambers e�ciencies as it asks for the
AND of all the concerned stations. In fact, if k is the average e�ciency loss in
the MWPCs, the total e�ciency loss in the muon identification procedure for any
di-muon channel in the limit where k is small, will be:

✏(2µ) = (1 � k)n ' 1 � n ⇥ k

where n is the number of stations involved to identify the two muons. For tracks
with p > 10 GeV/c, n = 2 ⇥ 4 = 8, which means that for every 1% e�ciency loss in
the chambers we loose as much as ⇠ 8% of di-µ events.

In Figure 4 (left) we show the impact on the MuonID e�ciency for one muon from
a prompt J/� ! µ

+
µ

� sample due to an average loss of 2, 4, 6, 8% in the MWPC
e�ciency with respect to its nominal value (✏ ⇠ 99.5%). In the same Figure (right)
we show the e↵ect of an average loss of MWPC chambers e�ciency of ⇠ 3% in the
reconstruction of the two muons from J/� ! µµ events. We see that the overall
e�ciency loss is ⇠ 20%.

An average loss of ⇠ 3% over the whole detector must be considered an extreme case.
However, mainly at the beginning of data taking, local ine�ciencies might not be

6

Figure 3.1: Probability for a muon to reach a given station as a function of its mo-
mentum, from a simulated J/ ! µ

+
µ

� sample [148]. Note that the calorimeters,
located upstream of M2, accounts for almost 7 interaction lenghts (Sec. 2.4.2),
while the calorimeters plus iron absorbers thickness amount to 20 interaction
lenghts.

GeV/c.2 Being Minimum Ionising Particles (MIPs) for momenta greater than
⇠100 MeV/c [39], muons with p ⇠ few GeV/c can cross the LHCb CALO sys-
tem. Depending on their momentum, they can also cross the iron absorbers of the
muon stations, as shown in Fig. 3.1: for p > 6 GeV/c, a muon has a probability
larger than 95% to reach the M5 station. For muons coming from B

0

s
! µ

+
µ

�

decays, this occurs about 98% of the times, as can be deduced from the simulated
spectrum shown in Fig. 3.2.
The IsMuon selection aims at identifying muon cadidates by exploiting their pene-
tration power: the algorithm is a binary selection which depends on the number of
muon stations traversed by a muon candidate as a function of its momentum, ac-
cording to Table 3.1. The muon hit matching is performed on each station within
a field of interest (FOI) around the track extrapolation. The x and y sizes of the
FOI depend on the particle momentum and on the expected multiple scattering
which muons undergo while traversing the iron absorbers. FOI parameters are

2 The critical energy of a muon, at which radiative and ionisation losses are equal, is about
350 GeV/c for iron (Z = 26) [39].

74

• MuonID can be done with some layers of gas 
chambers and iron walls. e.g. from M1 removal 
(2018) at LHCb:
• GEMs with pad size 1 x 2.5 cm
• MWPCs with pad size 2 x 5 cm

 might be reused?
 an occasion to test muRwells planned for 

LHCb U2?

→

→

2 CHAPTER 1. OVERVIEW

250mra
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SPD/PS
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z5m
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5m

− 5m

10m 15m 20m

TTVertex
Locator
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Figure 1.1: Reoptimized LHCb detector layout, showing the Vertex Locator (VELO), the dipole magnet,
the two RICH detectors, the four tracking stations TT and T1–T3, the Scintillating Pad Detector (SPD),
Preshower (PS), Electromagnetic (ECAL) and Hadronic (HCAL) calorimeters, and the five muon stations
M1–M5. It also shows the direction of the y and z coordinate axes; the x axis completes the right-handed
framework.

introduced compared to the TDR [4]. The ma-
terial budget has been reduced by optimizing the
thickness of the silicon sensors and the number of
stations. The thickness of the sensors has been re-
duced from 300 to 220µm, and the number of sta-
tions from 25 to 21 without significantly a↵ecting
its performance, as shown in this document.

The dipole magnet has not been modified from
the TDR design [5] and its construction is advanc-
ing. Compared to the TP spectrometer layout, no
shielding plate is placed upstream of the magnet.
This change has been made in order to introduce
magnetic field between the VELO and the magnet,
i.e. in the region of RICH1, for the Level-1 trigger
improvement.

Compared to the TP, the number of tracking
stations is reduced to four in order to reduce the
material budget, without introducing performance
losses, as demonstrated in this document2. The
first station after the VELO, referred to as the
Trigger Tracker (TT), is in front of the magnet
and just behind RICH 1. It consists of four planes
of silicon strip detectors. They are split into two
pairs of planes separated by 30 cm. Together with

2
In the track reconstruction the VELO is now used as an

integral part of the the tracking system.

the VELO, the TT is used in the Level-1 trigger.
Large impact parameter tracks found in the VELO
are extrapolated to the TT and the magnetic field
in the RICH1 region allows their momenta to be
measured. The three remaining stations are placed
behind the magnet with equal spacing. Each sta-
tion consists of an Inner Tracker (IT) close to the
beam pipe and an Outer Tracker (OT) surrounding
the IT. The OT is made of straw tubes and the IT
of silicon strip detectors. Their designs remain un-
changed from those described in the corresponding
TDR’s [6, 2].

The RICH1 material has been reduced, largely
by changing the mirror material and redesigning
the mirror support. The mirror will be made from
either carbon-composite or beryllium. The mirror
support has been moved outside of the acceptance.
Further reduction of the material has been achieved
by removing the entrance window, by connecting
the front face of RICH1 to the flange of the VELO
exit window. Iron shielding boxes for the photon
detectors have been introduced for two reasons.
Firstly, they protect the photon detectors from the
magnetic field. Secondly, they help to focus the
magnetic field in the region where it is needed for
the momentum measurement of the Level-1 trigger.

Figure 2.8: Side view of the LHCb detector.
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Time of flight

• A RICH detector is probably too much, what about scintillators for TOF?
• Time resolution needed to separate  and  by at least 
•  (can)
•  (cannot)

π K 5σ

p ∼ 1 GeV → σt = 𝒪(100) ps

p ∼ 3 GeV → σt = 𝒪(10) ps
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• Not covered: a vertex detector? Maybe use spare VELO modules or exploit the setup to develop U2-
like sensors in vacuum?

• Basic considerations given here to start the discussion
• A second step can be to check kinematic acceptance on generated quantities from LHCb FT 
simulations, knowing the spectrometer acceptance

• We need to develop a GEANT simulation from scratch to assess detector capabilities: needs people!

8

Conclusions


