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Fixed-target physics with the
LHCb experiment at CERN

| was born in Florence and got there my Ph.D.
| am now a senior research fellow at CERN

| have been working on fixed-target physics at LHCb since 2019,
mostly on three topics:
o Antiproton production from anti-hyperon decays in pHe
(relevant for indirect DM searches)
o Machine learning Particle IDentification calibration method
for fixed-target data
o Reconstruction/trigger sequence on upgraded fixed-target
| am now convening the “lons and Fixed-target” working group

Will try to detail more these topics, but to give you all on overview
of LHCb unique fixed-target programme
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General overview ()

o
LHC

LHCb is one of the experiments at the CERN LHC mostly
studying proton and lead (pp, pPb, PbPb) collisions

and

by injecting gases in LHC, is also the only one acting as the
highest-energy fixed-target beam-gas experiment ever

LHCb- TDR-020, LHCb-PUB-2018-015
SMOG2 gas storage cell. From 2022, several gas species with x100 larger pressure will be
SMOG2
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LHCb nominal interactioh point (IP)

® The gas injection system, SMOG, was operated in 2011-2018 and is now upgraded to the
exploited
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https://cds.cern.ch/record/2673690/files/LHCB-TDR-020.pdf
https://cds.cern.ch/record/2649878

General overview (ll)

e SMOG/SMOG2 are unique laboratories for QCD studies at the LHC, opening physics

prospects unexpected and innovative at LHCb
PRL 121 (2018)

e Already with 2016 data, o(pHe — DPyompt X) measurement
gave birth to the LHCb space mission, with a rich
programme of measurements that are relevant for cosmic
rays (CRs) physics (antimatter production in the galaxy and
DM indirect searches, neutrino studies, atmospheric CRs
and muon puzzle...)

® At the same time, SMOG measurements are setting
unique constraints on nucleon characterization, QGP
phenomenology, cold nuclear matter effects ...

e Today, of course, a biased selection of topics :)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.222001

General overview (lll)

[Referencel]

f » Physics Briefing Book CERN-ESU-004
European Strategy,

30 September 2019

Iinpeut for the Exropean Strategy for Particle Phvsics Update 2020)

The multi-TeV LHC proton- and ion-beams allow for the most energetic fixed-target (LHC-FT)
experiments ever performed opening the way for unique studies of the nucleon and nuclear
structure at high x, of the spin content of the nucleon and of the nuclear-matter phases from a
new rapidity viewpoint at seldom explored energies [117, 118].

On the high-x frontier, the high-x gluon, antiquark and heavy-quark content (e.g. charm)

of the nucleon and nucleus is poorly known (especially the gluon PDF for x = 0.5). In the case
of nuclei, the gluon EMC effect should be measured to understand that of the quarks. Such
LHC-FT studies have strong connections to high-energy neutrino and cosmic-ray physics.
The physics reach of the LHC complex can greatly be extended at a very limited cost with the
addition of an ambitious and long term LHC-FT research program. The efforts of the existing
LHC experiments to implement such a programme, including specific R&D actions on the
collider, deserve support.

® Luckily, we are not the only people thinking this way:)
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https://arxiv.org/pdf/1910.11775.pdf
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Introduction

Measurements on Run2 data

SMOG2 upgrade Conclusions

The LHCDb experiment, 2010-2018

e Originally designed for heavy flavour physics, the instrumented region
covers © < [10,250) mrad to balance costs and acceptance of bb pairs

y* 0 =m/2

Nominal Interaction
Point (IP, z = 0)

JINST 3 S08005 (2008)
JIMPA 30 (2015) 1530022

HCAL
SPD/PS

HT

M4 M5

RICH2 My

Complementary wrt other LHC experiments
Tracking system: VErtex LOcator + tracking
stations upstream and downstream of a
° magnet

o 0.5-1% p resolution for p < 300 GeV/c

o 10-80 pum IP resolution
Particle identification (PID): Two Cherenkov
detectors (RICH) + calorimetric and muon
systems
Flexible and versatile trigger
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005
https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227

Introduction Measurements on Run2 data SMOG2 upgrade
The gas injection system (SMOG)

JINST 9, (2014) P12005

2 et N
.
4

Conclusions

® Cross-section measurements require to precisely know the
luminosity £ of the LHC accelerator (dN/dt = - O)
® From 2011, also measured with the LHCb System for Measuring
Overlap with Gas (SMOG)
o Proton collisions with the small quantity of injected gas

(10”7 mbar) used to reconstruct the transverse profiles of
the LHC beams

2y

® In proximity of the LHCb IP, the proton-nucleus interaction can

be fully reconstructed!

Fiducial regi . .
for'p_“rf;ac;ﬁ?s'i‘;"ns e Forward detector + gas target = highest-energy fixed-target ever!
(80 cm)
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Introduction

Measurements on Run2 data SMOG2 upgrade Conclusions

The LHCb experiment, now!

Most detectors replaced. De facto a brand new experiment at the LHC

|Upgraded LHCb Detector |

Removed/replaced
Lo ] Lo tervenie] Kept from-Run2
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Introduction

Measurements on Run2 data

SMOG2 upgrade Conclusions

The LHCb Upgrade data acquisition

RIA

e Hardware trigger removed. Fully-software real-time detector read-out, calibration,
alignment and event reconstruction and selection

e The first software trigger level will completely run on GPUs, a novelty in large experiments

LHCb-TDR-017, LHCb-TDR-021, Comp Softw Big Sci 4, 7

Online

1st software | 499 9PB buffer
trigger Real-time
partial reco Align + Calib

Offline
100kiz | 2nd software | |12xn:| Analysis
trigger I (Turbo)
full reco

@ Run 3:
40 Thbit/s

1 —2 Thit/s

kHz
t ms
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Update alignment & calibration once available

1 -2 Thit/s
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HLT1

partial event

reconstruction
& selection
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real time
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full event
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..... ALIGNMENT & S
CALIBRATION ’
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All numbers related to the dataflow are
taken from the LHCb

rade Tri nline TDR

Upgrade Computing Model TDR

68%

TURBO [
EVENTS
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https://cds.cern.ch/record/2310827/files/LHCB-TDR-017.pdf
https://cds.cern.ch/record/2717938/files/LHCB-TDR-021.pdf
https://arxiv.org/abs/1912.09161

Introduction Measurements on Run2 data SMOG2 upgrade Conclusions

The SMOG2 Upgrade - overview

SMOG VErtex LOcator sensors

~ 10 mbaron+/-20m I

swoa || LLLEEELRAEEELLES

s
up to~ 10 ‘mbaron 20 cm

Im

e SMOG2: confinement of the gas in a cell made up of two
movable halves upstream of the LHCb IP (z € [-541, -341] mm)
o Up to x100 gas pressure wrt SMOG for the same gas flow
o Heavy noble (Kr, Xe) and non-noble gases (Hz, D2, Oz, Nz ...)
can be injected — extension of the physics programme!

New Gas Feed System
o Precise gas flow control — direct luminosity measurement
o More gas recipients — full switch with no intervention

Saverio Mariani Fixed-target physics with the LHCb experiment at CERN 11



Measurement on
Run2 data

Fixed-target physics with the LHCb experiment at CERN

12



Introduction

Measurements on Run2 data

SMOG2 upgrade Conclusions

SMOG kinematic coverage

® pA and PbA fixed-target samples collected (mostly) during special runs in 2015-2018
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e.g. 6.5 TeV LHC protons on at-rest He correspond to a
nucleon-nucleon centre-of-mass energy /sxv =110 GeV

Intermediate energy to SpS and LHC scales
Many collision systems (Z dependence)
Access to the moderate Q2 and large target
Bjorken-x (the nucleon momentum fraction
carried by the colliding parton) region

— Unique experimental inputs
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Introduction

Measurements on Run2 data SMOG2 upgrade

SMOG kinematic coverage (ll)

Conclusions

arXiv:1904.04130

8.16 TeV pPb Other Collision Systems
o/ HEEl LHCD B LHCb 110 GeV
10 pmmm ATLAS/CMS  EEEE HERA
B ALICE

10° ALICE Muon

.%Q

p Pb

p
Gluon saturated region

107°

10 10~ 103 102 10T 10°
M

... especially when compared to other experiments

e — &

Gas

(He,Ne, Ar...)
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN) EUROPEAN ORGANIZATIONEORNUGLEAR RESEARCH  (CERN)
~ CERN-EP-2022-091
P-2018-217 % LHCL-PAPE!

- CEI
LHCL 018-031 May 19, 2022
August 18, 2018

|
Measurement of antiproton m

2 Measurement of antiproton E production from antihyperon decays

'g— production in pHe collisions at = in pHe collisions at /sny = 110 GeV

- vsnn = 110 GeV - -
= g LHCD collaboration

'f' LHCb collaboration] by -

Abitsace The interpretation of cosmic antiproton flux measurements from space-borne x-

periments is currently limited by the knowle of the antiproton production

nd the interstellar medium.

f protons with
d with the LHCh

cross-section in collisions between primary cosmic

The cross-section for prompt antiproton production
v of 6.5 TeV incident on helium nuclei at res

roic el il E R e} Using collisions of protons with an energy of 6.5 TeV incident on helium nuclei at
S b1 rest in the proximity of the interaction region of the LHCb experiment. the ratio of
o] i s i ] antiprotons origi antihyperon de rompt production is measured
Z and 110 GeV/e, represent the first direct determination of the antiproton production z £op ACtipeoLon
< eross-section in pHe coll d impact the interpretation of recent results on > cantribution,
=] antiproton cosmic rays from space-borne experiments. P

ween 12 and 110 GeV/e. The dominant antihyperon
decays from promptly produced T particles. is also
sults complement the measnrement of .
from the same le. At the
yperon contributions
iarger than predictions of commonly used hadronic production

for the benefit of the LHCh collaboration. CCTBY-10 Ticeies Submitted to Eur. Phys. J. C

Published in Phys. Rev. Lett. 121 (2018) 222001

© 2018 CEI

TAuthors ase listed at the end of this Letter (© 2022 CERN for the be

PRL 121 222001 (2018) EPJC-22-05-151
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.222001

Introduction Measurements on Run2 data SMOG2 upgrade Conclusions

Brief motivation

® Antiprotons in space can (could) be produced with two mechanisms:
o Cosmic rays - Interstellar Medium (mostly H, He) collisions (secondary production)
o Exotic sources, maybe Dark Matter annihilation in proton-antiproton?

10-2 ‘ .
ST e In 2015, AMS-02 data compared to secondary only
: production gave hint of an excess — DM?
104} - | @ Inconclusive interpretation because of the large
g /‘A;M\ uncertainties affecting the fiducial prediction:
o ’ iCAP 1509 o Primary CRs energy spectrum
d 4 2015) = migucial
Uncertainty from: Cross-sections
Propagation o Antiproton production cross-sections ¢—
e nid ol o Solar modulation effect
10-6

1 5 10 50 100
Kinetic energy T [GeV]
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Introduction Measurements on Run2 data SMOG2 upgrade Conclusions

Experimental inputs for the cross-section estimation

e 2015 prediction only relied on few data for o(pp — pX) and no data at all for the channels
involving helium (estimated from pp or pC data)

+ A new ideal O. Adriani, NPCQD2015

m After the talk of F. Donato yesterday a new idea came to my
mind

m The SMOG system has already been tested in 2012 in LHCDb

= Injection of noble gas atoms inside the beam pipe to: ® Why nOt to eXp'O't the LHCb SMOG

R system to measure for the first time the
/Mm antiproton production in pHe collisions?

m Why don’t use SMOG to measure cross section relevant for
( Cosmic Ray Physics???
P-He—> Antiprotons+X

m We could make use of ‘perfect’ Particle Identification
Detectors

m We could make use of the highest possible energies

m Direct access to protons in the most interesting energy region

O. Adriani Cosmic rays and accelerators: future Cortona, April 21%,2015
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Introduction Measurements on Run2 data SMOG2 upgrade Conclusions

Prompt antiproton production in pHe (l) PRL 121 222001 (2018)

e First measurement ever of o(pHe — p,omp: X) at /Sxv = 110 GeV with 2016 pHe data
e Only particles produced promptly at the pHe vertex are selected within the fiducial region
p €[12, 110] GeV/c; pr = +/p2 + p2 € [0.4, 4] GeV/c

T T T T T T

— DATA
1.2< p < 2.8 GeV/c === EPOS LHC
------- EPOS 1.9
=+ QGSIETII-04
= = QGSJETII-04m
== HIJING 1.38
i - PYTHIA 6.4

® Result uncertainties are lower wrt to
the spread of theoretical models

do/dp [ub ¢/GeV]

I||||||||||||||||||||||||I|

p [GeV/c]
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Introduction Measurements on Run2 data SMOG2 upgrade Conclusions

Prompt antiproton production in pHe (II)  pre 121 222001 (2018)

Dominant uncertainties for this analysis are:

Beam-gas luminosity measurement: being SMOG not Soof B © Lhoy -
. . . = - < . i ]
equipped with precise enough gauges for the gas pressure, 2 sof 4 - . =k
. . -~ [ 0 background su tracte o 1

proton-electron elastic scattering used 5 eof ‘% — Simulation 7
a. 6% uncertainty, due to low-p e reconstruction é a60E i §j
= g & ~ ]

=] -l

S sk #= **I ]

8 20(): 5, | E

5000 T

p [MeV/ce]
PID performance: antiprotons are counted viaa ™™g ~ ~ = hoh ]
. . g 25000 t— Data pHe {Sm=110GeV
template fit to selected prompt particles E T :
220000 — 21.4< p <244GeVie —]
- 1B 5 £
a. Poor PID calibration statistics = poor qualltyﬁ oo TS EEm K 2 eecisceve
in describing data S B Fake E
b. Impossible to use pp calibration because of ., J = i E
scarce phase-space overlap with pHe 0 e RS ~zj

arg(DLLpK+ i DLLpy) [rad]
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Introduction

Measurements on Run2 data

SMOG2 upgrade

Conclusions

Impact on the theoretical models

LHCb data firstly constrain the 0 extrapolation from H

to He at high energies

With LHCb (+ NA61 + theoretical improvements)
room for exotic contribution drastically reduced
Uncertainty still dominated by cross-section, in

particular because of:

M. Boudaud et. al., PoS (ICRC2019) 038 ol
0
O-inv = O-l.ﬂ,l/‘ (2 @

Isospin asymmetry in antineutron-to-antiproton?

A. Reinert et. al., JCAP 1801 (2018) 055

M. Korsmeier et. al., PRD97 (2018) 103019
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Introduction Measurements on Run2 data SMOG2 upgrade Conclusions

Measurement of detached antiproton production in pHe
e Second LHCb result covering with two approaches p from anti-hyperon decays (detached)

20 _ S — =t A =0 Y ~ T Y
Apromp’l: — p7r+ 2 — p7TO = — A.7T+ = — AT('O Q — AK+

e Exclusive approach: p_— Z(PHe— (Aprompt = Pr*)X) —> measuredin my analysis SV p/};
A a(pHe — pprompt X) —» previous LHCb result L - >
”
. Y[y
=> Focused on the dominant detached component PV .~
- Not using PID information L HC p._.‘SMOG He
. R_:a(pHe—>[7X—>]_)X)
® Inclusive approach: B o(pHe — Pprompt X) ~ detached p
T T jarge impact e
H=AX20Q parameter (IP) : P O
-> Focused on all detached components PV -~
=> Selecting antiproton with PID information and LHCp.Tf’SMOG e ~
distinguishing between prompt and detached via small impact prompt D
parameter (IP)

the excellent VELO IP resolution
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o(pHe — (Zprompt — prt)X)

o(pHe - HX — pX)

Introduction Measurements on Run2 data SMOG2 upgrade Conclusions
Results
> 06f LHCb —Dma 3 ¢ |arger contribution measured wrt all most
3 - pHe {syy =110 GeV =+=BROS1SS. 3 . .
g 0% —— EPOSLHC widely used theoretical models
= o —e— HIJING 1.38 1 . .
< M —rmmmae |  ® Results mutually cross-checked since ratio
03 . + + T = . .
1 ) = : found to be consistent with EPOS-LHC
= — : prediction (more reliable being only depending
6 B ; } ] on hadronization)
0.6 0.8 1 1.2
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F 1 o] — I = Q - 1'62_ I | | | | | —— I | E
S T BPOs 199 SRl i i = 110 G o E
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g 05H __PYTHIA 6 - T |§ e E
? 04E s QGSJET-1104 - 2| os—g : _ E
- L5 . - - 3 _
T 02 % ey 04 =
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Introduction

Measurements on Run2 data SMOG2 upgrade Conclusions

Prospects for this physics case

e Our data are resulting to be very important for theoreticians of the field

® LHCb SMOG wishlist:

¥ from existing run /

pp (H2) — P to test scaling violation in forward hemisphere ———»

1

: SMOG2

4) pp, pHe — d, He to determine coalescence momentum @
5) pp, pHe — 7, K to model positron source term : g

Martin Winkler at 2nd LHCb Heavy lon workshop

) p
)
3) Pd — P to test isospin effects -
)
)

Searches for dark matter and primordial antimatter
In p-Hs, p-He, p-Ds: pro- LHCb SMOG2, Desirable: LHC run at
duction of (i/m, p, et, AMBER, NA61 450 GeV
T = 77, =Y Me/Luca Orusa at Padova QCD challenged workshop
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A Neural-Network-defined Gaussian Mixture Model for

|
particle identification applied to the LHCb fixed-target u
programme m

d.e

G. Graziani,” L. Anderlini,” S. Mariani,”""*" E. Franzoso,’** L.L. Pappalardo
and P. di Nezza’

|
4INFN Sezione di Firenze, Florence. Italy
b Universita degli studi di Firenze, Florence, Italy
¢ European Organization for Nuclear Research (CERN), Geneva, Switzerland
4INFN Sezione di Ferrara, Ferrara, ltaly

<Universita degli studi di Ferrara, Ferrara, ltaly
1 INFN Laboratori Nazionali di Frascati, Frascati, Italy

E-mail: saverio.mariani@cern.ch

|
AssTrACT: Particle identification in large high-energy physics experiments typically relies on
classifiers obtained by combining many experimental observables. Predicting the probability density
function (pdf) of such classifiers in the multivariate space covering the relevant experimental features
is usually challenging. The detailed simulation of the detector response from first principles cannot

provide the reliability needed for the most precise physics measurements. Data-driven modelling is
usually preferred, though sometimes limited by the available data size and different coverage of the
feature space by the control channels. In this paper. we discuss a novel approach to the modelling
of particle identification classifiers using machine-learning techniques. The marginal pdf of the

classifiers is described with a Gaus

an Mixture Model, whose parameters are predicted by Multi u
Layer Perceptrons trained on calibration data. As a proof of principle, the method is applied to
the data acquired by the LHCb experiment in its fixed-target configuration. The model is trained
on a data sample of proton-neon collisions and applied to smaller data samples of proton-helium

and proton-argon collisions collected at different centre-of-mass energies. The method is shown to
perform better than a detailed simulation-based approach, to be fast and suitable to be applied to a
large variety of use cases.

Particle identification methods

JINST 17 (2022) P02018

Kevyworbs: Analysis and
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Introduction Measurements on Run2 data SMOG2 upgrade Conclusions

Brief motivation

Understanding the bulk of particle production, dominated by non-perturbative effects, is
crucial to model the underlying event at particle colliders

Models largely based on tuning on available data — SMOG/SMOG2 can provide crucial
inputs, filling the energy gap between SPS and LHC/RHIC

adrons muon slecis M1 praon ® Also, understanding of ground-based measurements of
ultra-high-energy cosmic rays are currently limited by
uncertainties in hadron production models

® Muon puzzle: Significant deficit in muon production with
respect to model Astrophys.Space Sci. 367 (2022) 3, 27

Muon puzzle in air showers
Charged particle spectra; ALICE, LHCb, Needs precision mea-
p-O and #-O inelastic LHCf, FOCAL surements over wide

cross-section; multiplicity- range in 7 and /s in p-
dependent  hadrochem- ion systems, especially
istryy R = E(7°)/Etot, in p-O

i AIKS, BN o

Hans Dembinski, Tanguy Pierog, Eugenio Berti at

Padova QCD challenged workshog
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Introduction Measurements on Run2 data

SMOG2 upgrade Conclusions

Machine-learning PID (l)

® Non-public results on this yet, but measurements of different ratios ongoing for
pHe/pAr/pNe; pNe/PbNe on the available data
e Covering here the main challenge: how to improve PID calibration for fixed-target data?

e Large calibration data set

;8 (e.g. proton-proton collisions)
E P
S n

:w "2 1'(0-‘

g Proton-g{s“‘”'e

= physics data

Some other “condition”

>

Problem: the simulation cannot be fully trusted, but
we can calibrate on decays selected with no PID
info and then apply to the signal of interest

How robust is the extrapolation, provided that the
calibration and application phase-spaces differ?

e For fixed-target, calibrating onA — pr (A — pn), K, — wn and ¢(1020) — KK decays
reconstructed and selected in 2017 pNe data (the highest-statistics SMOG sample)
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Introduction Measurements on Run2 data SMOG2 upgrade Conclusions

Machine-learning PID (lI)
hl likelihood)

® At LHCDb, classifiers are built with the RICH detector responses as DLLyj j» = log< —
’ h2 likelihood

® For each calibration decay, the (DLLp,m - DLLy) distribution is modelled with a sum of Vg
multinormal distributions:

Features affecting the RICH

PID classifiers Number of G .
particle index (Ul;:]f'j‘;f?nedz;usmans 1 7~ 1
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j=1
e For each Gaussian, all parameters are a function variables (6) describing the particle

produced in the collision (its kinematic, the reconstruction quality, the overall event

occupancy..).
e Such a relation is expressed through neural-networks fed with 6

> xp (9) relation is the relation we need to be learned
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Machine-learning PID (lI)

® Training loss is the opposite of the likelihood on pNe calibration events

calibration events

R Ny p g pNe \/%:Sbes GeV KS‘%WW
L=~ Z wilog Z jp(0:)G (Zs, jp(8s): 5p(0s)) :
=1 =l
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e By applying to pHe data templates from the simulation (left) and from machine-learning
calibration trained on pNe data (right), the improvement is by-eye
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Introduction Measurements on Run2 data SMOG2 upgrade Conclusions

Brief motivation

Heavy quark production is only produced in early stage of QGP = powerful tool to
characterise transition from hadronic matter to QGP

To disentangle QGP effects (sequential suppression) from other hadronic effects (saturation,
initial and final state...) measurements in different systems are needed

y5
y-35 y25

¢ l l ® Also, by accessing high-x region in the target, possible
102 | wnh Intrinsic charmq; proton intrinsic charm contribution can be constrained
' NN j e High-x measurements of charm production very
1659 | Y = hy relevant for CRs too, being decays of charmed hadrons
, | BHPSwith CTEQES | in atmospheric showers the main background in
10 - c,C at u = 2GeV

high-energy neutrino fluxes observation

Charm quark distributions

LHCb PRD 75 (2007) 054029
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Measurements on Run2 data

Ref
e Measured open charm (DO) and charmonia states (J/p and W(2s)) in pHe, pAr, pNe
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e SMOG allows to fill an energy gap e No anomalous J/W suppression seen
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Introduction

Measurements on Run2 data

Data-taking with SMOG2

SMOG2 upgrade Conclusions

LHCb-FIGURE-2022-002

e The beam-beam and beam-gas interactions separation and the expected small increase in
detector multiplicity support a possible simultaneous data-taking
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LHCb could be at the same time collider and fixed-target experiment
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| have been (am) responsible to prove the feasibility of this strategy, i.e. that the beam-gas

event reconstruction is efficient and that there is no interference between the two systems
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Tuning of the reconstruction algorithms

e With the default implementation of the track and vertex reconstruction algorithms,
beam-gas particles are reconstructed with a poorer performance wrt beam-beam
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e Same reconstruction efficiency for pp and pHe despite the different event topology
® By comparing the pp efficiency for pp, pp+pHe and , there is no efficiency loss
for beam-beam when injecting the gas
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Measurements on Run2 data SMOG2 upgrade Conclusions

Commissioning of the system in 2022 ()

Introduction

lon and Penning Vacuum Gauges LSS8 (pbar)

/VPID_193_1R8 0.00

® Firstinjections through the open
Jon and Peing Vacuum Gauges Lssa (bar) —————————— SMOG2 cell in June 2022, allowing
/- vacuum experts to set the injection

procedure
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e At November, reached a remarkable
lon and Penning Vacuum Gauges LSS8 (pbar Stab|||ty and injected He’ Ne’ Ar and H2
G O,?E VG\_219A1L8 0;51 Y?|_21393_1R% . . .
Qoo | orhARARE 130 mVeRRAI (for the first time) at different pressures

e SMOG2 completely commissioned
and ready to take data in 2023
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Conclusions

First performance studies on 2022 LHC data (l)

180}~
160

140

120

100

80

60

40

LHCb is the only experiment at LHC operating simultaneously with two interaction points

Ks reconstructed from both interaction points, with similar mass resolution
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First p

Measurements on Run2 data SMOG2 upgrade Conclusions

erformance studies on 2022 LHC data (ll)

e Charm hadrons also reconstructed, proving the full chain to work correctly
e Worth to notice, the analysed data correspond to 18 minutes

LHCb-FIGURE-2023-008
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Physics prospects with SMOG2

SMOG SMOG?2 .
largest sample example e The |al’ger SampIES, the wider
, — pACQC B P TONOGEY injectable gas choice and the direct
Integrated luminosity ~ 100 nb 100 pb ) j
sysL. error on J/1) x-sec. 6-7% 2-3 % lumi measurement will further
14 yield 15k 35M ) )
D0 yield 100k 350M widen the LHCb-SMOG accessible
A, yield 1k 3.5M . :
H(2S) yield 150 400k physics scenario
Y(IS) yield 4 15k
Low-mass (5 < M, < 9 GeV/c?) Drell-Yan yield 5 20k
® Sequential suppression of charm and bottom states, study of low-mass Drell-Yan
® Detailed study of the high-x parton PDFs and probes for TMDs
e High-statistics ultra-peripheral p, W, charmonia and bottomonia states with high-Z targets
o

Extension of the programme of cosmic rays interest: p production processes with H., D.,
He, probes for the study of the atmospheric showers with N, O:; nuclei production?
e (Can’t enter in details here, but please have a look to LHCb-PUB-2018-015
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Introduction Measurements on Run2 data SMOG2 upgrade Conclusions

Reality sometimes hits hard

e On 10th January 2023 a failure of the LHC vacuum system of the VELO happened, leading
to a plastic deformation of the RF foils (aluminium foils separating the machine from the
detector vacua)

e VELO detectors and motion system seems not to be affected by the incident
® Tracking efficiency, hit resolution still as the design ones

e RF foils replacement could only be possible in 2023/2024 YETS
e VELO (and alas, SMOG2 cell ) will have to be partially closed, significantly
impacting the physics programme this year

> Still, 2023 can be relevant for fixed-target physics and lots of possibilities remain
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Conclusions

® Since 2015, LHCb is acting as the highest energy fixed-target experiment ever by injecting in
the LHC accelerator small quantities of noble gases (He, Ne and Ar in 2015-2018)

o Fixed-target programme now being upgraded to increase the gas pressure x100, inject more
and fastly switch gases (also Hz, D2, Oz, N2...) and measure the luminosity

e With available and future data, exciting
opportunities for measurements covering different
fields of interest in poorly constrained kinematic
region

e A unique and a highly complementary to existing
and future facilities system for QCD studies

e 1 hanks for your attention!

saverio.mariani@cern.ch
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Motivation, experimental
setup and previous result
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Uncertainties on the antiproton flux from

nuclear cross sections

(Donato+ ApJ 2001, PRL 2009) nPQCD

10-! ‘
r Maximal uncertainty on
Oh-te THe-n © O aLL
T « pp: Tan& Ng
S ; = s |
- = N + H-He, He-H, He-He:
& . i DTUNUC MC
« Functional form for
B the cross section
derived from other
. i reactions, given
NO DATAI
073 1 | 1 1 L J
i 0.1 1 10

T, (GeV)

Maximal uncertainty from p-He cross sections: 20-25%!

Data from AMS-02 on cosmic antiprotons are at ~ 10% accuracy
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Positron fraction

Positron excess

e Why is the positron fraction increasing?
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i ° AMS-02 1
© PAMELA CRs-ISM + Propagation
i X ) 7] 025[ | IIIIIIII [ IIIIIIII | IIIll_l_
A Fermi ’Z; RTEn
! ][ 1 9. sy CRs-ISM + DM
% % e # PAMELA
m ; 4{ ik ¢
: o A T
100, o, st éwiﬁ g o
- . ong i e 7 é B
I L ¢gwgﬂi ] £ o010
E ob%&oww £ ©
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Uncertainties on 2015 fiducial prediction
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CRs state equatiOn PRD97 (2018) 103019

Spatial diffusion Momentum diffusion Radiative processes

/ /9 1o, |

OYi(T, p, t) / 2 = 0 { om0 (%)] J .
= (T, P, (D Vi) + = 10" Dpp=—| = | | — 5= (0%s
Y ¢(T,p;t) + V- (D Viby) + Bp D ppap 2 ap(mb)

v __ %

CR density
\ Local production rate

(Udpz) J [p(ﬁ : 176)1/)i:| —

p Ti, frag Ti, decay

— _— .

Convection (galactic winds) Fragmentation Decay

CR isotropy ISM density

.

e For purely secondary antiprotons:  ¢;(75) / dT; 4mnd gy (T, )dT

j = ISM element production threshold

doi;

(T3, T5),

i =incoming CR species
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Boron-to-Carbon ratio

Abundance relative to Carbon = 100
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Antiproton production contributions  rross 018 103010
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Feynman scaling violation
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Luminosity

Collider mode

L~ 2¢-cos*a-ny Ny Nov,e, / p1(x,y,z,t)pa(z,y, 2,t) drdydzdt = 1y Ny NV, - €2
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e VELO: excellent vertices and IP resolutions.

The LHCb detector

e Tracking system: momentum resolution

Made of two opening halves to increase the
P 8 between 0.5 and 1.1%.

sensors distance from the beam (7 mm for

— 1.2 T T 3
data-taking) during machine operation g e ;
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RICH: excellent separation
among kaons, pions and
protons

e Flexible and versatile
trigger system.

Eur. Phys. J. C 73:2431
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10°
Momentum (GeV/c)
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The RICH system
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Phase-space coverage (ll)

VNN = \/2ExMyc? € [29,115] GeV

Yo ~ a’r’csmh,(\/EN/Qﬂle c?) € [3.8,4.8]

n € [2,5] > y* € [-2.8,0.2]
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pHe luminosity measurement
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Prompt antiproton systematics

Statistical
p yields
Luminosity
Correlated systematic
Luminosity
Event and PV selection

Lo

S PV reconstruction

(o] 5

N Tracking

= Non-prompt background
| .

S Target purity

= PID

o Uncorrelated systematic
- :

& Tracking

IP cut efficiency

PV reconstruction
PID

Simulated sample size

0.5 — 11% (< 2% for most bins)
1.5 —2.3%

6.0% o

0.3%
0.4 —2.9%

1.3 —4.1% ®

0.3 —0.5%
0.1%
3.0 — 6.0%

1.0%

1.0%

1.6%
0 —36% (< 5% for most bins)
0.4 — 11% (< 2% for most bins)

Uncertainty below 10% in most
kinematic interval

Dominant contribution from
luminosity measurement:
motivation for SMOG2 upgrade
Sub-dominant PID contribution:
started activity to improve
performance with machine
learning techniques.
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2a

Antiproton production
from antihyperon decays

LHCb-PAPER-2022-006 (~ready to be submitted)

e
LHCb reveals secret of antimatter
LHCD i i a o KerEsa
m Large Hadron Collider beauty experiment i cisifiomiisegsinic ellicions
The finding may help determine whether or not any antimatter seen by experiments in
space originates from dark matter
/ﬁ‘ LHCB NEWS PHYSICS ~ DETECTOR ~ DATA COLLECTION ~ COLLABORATION INSTALLATION ~

LATEST POSTS

LHCb measurements help to understand possible
signatures of dark matter presence in the
Universe
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Antihyperon characteristics

Particle A o =T = ! 7

Valence quarks usd uus USS dss 55§
Mass [MeV/c* | | 1115.683 1189.37 1321.71 13149 1672.5
Lifetime [10710 ] 2:63 0.802 1.639 2.90 0.821
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EPOS-LHC relative antihyperon abundances

Simulated sample

>
/

J Prompt antiprotons 62.5%
Antiprotons W Detached antiprotons 16%

. Scattered antiprotons  21.5%

Reconstructed and selected sample

Antiprotons

{ Prompt antiprotons 86.7%
97.2%

. Detached antiprotons  9.3% <

Antiprotons from A 83.3% <

Antiprotons from X 16.7%

Antiprotons from A 67.7% <

‘. Antiprotons from X 32.3% L

Prompt A 87%

AfromZ’ 6.8%
AfromZ 6.0%
AfromQ 0.2%

Prompt A 96.6%
AfromZ’ 1.2%
AfromE 2.2%
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Inclusive: antiproton selection

Event NSPD > 0, NVELO > 0, Ntrk(n < 0) <d
z € [=700,100] mm

PV
\/[(:1:-(0.81 mm-z - 490))? + (y-(-0.22 mm-z - 45))?] < 0.4mm
x?/ndf < 4, GhostProb < 0.15
P p € [12,100] GeV/c, pr € [0.4,4] GeV/e, n < 5

DLL, > 20, DLL, x > 10

MI1SO0FF ~ © —_— T * " T T T & T T T @n e = PR i R R
E pHe sy =110GeV . 2 _£140 = pHe sy = 110 GeV
= 100 &= Minimum-bias simulation = = = 120 & Minimum-bias;simulation =
2 50 g = E .8 e 100 - 3
E 100 O 80 ;_. _;
0 S R 60 - =
. 107 40 £ 3
ok E 20 - m—— =
~100 = 10 0F E
2 20 F =
~150 = S — R R L
TR 50 0 50 100 150

-200 -100 0 100 P DLLp, i

pDLL, .

3,
Candidates
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Inclusive: fit to simulation

i At @ | 9 F & T & & & & | k& & & & | w % & 7
M, . F Minimum-bias simulation, pHe Ysyy = 110 GeV
S 10 E RMBMC _ (0854 +(,0014— Candidates ~ ghos
- , e prompt P — detached p
w 10 s —scattered p —e
Q o 18
§ 3 __r-'-;p \—“"I . —K
;_é 10 “HJ___-"
<
O 10 ]
10 *ﬁﬁer -

1 % gal) A |_LI-LL & ..|-[I:H'[LJ .J“.||

~10 -5 0 5 10 15
p log(x?)
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Inclusive: syst on antihyperon abundance

o E " 1 (LA T — T T T T §
o - LHCb ——Data _ prompt p 3
< 107 EpHe |5y = 110 GeV — P from A — p from X
8. E --=- p from material .- ghost 3
£ 10° ---T -- K~ .
2 I0F E
< — B
© 10tk 4
10° .

5 = J

10 =

—_
(e)
©
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S

T IIIIIIII

Candidates per 0.80 MeV/c2

ot
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——
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ITI{‘ -

M

L R—
—— Data

Signal
----- Background
— Model

1320

1340 . 1360
m(Az*) [MeV/c?]
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Inclusive: systematics

Table 3: Relative uncertainties on the R 7 measurement.

Prompt p template 4.8%
Statistical uncertainty (most bins) < 2.5%
Template parametrisation  (most bins) < 2%
Simulated data size (most bins) < 1.8%
Production of X~ 1.2 — 3.8%
Particle identification 0.9%
Production of = 0.6 —0.9%

Gas z profile simulation  (most bins) < 0.5%
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Exclusive: systematics

Table 2: Relative uncertainties on the R i measurement.

Particle identification (N3)
Statistical uncertainty (N7)
Statistical uncertainty (N;)
Simulated data size (€y)
Simulated data size (e5)
Background subtraction (/Nj)
Selection efficiency (€x)
Tracking efficiency for 7 (ex)

(most bins) < 5%
(most bins) < 4%
(most bins) < 2%
(most bins) < 2%
(most bins) < 2%

1.1%

1%

0.8%
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2b
Fixed-target PID with

machine learning techniques

]inSt JlNST 17 i2022, PuBLisHED BY IOP PUBLISHING FOR SissA MEDIALAB

REeceivep: November 4, 2021
Acceptep: January 21, 2022
PusLisHED: February 9, 2022

A Neural-Network-defined Gaussian Mixture Model for
particle identification applied to the LHCb fixed-target
programme

G. Graziani,” L. Anderlini,* S. Mariani,*"*>* E. Franzoso,?- L.L. Pappalardo"“’
and P. di Nezza/
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PID4SMOG

§ LHCb 2017 pNe C? Target: DLLp s DLLp y § Number of multinormals
TS| |A—-pnr @ £
,g b Features: p, 1), nRich1,2Hits, © NN (layers, nodes)
© »— KK nTracks, try’ , BeamState a
% iz b Training (epochs, learning
o KQ — T & sPlot weights (if any) W ) rate, batch size)
4 /
Y
f
Preprocessing with MinMaxScaler (QuantileTransformer) for target (feature) variables
w
c § o i (\p (—3(zp — 1, (0)" Z5,(0) (z, — 1, (9))
§ - GMM definition z, 2 ;0 21\ JA0 (S5 @)
—é & '< np Ng.p
X a ;
2 2 Model training L=~ Zl w; log Zl“u»(() )9 (i, 1 p(8:), 0;.5(8:))
i= J
2
o Validation of the prediction in all the feature phase space and application to pHe

Saverio Mariani

Fixed-target physics with the LHCb experiment at CERN

66



Candidates

Introduction Measurements on Run2 data SMOG2 upgrade Conclusions

Calibration decays and relevant features

e TheA — pr(A — pm), K, — 7 and ¢(1020) — KK decays are reconstructed and
selected in the SMOG largest-statistics sample (2017 pNe)

X : : — . e S o e B ¢ 50000 E—r——r——r—r
B0 E LHCb 2 E uoof LHCb T o 24500 — LHCbdata LHCb 3
;1(538 E PN fsou = 68 GeV ~ KS E - - pNe {5y =68 GeV __ A_ E :: 40000 ;— Signal + background pNe sy = 68 GeV —;
300 E- - 3 S wk 4 @8 igggg 3 Background E
250 F- T E 800 - - = E — Signal E

3 - E i 1 25000 E- =
?(5)3 E - - E 600 E 20000 E- ¢ E
100 & = T é 400 - — = 15000 i— /\ 2

SOE o L . 3 200 = e E 10000 £ =
0 480 TS0 520 ok T .., S 3 5000 ;_// E
Invariant mass of the K° candidates [MeV/c’] 1110 1115 1120 1125 o= .. ... T
Invariant mass of the A candidates [MeV/c?] 1010 1015 1020 1025
N Invariant mass of the ¢ candidates [MeV/c?]
Variable | Variable ’ Variable
P | P= | U ® Particle kinematics, detector occupancy, event
pr | yzslope | track ndf geometry, track reconstruction quality confirmed to
zz slope | nTracks | Ngicnz hits be the most relevant features e backp)

NSPD hits

Nrgricai hits | track x?/ndf
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PID4SMOG: calibration decays selection

Table II1.1.2: PID calibration channels second selection stage in the 2017 pNe data.

Table III.1.1: PID calibration channels first selection stage in the 2017 pNe data.

Decay Selection
Decay Selection Event-level Nux(n <0)=0
Tt T p > 2GeV/c, track x?/ndf < b, ¥2:> 25 T : P > 12 GeV/e, pr > 400 MeV/e, RICH signals
Ky— ntn~ il @ M < 1GeV/c2, DV y? < 16 KO T beam POCQA z € [=700, 100] mm
KQ i |M — M(KQ)| <50MeV/c2, DV, < 2200 mm, A veto A (W) n (m> _ 1‘ <01
p,nt : p > 2GeV/e, track x*/ndf < 5 oo > 25 KD ; M € [450, 540] MeV/c?
A= prt Corllb' : M <15 GOVZ/C DV x* < 16 . p : p>12GeV/c, pr > 400 MeV/¢, RICH signals
A M- M(A)| <25MeV/c?, DV, < 2200 mm , K veto B 7o beam POCA 2z € [—700, 100] mm
K+, K- pr > 380 MeV/c, track x2/ndf < 5 A= g (ﬁw;c)? +( “g?ﬁ")Q -1 <01
. B* g GhostProb < 0.025, K probability > 0.75 = 4 Y
+ ’ : A M € [1100, 1150] MeV,
PR ot s |M — M(8)| < 40MeV/c?, DV x2 < 16 [1100, 1150] MeV/e .
o M — M(¢)| < 20 MeV/cQ. DV, < 2200 mm K~ : p>12GeV/e, pr > 400 MeV/c, RICH signals
; o K+ K- K- beam POCA z € [—700, 100] mm
¢ M € [1010, 1028] MeV/c?
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PIDASMOG: feature selection
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Normalised distributions

PID4ASMOG: model validation
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PID4ASMOG: model validation
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PID4ASMOG: model validation
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PIDASMOG: KS difference
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PID4SMOG: Detached antiprotons
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PID4SMOG: Application to pp
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;
Upgrade of the SMOG

LHCb- TDR-020
LHCb-PUB-2018-015

s ys te m PoS(EPS-HEP2021) 396

% LHCb-FIGURE-2022-002 " Mareh 29, 2095 % Comp. Softw. Big 6 (2022) iy
LHCb upgrade expected Q A Comparison of CPU and GPU
(@] . .
reconstruction performance with = implementations for the LHCDb
ions and fixed-target data < Experiment Run 3 Trigger
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LHCb Upgrade trigger
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detector calibration and alignment
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primary vertices for exclusive triggers
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Physics opportunities with SMOG2 for CRs

® For the LHCb space mission completion:

LHCb-PUB-2018-015

Feynman-x coverage of LHCb for p in pHe collisions
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Prospects for DY measurements with SMOG2

Drell-Yan, pp@ Vs =115 GeV , 2 < Y:f': = pi >1.2 GeV/e, L =10 fb"!

16

10°
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10*

10°

10?

\L-E866 D/p

0.1 02 03 04 05 06 0.7

LHCb-PUB-2018-015

08 0.9 1
X (per 0.10)

Figure 10: Comparison of the kinematic reach for DY muon-pair production between fixed-target
LHCb (gray histogram) and existing data used in current global PDF fits (coloured points). The
histogram represents the number of events for 10 fb=! of pp collisions. Estimation performed by
the AFTER collaboration [3].
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Event topology differences
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Validation of the ideal cell model

180
160
140
120
100

80

60

p(z) [1/m’]

-p )/
(psun pth) p(h
cooo
ONRAND

x10" _ - _LHCb-F FIGURE2022002

L. Cb Upgrade I Molflow Simulation

Physi 3 .. !
: ‘Be;/glnc(sl F. i eq 0 T Ideal cell

“Colliders

nnlullnllnl[ulpl_lIll|lll|ll||l|l|ll||lll|III|III|III|

=500 —400 =300 -200
z [mm]

bl Lo b b b b b b

Saverio Mariani

Fixed-target physics with the LHCb experiment at CERN

81


https://cds.cern.ch/record/2804589

PV resolution
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Tracking efficiency

Tracking inefficiency

Forward tracking
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Offline-quality tracking
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