Ny,
gfv %/% University I N F N
o s of Ferrara

< F?“)O/\

Istituto Nazionale di Fisica Nucleare

Recent measurements and prospects from
analysis of fixed-target collisions at LHCb

L. L. Pappalardo
(on behalf of the LHCb Collaboration)

HADRG)N
2023 0



The LHCb detector

» LHCb is a general-purpose single-arm spectrometer, fully instrumented in 2 <71 < 5 and optimised for detection of

charmed and beauty hadrons
[JINST 3 (2008) S08005] [IJMPA 30 (2015)1530022]

Side View

SciFi ~ RICH2
Tracker

» Excellent particle identification and momentum
resolution: g, /p < 1.0 % (p € [2,200] GeV)

» Precise primary and secondary vertex reconstruction L I
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charmed and beauty hadrons
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Side View

SciFi ~ RICH2
Tracker .

» Excellent particle identification and momentum
resolution: g, /p < 1.0 % (p € [2,200] GeV)

> Precise primary and secondary vertex reconstruction S 1

» During LS2 major hardware upgrade to cope with the
factor of 5 increase in luminosity starting from the Run 3

[http://arxiv.org/abs/2305.10515]
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The LHCb detector

» LHCb is a general-purpose single-arm spectrometer, fully instrumented in 2 <71 < 5 and optimised for detection of

charmed and beauty hadrons
[JINST 3 (2008) S08005] [IJMPA 30 (2015)1530022]

Side View ECAL HCAL NTRYS
M3 -

SciFi  RICH2 M2

Tracker

» Excellent particle identification and momentum
resolution: g, /p < 1.0 % (p € [2,200] GeV)

» Precise primary and secondary vertex reconstruction i/ sl

» During LS2 major hardware upgrade to cope with the
factor of 5 increase in luminosity starting from the Run 3

[http://arxiv.org/abs/2305.10515]
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The LHCb Fixed-Target configuration

Since 2015 LHCb can also be operated as a fixed-target
experiment with the SMOG system R
\\y\ 7 ial role in all measurements

SMOG: System for Measuring Overlap with Gas:

Side View ECAL HCAL

* Low density noble gas injected in the VELO vessel
« Gas pressure (~10~"mbar) 2 orders of magnitude higher

than LHC vacuum
* Beam-gas collision rate increased by 2 orders of magnitude

SciFi ~ RICH2
Tracker
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The LHCb Fixed-Target configuration

Since 2015 LHCb can also be operated as a fixed-target
experiment with the SMOG system R < 15

7
7 "™ Essential role in all measurements

SMOG: System for Measuring Overlap with Gas: ib < T
* Low density noble gas injected in the VELO vessel
« Gas pressure (~10~"mbar) 2 orders of magnitude higher

than LHC vacuum
* Beam-gas collision rate increased by 2 orders of magnitude e e N
AL

Side View

SciFi ~ RICH2
Tracker

* Conceived for precise luminosity determination (beam-gas
imaging)

Unique opportunity to study pA/AA collisions on various
targets exploiting the high-energy, high-intensity LHC beams!
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The LHCb Fixed-Target configuration

Since 2015 LHCb can also be operated as a fixed-target
experiment with the SMOG system R < 15

7
7 "™ Essential role in all measurements

SMOG: System for Measuring Overlap with Gas: B - LHCh u?
Side View ECAL HCAL M4 M5
M3

* Low density noble gas injected in the VELO vessel
« Gas pressure (~10~"mbar) 2 orders of magnitude higher

than LHC vacuum
* Beam-gas collision rate increased by 2 orders of magnitude & eieela L il

SciFi  RICH2 M2

Tracker

* Conceived for precise luminosity determination (beam-gas
imaging)

Unique opportunity to study pA/AA collisions on various
targets exploiting the high-energy, high-intensity LHC beams!

......

Types of collisions (Fixed-Target mode):
lead ions gas (He, Ne, Ar)

protons gas (He, Ne, Ar) m
D v S \,A “ > € A:'\

® > € < L
JSnny = 113 GeV 4 A Sny = 72 GeV
..
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The LHCb Fixed-Target configuration

Since 2015 LHCb can also be operated as a fixed-target Ny
experiment with the SMOG system L < 15

SMOG: System for Measuring Overlap with Gas: NS e v

* Low density noble gas injected in the VELO vessel Side View

SciFi ~ RICH2
Tracker

« Gas pressure (~10~"mbar) 2 orders of magnitude higher
than LHC vacuum

* Beam-gas collision rate increased by 2 orders of magnitude

* Conceived for precise luminosity determination (beam-gas
imaging)

Unique opportunity to study pA/AA collisions on various
targets exploiting the high-energy, high-intensity LHC beams!

.. : , LHCb-PUB-2018-015
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Kinematic conditions for fixed-target collisions at LHCb

Considering pA collisions with £}, = 6.8 TeV = /syy = 113 GeV

= Yem =~ —3

Large x
2<YHcb <5 = —3.OSyCMSOI:>{ 8€ 2
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Kinematic conditions for fixed-target collisions at LHCb

Considering pA collisions with £}, = 6.8 TeV = /syy = 113 GeV

=

= Yem = —3

Large x,
XF <0

y=15 (6~1°)
= Ycm =
y =2 (6~15°)

In the fixed-target configuration LHCb allows to cover
mid-to-large x at intermediate Q2 and negative xp
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Kinematic conditions for fixed-target collisions at LHCb

In the fixed-target configuration LHCb allows to cover
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Kinematic conditions for fixed-target collisions at LHCb
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Kinematic conditions for fixed-target collisions at LHCb
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Recent charm production analyses
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Charm production in pNe @ \/syy = 68.5 GeV
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Charm production in pNe @ \/syy = 68.5 GeV

Data: pNe at /Syy = 68.5GeV (L,ye = 21.7 + 1.4 nb~1)

Selection criteria:

e 0<p;r<8GeV/c;-229<y*"<0

-
o - —
L - =) 53

protons (Pb) on target [10%
3
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Charm production in pNe @ \/syy = 68.5 GeV

Data: pNe at /Syy = 68.5GeV (L,ye = 21.7 + 1.4 nb~1)

Selection criteria:

e 0<p;r<8GeV/c;-229<y*"<0

Decays reconstruction:
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Charm production in pNe @ \/syy = 68.5 GeV

DO differential cross section [arXiv:2211.11633]
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FONLL and PHSD predictions describe well the

y* dependence but fail to reproduce the pr
dependence of data.

A reasonably good agreement is found for
Vogt and MS predictions:

Vogt (w/wo 1% IC) include shadowing effects.

MS includes 1% IC and 10% recombination
contributions.
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Charm production in pNe @ \/syy = 68.5 GeV

DO differential cross section [arXiv:2211.11633]
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FONLL and PHSD predictions describe well the

y* dependence but fail to reproduce the pr
dependence of data.

A reasonably good agreement is found for
Vogt and MS predictions:

Vogt (w/wo 1% IC) include shadowing effects.

MS includes 1% IC and 10% recombination
contributions.

Shao: based on HELAC-ONIA with CT14NLO and
NCTEQ15 PDF sets. Fails to reproduce data.

Vogt (w/wo 1% IC) predictions based on EPPS16
nPDFs and include nuclear absorption and
multiple scattering effects. Provide a reasonably
good agreement with data.
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3

Charm production in PbNe @ /syy = 68.5 GeV
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Motivation: search for QGP formation signals
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Data: PbNe at \/Syy = 68.5GeV (L, ~0.3nb~1)
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Selection: same kinematic as in pNe (0 < pr < 8 GeV/c; —2.29 < y* < 0)

2015 I 2016 | 2017 20TS

Challenges: larger detector occupancy, larger background than in pNe, but clean J /1y and D signals
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Charm production in PbNe @ /syy = 68.5 GeV

Motivation: search for QGP formation signals

Data: PbNe at \/Syy = 68.5GeV (L, ~0.3nb~1)

Selection: same kinematic as in pNe (0 < pr < 8 GeV/c; —2.29 < y* < 0)
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Challenges: larger detector occupancy, larger background than in pNe, but clean J /1y and D signals
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Comparing charm production in pNe and PbNe @ /syy = 68.5 GeV
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Comparing charm production in pNe and PbNe @ /syy = 68.5 GeV
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No evident y* dependence, but strong pr dependence!
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Significant pr dependence

« P(25)to J/ypratio= (1.67 £ 0.27 £ 0.10)%
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Comparing charm production in pNe and PbNe @ /syy = 68.5 GeV

0.02

[arXiv:2211.11645]
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1 10

* No evidence of anomalous suppression

N

10?

coll

that could indicate QGP formation
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The SMOGZ2 upgrade

[SMOG2 TDR]

Project approved in Nov. 2019

Main hardware implementations:
e 20 cm storage cell for the target gas installed upstream of the VELO
* Brand new, more flexible and sophisticated Gas Feed System (GFS)

SMOG VErtex LOcatlor scnso.rs .

ooz, |1 THTHETH T

up to ~ 10 “mbar on 20 cm

~ IO_7mbar on+/—20m ‘

Technical Design Report

IRE RN s
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The SMOGZ2 upgrade

[SMOG2 TDR]

Project approved in Nov. 2019

Main hardware implementations:
e 20 cm storage cell for the target gas installed upstream of the VELO
* Brand new, more flexible and sophisticated Gas Feed System (GFS)

SMOG ‘ VErtex LO:cat:or sc:)so:rs

~ IO_:mbar on+/—20m

oz | | LT T 1]

up to ~ 10 “mbar on 20 cm

SMOG2 vs. SMOG:

v" Well defined interaction region upstream of the collider IP (limited to cell
length/position: =541 < z < —341 mm)

v" Possibility to inject more gas species: H,, D,, He, N,, 0,, Ne, Ar,Kr, Xe

v" New Gas Feed System allows to measure target density (- luminosity) with
much higher precision (few % uncert.)

Taehmcalo s anlR SO v Well displaced int. regions: possibility to run in parallel with collider mode

v" Increase of target density (luminosity) by factor 8-35 using the same gas load
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The SMOG2 target Cell

FLOATING HALF CELL SUPPORT Sﬂéﬁéﬁmﬁf"ml
CONNECTED TO THE RF FOIL :
FRAME .

STORAGE CELL

SUSPENSIONS

GAS FEED TUBEIN

THE CELL CENTER
CONICAL TRANSITION
FIXED HALF CELL SUPPORT
FLEXIBLE WAKE FIELD SUPPRESSOR CONNECTED TO THE RF FOIL
FRAME
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The SMOG2 target Cell

FLOATING HALF CELL SUPPORT gméﬁ% Ei ?mgl;:r:o"-
CONNECTED TO THE RF FOIL !
FRAME :
‘ e
STORAGE CELL g =

SUSPENSIONS

GAS FEED TUBEIN
THE CELL CENTER

CONICAL TRANSITION

FIXED HALF CELL SUPPORT
FLEXIBLE WAKE FIELD SUPPRESSOR CONNECTED TO THE RF FOIL
FRAME

Target profile

A—
Bea ®
& v

@ 450 GeV @ 7000 GeV
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The SMOG2 target Cell

FLOATING HALF CELL SUPPORT :ﬂéﬁé&?ﬂg t;:r:m
CONNECTED TO THE RF FOIL N
FRAME y
STORAGE CELL N i
SUSPENSIONS .

GAS FEED TUBEIN

THE CELL CENTER
CONICAL TRANSITION
. FIXED HALF CELL SUPPORT
l FLEXIBLE WAKE FIELD SUPPRESSOR CONNECTED TO THE RF FOIL
i FRAME

Target profile

m
Bea -~
E O o

@ 450 GeV @ 7000 GeV

Installatii)n accomplished in August iOZO
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The SMOG2 gas feed system

SMOG Gas Feed System
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The SMOG2 gas feed system
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SMOG2 expected performance

 Beam-beam and beam-gas interaction regions well detached

é 30000 ;_ 'LH'Cb'Up'gra'de simulation - _;
% 25000 ? beam-beam collisions é
8 20000 ? % beam-gas collisions i
15000 i— ‘g
10000 ;7 ‘g
5000 - % =

0 F : I =

-400 | =200 0 200
Simulated PVz [mm)]
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SMOG2 expected performance

 Beam-beam and beam-gas interaction regions well detached

* Full reconstruction efficiency (PV + Tracking) retained in beam-gas interaction region despite the distance from the VELO
and the different event topology

* No impact in pp efficiency due to simultaneous p-gas data-taking!

—pp+pHe  Recbledistr — pp+pAr —pp —pHe
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15000 3 g 0.6 — e : —
r = S 7 = 3x107! T —
10000 4 & 04 = S 207 | | 1
= 3 1 kS S L ettt Tt W
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0 E : L, e, ] 0 et TN s\ et/ VT e ] fg 3107 | ‘ | ‘ ‘ ‘ N
—400 200 0 200 -400 -200 0 200 = ~400 -200 0 v 2[29m]
. Z
Simulated PVz [mm] z [mm]
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SMOG2 expected performance

 Beam-beam and beam-gas interaction regions well detached

* Full reconstruction efficiency (PV + Tracking) retained in beam-gas interaction region despite the distance from the VELO

and the different event topology

* No impact in pp efficiency due to simultaneous p-gas data-taking!
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In case of simultaneous data-taking, beam-gas collisions cause a negligible
increase in the detector occupancy

The gas target provides a negligible impact on beam life-time (e.g. a relative
loss of 0.4% is expected for pAr in 10 h [SMOG2 TDR] )
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SMOG2 commissioning

First gas injection in RUN3 (June 22): low pressure Ne injection
with cell OPEN, circulating beams

Pressure increase into the primary vacuum

Vacuum recovery after the gas injection stop
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SMOG2 commissioning

First gas injection in RUN3 (June 22): low pressure Ne injection
with cell OPEN, circulating beams

Pressure increase into the primary vacuum Vacuum recovery after the gas injection stop
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SMOG2 commissioning

First gas injection in RUN3 (June 22): low pressure Ne injection First gas injection with closed VELO

with cell OPEN, circulating beams and SMOG2 cell, with circulating beams
Pressure increase into the primary vacuum Vacuum recovery after the gas injection stop (NOV. 2 2)
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First SMOG2 data from commissioning

x10%

S mescinron o) g pre * The two interaction regions are clearly visible and well separated!
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First SMOG2 data from commissioning

Candidates

Normalised distribution

x10%

180 [ & ™"E LHCb Upgrade simulation
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The two interaction regions are clearly visible and well separated!

PV distributions consistent with simulations

LHCb is now the first (unique) LHC experiment with two
simultaneous interaction regions!

KSQ mass reconstructed using pp (blue) and p-Ar collisions (red)

Mass resolution found to be comparable!
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First SMOG2 data from commissioning

e Data collected for the SMOG2
commissioning in short periods
(~ 20 min) of gas injection
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« Clean D? and J /4 samples obtained
in just 18 min of data taking with p-
Ar collisions at \/syy = 113 GeV
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First SMOG2 data from commissioning

e Data collected for the SMOG2
commissioning in short periods
(~ 20 min) of gas injection

« Clean D? and J /4 samples obtained
in just 18 min of data taking with p-
Ar collisions at \/syy = 113 GeV

* First data from p-H collisions at \/syy =

113 GeV

* Very well reconstructed K{ and A° masses
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First SMOG2 data from commissioning

e Data collected for the SMOG2
commissioning in short periods
(~ 20 min) of gas injection

« Clean D? and J /4 samples obtained
in just 18 min of data taking with p-
Ar collisions at \/syy = 113 GeV

* First data from p-H collisions at \/syy =
113 GeV

* Very well reconstructed K{ and A° masses

More details and commissioning figures:
- LHCb-FIGURE-2023-001
- LHCb-FIGURE-2023-008
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Future physics perspectives with SMOG2 (find more in backup slides!)

Heavy-lon phy5|cs: 2|  Sequential suppression - screening
» New measurements of prompt charm production in p-gas and Pb-gas collisions :

with a significantly increased statistical precision. S

: : S i)
» Study of cold nuclear matter effects (baseline to understand QGP signals) g e
o ’

» Measurements of excited charmonium states (including ¥(2S) and y,) relevant for s Temperatu‘re(ﬁnergyﬁsim

studying the sequential charmonia suppression due to color screening. different binding energies lead to

- different dissociation temperatures
+ .

» Possibility to measure also charmed baryons (A7) as well as prompt beauty production 1.Phys.G32:R25.2006

» Measurement of QGP-related flow observables and correlations in Pb-A collisions at \/syy ~ 70 GeV
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Future physics perspectives with SMOG2 (find more in backup slides!)

Heavy-ion physics:

2|  Sequential suppression - screening
» New measurements of prompt charm production in p-gas and Pb-gas collisions :
with a significantly increased statistical precision. S
- : 5 4
» Study of cold nuclear matter effects (baseline to understand QGP signals) g e
. . . . g_ ¢ /Y
> Measyrements of EX(EItEd charmc.)nlum state.s (including Y (25) and. Xc) relevant for e T
studying the sequential charmonia suppression due to color screening. different binding energies lead to
different dissociation temperatures
. o + .
» Possibility to measure also charmed baryons (A7) as well as prompt beauty production 1.Phys.G32:R25.2006

» Measurement of QGP-related flow observables and correlations in Pb-A collisions at \/syy ~ 70 GeV

Nucleon structure:

» SMOG2 operated with H, and D, targets offers unique conditions to probe quark and
gluon PDFs in nucleons and nuclei, especially at high-x and moderately-high Q?, where
present experimental data are largely missing.

» Measurements of quark and gluon transverse-momentum-dependent (TMD) PDFs,
respectively in Drell-Yan and inclusive production of quarkonia (J/y, Y, Y, etc.), will
significantly improve our understanding of the 3D structure of the nucleon.

» Possibility to precisely test contributions from Intrinsic charm in the proton at high-x.
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Future physics perspectives with SMOG2 (find more in backup slides!)

Heavy-ion physics:

2|  Sequential suppression - screening
» New measurements of prompt charm production in p-gas and Pb-gas collisions :
with a significantly increased statistical precision. S
- : 5 4
» Study of cold nuclear matter effects (baseline to understand QGP signals) g e
. . . . g_ ¢ /Y
> Measyrements of EX(EItEd charmc.)nlum state.s (including Y (25) and. Xc) relevant for e T
studying the sequential charmonia suppression due to color screening. different binding energies lead to
different dissociation temperatures
. o + .
» Possibility to measure also charmed baryons (A7) as well as prompt beauty production 1.Phys.G32:R25.2006

» Measurement of QGP-related flow observables and correlations in Pb-A collisions at \/syy ~ 70 GeV

Nucleon structure:

» SMOG2 operated with H, and D, targets offers unique conditions to probe quark and
gluon PDFs in nucleons and nuclei, especially at high-x and moderately-high Q?, where
present experimental data are largely missing.

» Measurements of quark and gluon transverse-momentum-dependent (TMD) PDFs,
respectively in Drell-Yan and inclusive production of quarkonia (J/y, Y, Y, etc.), will
significantly improve our understanding of the 3D structure of the nucleon.

» Possibility to precisely test contributions from Intrinsic charm in the proton at high-x.

Cosmic-ray and DM physics: anti-hadrons production cross sections in p-H, p-D and p-He (see backup slides).
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Conclusions

» The Fixed-Target program at LHCb with SMOG, active since 2015, has already produced lots of interesting
physics results:
- prompt and detached antiproton production in pHe collisions (- cosmic-ray physics, DM search)
- charm production in pHe, pAr, pNe and PbNe (= heavy-ion physics, cold nuclear matter effects, QGP form.)

» Many ongoing analyses on different topics (CNM effects, strangeness and charm production, hyperon
polarization, etc.)
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Conclusions

» The Fixed-Target program at LHCb with SMOG, active since 2015, has already produced lots of interesting

physics results:
- prompt and detached antiproton production in pHe collisions (- cosmic-ray physics, DM search)

- charm production in pHe, pAr, pNe and PbNe (= heavy-ion physics, cold nuclear matter effects, QGP form.)

» Many ongoing analyses on different topics (CNM effects, strangeness and charm production, hyperon
polarization, etc.)

» Starting from the RUN3, with the SMOG2 implementation, the LHCb fixed-target program is greatly enhanced
and enriched

» Plenty of interesting fixed-target physics measurements at
unique kinematic conditions are in program
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Conclusions

» The Fixed-Target program at LHCb with SMOG, active since 2015, has already produced lots of interesting

physics results:
- prompt and detached antiproton production in pHe collisions (- cosmic-ray physics, DM search)

- charm production in pHe, pAr, pNe and PbNe (= heavy-ion physics, cold nuclear matter effects, QGP form.)

» Many ongoing analyses on different topics (CNM effects, strangeness and charm production, hyperon
polarization, etc.)

» Starting from the RUN3, with the SMOG2 implementation, the LHCb fixed-target program is greatly enhanced
and enriched

180 Interaction region (pp)
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» Plenty of interesting fixed-target physics measurements at wE
unique kinematic conditions are in program 40—
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100 SMOG? cell (pAr)

» With SMOG2, LHCb has become the first experiment with ol

two simultaneous interaction regions (fixed-target and e

collider modes), allowing for a new range of exploration at i ﬂ
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LHCb puthhed analyses wi‘l'h SMOG v" Charm Production in Fixed-Target pHe and pAr collisions

v" Prompt antiproton production in pHe collisions at
Syy = 110 GeV [Phys Rev. Lett. 121 (2018) 222001]

; 35 T T T T —
8 0 F LHCb —+ DATA :
3 SR pHe — pX 12< pT<2‘SGeV/c ===+ EPOS LHC E
o 5F e, BesH0Gey e EPOS199 3
S B iy -+ QGSIETIL04
0Tl T - DO
§ Cereipi Tt e e QGSIETIL04m
0 15 ; ..... e, . TUTiL == HIJING 138 E
= R S e PYTHIA 64
10 g e f
SE S b L T PP P |
E Il 1 1 1 Il

p [GeV/c]

v Antiproton production from antihyperon

decays in pHe collisions at \/syy = 110 GeV

[arXiv:2205.09009] (acc. by EPJC)

[Phys. Rev. Lett. 122 (2019) 132002]
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v" Charmonium production in pNe collisions [arXiv:2211.11645]

v" Open charm production in pNe collisions [arXiv:2211.11633]

v' J/1 and D° production in PbNe collisions [arXiv:2211.11652]

Study of cold nuclear matter effects in pNe collisions (no QGP)

20 30 40

50 60 7O 80 90100

P momentum [GeV/c]

- Study of sequential suppression of charmonia states in PbNe
as signal of QGP formation

- Cross section measurements in a unique kinematic domain

\_
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Charm production in pNe @ \/syy = 68.5 GeV

[arXiv:2211.11633]

0.3 [ T 1 S o TR 0.1 =
% - {Sxy = 68.5 GeV pNe LHCb % :I
E 02—_—§—Data =5 E O‘A_U I
= ““r @ PYTHIA 2 = v -
> - [ ] VogtnoIC 7] > = - e =
S 0.1 71Vogt1%IC - @ _0.1F , __
= - = MS n - E { e
2 C 2 _02F =
S 0 * T  S— S ““E (s =68.5GeV pNe .
= . — L 2 - - LHCb data :
® -0.1F ! | ! zal ® -0.3F MmPYTHIA =
a T/ { 3 a C 1 Vogtno IC ]
=) u z = TR | 17, || 2 Vogt 1% 1C =
|QI 02 = |Q| e el -
2 : €[0.8] GeVi/c ] 2 E el ]
Q —03-- o IR A .p.T.[. l]. o & g Q —0.5—.) 6[229,0] PO ! =
-2 -1.5 -1 -0.5 0 0 2 4 6 8
y* pT [GCV/C]

Y Yoo (DY) — Yoo (D) . Zrobe charm ?adlr;)(:nz.atlon at hlgh-?c L
prod = Yoo (D) + Yoo (DY) symmetry of ~15% in most negative y* bin

* Available models fail to simultaneously describe
y* and pr distributions

| L. L. Pappalardo 20th International Conference on Hadron Spectroscopy and Structure (HADRON 2023) - Genova, Italy - June 5-9 2023 51 |


http://arxiv.org/abs/2211.11633

Charm production in pNe @ \/syy = 68.5 GeV
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SMOG2 projected performances for LHC Run3

LHCb-PUB-2018-015

System Syn < pressure> ps L Rate Time f L
(GeV) (1075 mbar) (em™2)  (em~2s7!) (MHz) (s) (pb™1)
pHs 115 4.0 2.0 x 1013 6 x 103! 4.6 2.5 x 108 150
pDo 115 2.0 1.0 x 103 3 x 103! 4.3 0.3 x 106 9
pAr 115 1.2 0.6 x 103 1.8 x 103! 11 2.5 x 108 45
pKr 115 0.8 0.4 x 10" 1.2 x 10°! 12 2.5 x 10° 30
pXe 115 0.6 0.3 x 10 0.9 x 103! 12 2.5 x 10° 22
SMOG sMOG (7 sMOG2 )
published result largest sample example
pHe@Q87 GeV pNe@69 GeV pAr@l115 GeV
Integrated luminosity 7.6 nb™" ~ 100 nb™* ~ 45 pb~*
syst. error on J/i) x-sec. 7% 6- 7% 2-3%
J1) yield 400 15k 15M
D° yield 2000 100k 150M
AT yield 20 1k 1.5M
P(2S) yield negl. 150 150k
T(1S) yield negl. 4 7k
Low-mass Drell-Yan yield negl. 5t K 9k /
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Opportunities with SMOG2: cosmic rays and DM

» Thanks to the possibility to use also a H, target, it will be possible to precisely measure the ratio:

—_ 10—3 .
O'(pHe - pX) ¢ PAMELA 2012
— ¢ AMS-02 2015
o(pH — pX)
where many systematic uncertainties cancel
=
<
» By injecting H, and D, it will be possible to test isospin symmetry in the ratio: © "y : I
_ /f. Uncertainty from: Cross-sections
o) (pD - pX ) Propagation
— B Primary slopes
O'(pH - pX) - Solar modulation
1 5 10 50 100
which can allow to put constraints on the unknown production ratio Kinetic energy T [GeV]
O'(pH - T_lX) i M. Boudaud et. al., PoS (ICRC2019) 038
- &gy + e i
o(pH - pX) X s '
; 10" ’[
» Possibility to measure cross sections at different CM energies % - e M MWWWWM”
_ - I 2 > s s
» Light anti-nuclei production: pp, pHe — d, H, &
a;\; 107) Xr“ = T::' 10
» pp, pHe — m, K to model positron source term = i i
R = pc/Ze [GV]
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Opportunities with SMOG2: cold nuclear matter effects

1.6 [T
Heavy lons studies and Cold Nuclear Matter Effects 14 | Eur. Phys. J. C 77,163 (2017)
Study and disentangle effects arising from the structure of the initial state of the :

collision and medium-induced effects

12 |
1.0 Essesmnsssiesasmarsss AT AT
0.8

06 T —— EPPSI6 ]
ipe . 04r e EPS09 ]
- Modification of the nucleon PDFs in nuclear matter 02 | | m—DSSZ

. 0.0 ol sl il
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P/A(.. N2 o
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- 2.5<p <5 GeV/c < 0-010_4 ' 103 ' 107 ' 101 s .
i sisie EPPS16+PYTHIA A €T
1.5~ acss NCTEQ15+PYTHIA |
T el | L] meseem pQCD calculation &0 1.6 [T T
~ ] {1YP (dprdy 1 3 14t
1 2 A Y YT e e g S PR R e B AR L E s « /( I)T ]) U 1.9 -_
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- Au-going p-going 1 O [Py EPS09 |
ol Lo ! ! ! L] D B2 s )SS7,
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Opportunities with SMOG2: strangeness production in PbA vs. pA

T T

¥ b4 oo
:9/10_1_ 2KS 4
Strange/non-strange hadron ratios £ | L
vs. event multiplicity pr and n E o 0]
« K*+K)/(rt+m) fﬁ]a “[H]‘de’] ,
° KS/(n+ + T[_) 1cr25— iﬂﬂﬂtﬁ] - (16)

« (A+N)/(mt+77) 3[ “ M ey
b7 LR e

C @ HEN/@ ) /o

« (@ +2N)/(mt+7) ol s
° 102<chh/d’I>]1nl<0.5

Strangeness enhancement is expected due to:
* high gluon density in the QGP

* dominance of the gluonic production channel for strangeness in the QGP (gg — sS)

* mass of the s quark being similar to the critical temperature T for the QCD phase
transition (~ 150 MeV)
* strangeness formation time similar to the expected lifetime of the QGP. Therefore
strangeness chemical equilibration in QGP is possible, leading to abundant strange
qguark density in QGP

Baryon/meson ratios: p/m, A/K, A/p, Q/,...

oxq) 2.2
s 2

lyl<0.5

ALICE: Pb-Pb at |5,,=2.76 TeV
«— AIKS 0-5%
- N/KS 60-80%
systematic uncertainty
Theory 0-5%
----- Hydro VISH2+1
Recombination

(Fries et al.)
& EPOS

ALICE

PRL111, 222301 (2013)

10 2
P; (GeV/ce)
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Opportunities with SMOG2: quark TMDs

* Theoretically cleanest hard h-h scattering process

quark pol. Unoolarized Drell-Y

U L T npolarized Lrefl-ran * LHCb has excellent u-ID & reconstruction for u*u~
TD: f1 Rl * dominant: C_I(xbeam) + q(xtarget) - ﬂ+ﬂ_

i | — —

g i * suppressed: Q(xbeam) + q(xtarget) - .u+.u
= g1z L * beam sea quarks probed at small x

£ 5 o1
2 fir | gar | b, by » target valence quarks probed at large x

Sensitive to unpol. and BM TMDs for q; < M,

. . i [Nature 590, 561 (2021)]
(violation of Lam-Tung relation)

e [ »» ; [arXiv:1809.04975]
\ * proton sea more complex

. * Lattice QCD: 5(x) # s (x)

LS}

e TTIIIIIII]IIIIIIIII llllllllllllllllllll

doby o« fIRf + cos2¢ hy @h; 1

P

e o o e e e I g T A R AR
o M o 12 I i than originally thought!
i i e d at 800 GeV/c : 8 09— [ systematicuncertainty |\ . ..
< 02f ' NS T NuSea/EBGs : * intrinsic heavy quarks?
® L I _ N 08 === (T18, NLO, SeaQuest kinematics
— , ; § o7F- ek CT18NLO, NuSea kinematis e Still alot to be understood
l ilo - B 7 R
) I ' : X ! :
A PEA - .....-...-.T: e R — _.: 8 l
1= .
£866 @ ENAL —  H & D targets allow to study the antiquark content of the nucleon
™ e T T « SeaQuest (E906): d(x) > u(x) = sea is not flavour symmetric!
P, (GeV/c)
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Opportunities with SMOG2: gluon TMDs

In high-energy hadron collisions, heavy quarks are dominantly produced through gg fusion:

¢ & rryy———ro~Q0 » The most efficient way to access the gluon dynamics inside the

2,

’ }EKUUUU

, A .

' ¥ o 0 proton at LHC is to measure heavy-quark observables

Ne) Xcos -

) — | Mb, Xbo> -

* Inclusive quarkonia production in (un)polarized pp &/m/gl ‘ J/,, ...
interaction (pp(® - [QQ]X) turns out to be an ideal P Y (nS)

observable to access gTMDs (assuming TMD factorization) G ; 92

* TMD factorization requires qr(Q) < My . Can look at associate
quarkonia production, where only the relative g needs to be small:

Eg: ppP >/ +]/v+X

Moy pv,.2
o_ —L[ v 8 (Zorky—gr b 5 Lg]
(I)lk’ T 2n g}l fl _(. M- )hl

* Due the larger masses this condition is more easily matched in the case
of bottomonium, where TMD factorization can hold at larger gr
(although very challenging for experiments!)

Moy VD s
v_ =1 v g (Zyrkir—grkir) ) ig)
- Lige e (M) 4

2M;

pp - J/Y]/PpX
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Opportunities with SMOG2: gluon TMDs gluon pol.

U | Circularly | Linearly
do - MBg— 1M} Qf%;’; . é/jrp Y " 2 |U| A by
dMgodYood?Poo,d2 (2m)28s M3, s _ é L g, hid
{Fl(:\fo.g-ﬁcs)C[f{’fi’](rl.z-PQQr) Q@ x 2 |1 | i o (KA

+F‘2(4‘\"IQQ, 9(:5) C ['LL"Qh'ngh.'ng] (1?1_2, PQQT)

+ ([Fg(i\[gg. fcs) C [wgffh,llg] (x1.2, Poor)+ Fj{(Mgg,fcs) C [wéhllgff] (21,2, PQQT)> cos 2(2505][}-}7‘4(}\[99_ Ocs) C [w4hf'gh.iLg] (1.2, Pogr) cos 4OCS}]

\ Predictions based on CSM + TMD evolution for x;~x,~1073 at forward rapidity [EP) C 80, 87 (2020)]

= - i [
e =12y im =2 0007 Mo = 12000 = b =2 6002 "
1 — I N
30 GeV 8 Gev-l - L _30Gev MV 3. oo | M ErEscon
TS < Vb e 1year
. 8 r 0.25 < |cos B¢g| < 0.5 0.4 C A 4 months
R . e 1t T
s |l , J I/ Azimuthal <
= 47 amplitudes ~ 27
8} 4 .." i
S T ~5%! g 3t :
% 1/ -+ ol
y/ /‘ v W » H
N < At 0.25 < |cos Bcs| < 0.5 : Eppgs:fg‘é‘és MC
a3 o I+
0 " ] | 1 1 ] ] = ] 1 1 1 | | ] ] _ogt X N X X 1 X . X 1
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16 0 05 1
Pyy, [GeV] Pyy, [GeV] X
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Opportunities with SMOG2: UPC and GPDs

Gluon GPDs can be accessed at LHC in Ultra-Peripheral collisions (UPC)

Impact parameter larger than sum of radii

- Process dominated by EM interaction

- Gluon distributions probed by pomeron exchange

Exlcusive quarkonia prod. sensitive to gluon GPDs [PRD 85 (2012), 051502]

Guzey et al.
LHCb Preliminary

=~
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*
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do/dy [mb]

Goncal ves et al.
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**+ [IM+BG

Cepilaet al.

[

First results from
LHCb in PbPb UPC
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3D maps of parton densities in coordinate space
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Opportunities with SMOG2: intrinsic charm

[PRD 75 (2007) 054029]
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