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Overview

e The interpretation of the antiproton (and more) flux measurements in space is currently
limited by the knowledge of its production processes [See yesterday talk by Fiorenza Donato]
e Cross-section measurements at the relevant energy scales are needed

® Thanks its unique injection of noble gases in the
LHC (e.g. He), LHCb is contributing with its space
mission to improve the precision of models

e Introduction
e Measurements on Run2 data
® Prospects with SMOG2
e Conclusions
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Introduction Measurement with Run2 data Prospects with SMOG2 Conclusions

The LHCb experiment

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

y O JINST 3 S08005 (2008)
A JIMPA 30 (2015) 1530022
oot 220) ) et ¥ e Complementary wrt other LHC experiments
n i o o iy & Tracking system: VErtex LOcator + tracking
wol I 2 \ \ stations and a dipole magnet
s f o 0.5-1% p resolution for p < 300 GeV/c
\ © 10-80 um IP resolution
s ol R e Particle identification (PID): Two Cherenkov
mrem Ny detectors (RICH) + calorimeters and muon
- o Flexible and versatile trigger

Saverio Mariani Antiproton production in pHe collisions at LHCb 4


https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005
https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227
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The LHCDb experiment in fixed-target mode

e From 2011, LHCb is equipped with a System for Measuring
Overlap with Gas (SMOG)

o Imaging applied to the LHC proton collisions with the small
quantity of injected gas (107 mbar) used to reconstruct the
transverse profiles of the LHC beams

o Lowest uncertainty on the LHC luminosity measurement
(1.2 -1.5%) among all LHC experiments
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® 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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https://iopscience.iop.org/article/10.1088/1748-0221/9/12/P12005

Introduction

Measurement with Run2 data Prospects with SMOG2 Conclusions

Physics opportunities with SMOG

e pA and PbA fixed-target samples collected during special runs in 2015-2018
SRR eam Ener LHCb-PUB-2018-015
3 10 Beam Energy LHC p Lab fram;SMOG He LHC p CM frame SMOG He
g 10? 2500 GeV
| |
;2\104— e.g. 6.5 TeV LHC protons on at-rest He correspond to a
2ot nucleon-nucleon centre-of-mass energy /sxy =110 GeV
° pNe pNe PbNe
a 2015 1 2017 1 2018

LHCb-PUB-2018-015

SMOG pHe /110 GeV
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e Intermediate energy to SpS and LHC
® Many collision systems (Z dependence)

e Access to the moderate Q2 and large target
""" Bjorken-x region

- * —p Unique experimental inputs to

A
10% 107 10® 10° 10*

0 00 100 N theoretical models, and, in particular...
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http://cds.cern.ch/record/2649878
https://cds.cern.ch/record/2649878/files/LHCb-PUB-2018-015.pdf
https://cds.cern.ch/record/2649878

Introduction Measurement with Run2 data

Prospects with SMOG2 Conclusions

O. Adriani, NPCQD2015

+ A new ideal
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
m Injection of noble gas atoms inside the beam pipe to:
m Measure the beam profile

o TIe [uminosity

m Why don’t use SMOG to measure cross section relevant for
Cosmic Ray Physics???
s 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

LHCb Collaboration Meeting — 12 May 2015

Measurement of the production cross section
of anti-protons in proton - light ion collisions
exploiting the LHCb SMOG system

< Oscar Adriani, Lorenzo Bonechi, Fiorenza Donato and Alessia Tricomi >
- B
\ /

Proposal from the CR community to
exploit the LHCb SMOG system to
measure for the first time the antiproton
production in pHe collisions
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http://npqcd15.to.infn.it/

Run2 antiproton
production
measurements

ABOUT  NEWS

LHCDb reveals secret of antimatter
creation in cosmic collisions

The finding may help determine whether or not any antimatter seen by experiments in
space originates from dark matter

7APRIL, 2022

L@Cb Large Hadron Collider beauty experiment 0

% Large Hadron Collider beauty experiment AHCY|
/ﬁ‘ LHCB NEWS PHYSICS ~ DETECTOR ~ DATA COLLECTION ~ COLLABORATION INSTALLATION ~ ACTIVITIES ~ GALLER 4 LHCE.NEWS PHYSICSY RETECTOR)Z DATAICOLLECTION™ COLLABORATION INSTALLATION~
[ Prvsics nesuurs |
Measurement of antiproton production in p-He collisions LHCb measurements help to understand possible
sighatures of dark matter presence in the
Can cosmic-ray antiprotons unveil dark matter collisions? Universe
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https://lhcb-outreach.web.cern.ch/2017/03/27/measurement-of-antiproton-production-in-p-he-collisions/
https://lhcb-outreach.web.cern.ch/2022/04/07/lhcb-measurements-help-to-understand-possible-signatures-of-dark-matter-presence-in-the-universe/
https://home.cern/news/news/physics/lhcb-reveals-secret-antimatter-creation-cosmic-collisions

do/dp [ub ¢/GeV]

Measurement with Run2 data

Prompt antiproton production measurement gz 151 (2018 222001

First measurement ever of o(pHe — p,omp: X) at +/Sxv = 110 GeV with 2016 pHe data
Only particles produced promptly at the pHe vertex are selected within the fiducial region
p €[12, 110] GeV/c; pr€ [0.4, 4] GeV/c
Dominant uncertainties:
o Luminosity measurement (injected gas pressure not precisely measured)
o Particle identification performance (poor calibration statistics)

| X U ! | . Y Y | ' 1 L T —]
LHCb —+ DATA 3
- pHe —» pX 12< pT<2.8 GeV/c ===+ EPOS LHC g
:-..._“_I P =110Gev EPOS 1.99 3
St el T SO T ocormom 1 @ Result uncertainties are lower wrt to
ke ™ . - 4L 2 )
e U N - = HUING 138 3 the spread of theoretical models
S R i - PYTHIA 64 3
20 20 60 80 100
p [GeV/c]
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2018-031.html
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Impact of the measurement PRL 121 (2018) 222001

M. Korsmeier et. al.,
Two models on the same LHCb data PRD97 (2018) 103019
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2018-031.html
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.103019
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.103019
https://iopscience.iop.org/article/10.1088/1475-7516/2018/01/055
https://inspirehep.net/files/017d16b279f64d1d4b9c2f73d24c68cb
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Can we do more?

® LHCb SMOG wishlist:

1) p A, ¥ from existing run

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

3) pd — P to test isospin effects > e Feasible with

4) pp, pHe — d, He to determine coalescence momentum available SMOG or
future SMOG2 data

5) pp, pHe — 7, K to model positron source term y

Martin Winkler at 2nd LHCb Heavy lon workshop
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https://agenda.infn.it/event/18734/timetable/

Measurement with Run2 data

Predictions for antihyperon-produced antiprotons

LHCb result only covered prompt p, excluding those from anti-hyperon decays (detached)
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Martin Winkler at 2nd LHCb Heavy lon workshop

’ LHCb data would be
very helpful
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Scarce available data indicate a strangeness enhancement that can be constrained in a
LHCb-SMOG measurement to reduce the large spread among different theoretical models
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https://agenda.infn.it/event/18734/timetable/

Measurement with Run2 data

Approaches to the measurement

e Two complementary approaches to the measurement

e Exclusive approach: R; =

J(pHe — (Kprompt — T)’]T‘")X) —> measured in my analysis 7
SV

O'(pHe — Z_?prompt X) — previous LHCb result P __:
”
. s
=> Focused on the dominant detached component PV .~
=> Not using PID information LHC,O._.‘SMOG He
R — o(pHe — HX — pX)
® Inclusive approach: B o(pHe — Pprompt X) ~ detached p
T jarge impact T
H=AX20Q parameter (IP) : P ’.\>
—> 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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Measurement with Run2 data

Exclusive approach: strategy LHCh-PAPER-2022-006

o(pHe = (Aprompt = P77)X)
U(pHe — Z_Qprompt X)

® Goal: measure the antiprotons from A ompt

R =
decays, the dominant detached component A

—
()

antiproton reco) cancel in the
ratio

% 4 - rgeb '__ Dlatz; "1 e Events s.electio? only uses thG:'
§ 10 e pHe |syy =110 GeV Signal E decay kinematic description in
<t S . T Background the Armenteros plot and the

o 10° 3 — Model E impact parameters to select

g - E the signal decays

g w0 et 4 ® Mostsystematic uncertainties
3 g QAT T : (notably the lumi and the

§

] . 1 " L ) 1 ! L | 1 1 1 1 |
1100 1110 1120 1130
mp@pr*) [MeV/c?]
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https://cds.cern.ch/record/2809797

Introduction Measurement with Run2 data Prospects with SMOG2 Conclusions

Exclusive approach: results LHCh-PAPER-2022-006

o(pHe = (Aprompt = P 1) X)
O-(pHe —7 Z_jprompt X)

Rj =

e Larger contribution measured wrt all most widely used theoretical models

I< F e Lk T ¢ ¥ ¥ T ] ¢ & 0 ¥ [ ¥ & i < T 5
= 06F LHCb —— Data - 0.6 LHCb —— Data e
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0.4 FH —=— HIJING 1.38 — 04 —=— HUING 138 ]
osb FEEE 5 —— PYTHIAG6 - : e BXTHIZS.
5 :_ f T _: 0.3 — I _{ 1 o o ]
= i 3 E : - £2 =
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E . - =|
0.1 E 0.1F =
0 T RS [ 0 F 1 ; ] ; ] . . g &
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Measurement with Run2 data

Inclusive approach: strategy LHCh-PAPER-2022-006

Candidates per 0.33

Candidates per 0.33

o(pHe — HX — pX) _ - _

o (pHe = PpromptX) H=A%E
Sample enriched with p selected with tight PID cuts and statistically separated as ,
detached and secondary with a fit to the pHe data impact parameter with the
composition of templates (Gaussian compositions applied to simulation)

[1]

Goal: measure all detached contributions Ry

10* LHCI;)/inulationl pE 1[14, 16.2]YGeV/c 3 a5
F pHe sy, = 110 GeV p_€[0.6,0.7] GeV/c ] ) I U I R R R R I S | * T 9 % T 9
10° - detached p ! . g 107 l;rLHCb —— Data promptp ]
o A 3 5 : pHe Y8 = 110 GeV == dﬁtached p == p from material :
% 10 L g_ost =TT 4
3 QL = pr— K -—— =
Wig i | 3 = - 3|
R =) 5
| DR 3 I0F e
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Measurement with Run2 data

Inclusive approach: results

LHCb-PAPER-2022-006

o(pHe — HX — pX)
U(pHC — ]_Dpromth)

Ry

=A%,

[1]
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e Larger contribution measured wrt all most widely used theoretical models
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https://cds.cern.ch/record/2809797

Measurement with Run2 data

Comparison between the two approaches  |.cy-rarer2022-006

® Ratio of the results is expected to be predicted more reliably than the single terms (only
depending on the hadronization)
e Results mutually cross-checked since found to be consistent with EPOS-LHC prediction

k16T T ‘ ' ' ' Ik 16F T I =
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04 e 0.4 =
02 E 02 E
- T S | S S S S| R S N N S o = | l . . ; | i . . ]
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Prospects with SMOG2
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SMOGZ2 in a nutshell

SMOG VErtex LOcator sensors
i

EERRRRRECAURNINE T e i N

swoz | | LT T

upto~ 10 “mbar on 20 cm

~ 10 mbaron+/-20m ‘

® SMOG2: confinement of the gas in a cell made up of two movable
halves upstream of the LHCb IP (z € [-500, -300] mm)
o Up to x100 gas pressure wrt SMOG for the same gas flow
o Simultaneous beam-beam beam-gas data-taking
o Heavy noble (Kr, Xe) and non-noble gases (Hz, D2, 0z, N2 ... ) can

be injected — a unique laboratory for QCD studies at LHC!
LHCb-PUB-2018-015

X10 speed wrt reality

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

LHCb-TDR-020
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https://docs.google.com/file/d/11-RBy2uY1uClFcJAO405rbg6TVBZLLzQ/preview
https://cds.cern.ch/record/2649878/files/LHCb-PUB-2018-015.pdf
https://cds.cern.ch/record/2649878/files/LHCb-PUB-2018-015.pdf?subformat=pdfa&version=1
https://cds.cern.ch/record/2649878/files/LHCb-PUB-2018-015.pdf
http://cds.cern.ch/record/2673690/files/?docname=LHCB-TDR-020&version=all

Prospects with SMOG2

Prospects for antiproton production measurements

LHCb-PUB-2018-015

y 04 —— LHCb acceptance limits

- available data points

03

qm e Extension towards lower energies:
. 0 2016 pHe sample with +/sny =87 GeV
o Discussing special runs with Ebeam = 450 GeV
(requiring new optics to squeeze the beams)
® Access to the positive Feynman-x regime
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-0.
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-03
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e By injecting Hz, o(pHe — pX)/ o(pp — pX) measurement, less prone to systematic
uncertainty, can increase the accuracy

® By injecting deuterium, the o(pD — pX)/ o(pp — pX) measurement can constrain the
isospin symmetry violation term between the antiproton and antineutron production
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https://cds.cern.ch/record/2649878/files/LHCb-PUB-2018-015.pdf
https://cds.cern.ch/record/2649878/files/LHCb-PUB-2018-015.pdf?subformat=pdfa&version=1

Conclusions
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[Reference]
 \ 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.

e Fixed-target physics acknowledged as a key opportunity for the future in the 2020 ESPPU
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https://arxiv.org/pdf/1910.11775.pdf

Conclusions

Conclusions

e Since 2015, LHCb is acting as the highest energy ever fixed-target experiment by injecting
in the LHC accelerator small quantities of noble gases
e Performed two antiproton production measurements in pHe collisions, crucial input to
models of the antimatter production in space:
o Prompt production, in 2018, the first ever for the pHe system
o Detached-to-prompt production, in 2022, showing a large underestimation of all
theoretical models for the antihyperon decay contributions
e The ongoing upgrade of the fixed-target programme, with the increase of the gas target
areal density and the injectable gas species, will improve the accuracy and will extend
these measurements... stay tuned!

Thanks for your attention!

Want to follow up? saverio.mariani@cern.ch
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