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The SMOG upgrade (SMOG2)

[ 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)
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The SMOG upgrade (SMOG2)

[ SMOG2 TDR]

Technical Design Report

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)
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SMOG2 vs. SMOG:

v' Well defined interaction region upstream of the collider IP (limited to cell
length/position: =541 < z < —341 mm)
v" Increase of target density (luminosity) by factor 8-35 using the same gas load

v' Possibility to inject more gas species: H,, D,, He, N,, 0,, Ne, Ar, Kr, Xe
v’ target density (> luminosity) with much higher precision (few % uncert.)
v" Well displaced int. regions: possibility to run in parallel with collider mode
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The SMOG upgrade (SMOG2)

[ SMOG2 TDR]

Technical Design Report

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)

m

SMOG2 vs. SMOG:

v' Well defined interaction region upstream of the collider IP (limited to cell
length/position: =541 < z < —341 mm)
v" Increase of target density (luminosity) by factor 8-35 using the same gas load

v' Possibility to inject more gas species: H,, D,, He, N,, 0,, Ne, Ar, Kr, Xe
v’ target density (> luminosity) with much higher precision (few % uncert.)
v" Well displaced int. regions: possibility to run in parallel with collider mode

-» Very rich and diverse physics program! (details in backup slides)
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SMOG2 performances

 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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Candidates

Normalised distribution

SMOG2 performances

Number of hits in the VELO detector

and the different event topology
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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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SMOG?2 implementation

Cell installation in August 2020}i

--J.."'""

.

o Mg

3as eed StFmI ~i.
\ ‘~'~. 9\. ) ‘ h

T

v" The system is completely installed: target cell, temperature probes, Gas Feed System, trigger, reconstruction algorithms
v’ Several gas injections performed in the past months with SMOG2 cell and VELO in both OPEN and CLOSED position
v’ ready for data-taking!
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SMOG2 temperature monitoring system

* 5 temperature probes installed on the cell (needed for monitoring during operations and gas density estimates)
* Nominal precision: AT = 0.2 K
e Acquisition system is implemented in the LHCb ONLINE monitoring framework and running
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SMOG2 temperature monitoring system

* 5 temperature probes installed on the cell (needed for monitoring during operations and gas density estimates)
* Nominal precision: AT = 0.2 K
e Acquisition system is implemented in the LHCb ONLINE monitoring framework and running

* Atemperature increase of the cell with circulating beams is expected due to RF resonant modes of the beams

» Largest effects expected with cell in OPEN position (no resonant heating expected in the closed position
according to simulations from the impedance group).
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SMOG?2 temperature monitoring: cell OPEN, circulating beams

LHCb Backaround, Beam Conditio Monitor——BcCM Status—@) Sl et it .
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A ~10 °C temperature enhancement (12°C — 22°C) is observed with ~70 % of LHC circulating bunches

Cell prototype tested up to 130 °C with no consequences!

—
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Step-by-step VELO closure with circulating beams

LHCb Lumi rate

f

\

SMOG2

A

temperature probes

Yy VY

7
8
8
e-8
32 340
8
i
\
£
=]
o
z
26 * 32
‘ \
5 I\
14
S === A \
20 ‘ 316 15
|
>
>
304
17:10 17:20
imestamp (LOCAL time)
VGPC.PE412.IP8.VE.PR =— VGPC.PE411.IP8.VE.PR —— LHCB.VELO:GAP == LHCB:LUMI_COLLISION_RATE = DIP.LHCB.SMOG.SMOG_T4_C_center: ACQUISITION
—— DIP.LHCB.SMOG.SMOG_T3_C_downstreal m:ACQUISITION = DIP.LHCB.SMOG.SMOG_T2_A_downstream:ACQUISITION = —— DIP.LHCB.SMOG.SMOG_T1_A_upstreal m:ACQUISITION

VELO gap size

* Temperatures vary during VELO movements, slopes depend on VELO gap, smooth/mild increase observed in closed position

 Temperature always < 38 °C (cell tested safely up to 130 °C)
* Temperatures fully recovered in ~ 20 min after beam dump and VELO opening
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First gas injections in RUN3 (June 2022): cell OPEN, circulating beams

Low pressure Ne injection

Pressure increase into the primary vacuum Vacuum recovery after the gas injection stop
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First gas injections in RUN3 (June 2022): cell OPEN, circulating beams

Low pressure Ne injection

Pressure increase into the primary vacuum
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Extremely useful not only to test the new Gas Feed
System, but also for the commissioning of the

upgraded LHCb detector!
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First gas injections in RUN3 (June 2022): cell OPEN, circulating beams

Low pressure Ne injection

Pressure increase into the primary vacuum
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v' CALO, RICH and Muon systems recorded activity in
beam-empty bunch crossing configuration!

Extremely useful not only to test the new Gas Feed
System, but also for the commissioning of the

upgraded LHCb detector!

v" LHC official statement: no negative feedback during
gas injection. Green light to inject when needed.
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Towards a full check of the system

e 21/10: first VELO (and cell) closure with 300 circulating bunches (no gas)

L. L. Pappalardo PBC Annual Meeting - CERN - 7-9/11/2022
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Towards a full check of the system

21/10: first VELO (and cell) closure with 300 circulating bunches (no gas)
24/10: VELO (and cell) closed with 600 circulating bunches (no gas)

26/10: VELO (and cell) closed with 1200 circulating bunches (no gas)

28/10: VELO (and cell) closed with 2400 circulating bunches (no gas)

L. L. Pappalardo PBC Annual Meeting - CERN - 7-9/11/2022
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Towards a full check of the system

21/10: first VELO (and cell) closure with 300 circulating bunches (no gas)

e 24/10: VELO (and cell) closed with 600 circulating bunches (no gas)

* 26/10: VELO (and cell) closed with 1200 circulating bunches (no gas)

» 28/10: VELO (and cell) closed with 2400 circulating bunches (no gas)

e 01/11: VELO (and cell) closed with 2400 circulating bunches, injected gas and full LHCb on and running

L. L. Pappalardo PBC Annual Meeting - CERN - 7-9/11/2022
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01/11: first VELO (and SMOG2) closure with circulating beams and injected gas

* Beam stable declared at 19:12

e VELO (and cell) fully closed at 19:34

e Gas injection started at 20:30

* Injected Ar at 1.6x10~8 mbar (a factor 6.5 lower than
SMOG, but density x5.5 higher)

* A steep increase of pressure followed by a stable plateau

e Simultaneous beam-beam and beam-gas data taking
with full LHCb detector ON and running
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» es LSS8 (pbar) ———— —
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01/11: first VELO (and SMOG2) closure with circulating beams and injected gas

* Beam stable declared at 19:12

e VELO (and cell) fully closed at 19:34

e Gas injection started at 20:30
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01/11: first VELO (and SMOG2) closure with circulating beams and injected gas

* Beam stable declared at 19:12
e VELO (and cell) fully closed at 19:34 :
e Gas injection started at 20:30
* Injected Ar at 1.6x10~8 mbar (a factor 6.5 lower than
SMOG, but density x5.5 higher) 5000
* A steep increase of pressure followed by a stable plateau o
e Simultaneous beam-beam and beam-gas data taking
with full LHCb detector ON and running
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* The two interaction regions are clearly visible and
well separated!

PV distributions consistent with simulations
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01/11: first VELO (and SMOG2) closure with circulating beams and injected gas

Beam stable declared at 19:12

VELO (and cell) fully closed at 19:34

Gas injection started at 20:30

Injected Ar at 1. 6x10~8 mbar (a factor 6.5 lower than

SMOG, but density x5.5 higher) 5000
A steep increase of pressure followed by a stable plateau o

Simultaneous beam-beam and beam-gas data taking
with full LHCb detector ON and running
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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!

L. L. Pappalardo

PBC Annual Meeting - CERN - 7-9/11/2022

21



01/11: first VELO (and SMOG2) closure with circulating beams and injected gas

e The shape of the beam-gas

60

40

IH’HI’\H‘H

PVZ distribution, reflects the
DATA triangular  density  profile
0 inside the cell
. | ! | L T . | . . .

L | Il 1 ‘ 1 ‘
-600 -400 -200 0 200

z [mm]
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01/11: first VELO (and SMOG2) closure with circulating beams and injected gas

Po

e The shape of the beam-gas o(2)
= PVZ distribution, reflects the
wE DATA triangular  density  profile _':,2 ;—
ol \ / inside the cell 5 Ta e
0= | —6|00 ‘ I —4‘00 I —250 200
¢ fmm} * Deviations observed in the tails reflect the different

conductance at the two sides of the cell: small conical
aperture on the left, VELO RF foil on the right
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01/11: first VELO (and SMOG2) closure with circulating beams and injected gas
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X
<
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LHCb Upgrade

I Molflow Simulation

Ideal cell

lll|||||l||||”||”|”_||II|||I|III|||I[III|||||III|III|||||I

||IIII|II||III|III|III|III|III|III|III|I

=500 —400

z [mm]

Po

The shape of the beam-gas o(2)
PVZ distribution, reflects the

triangular  density  profile [ —

inside the cell . Ta U

beam

Injection

Deviations observed in the tails reflect the different
conductance at the two sides of the cell: small conical
aperture on the left, VELO RF foil on the right

These distortions are in qualitative agreement with the
Molflow simulation

A detailed study with offline reconstruction will follow
closely

L. L. Pappalardo
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SMOG2 commissioning: next phases

v Low pressure gas injection with OPEN cell (and VELO) and no beam
- test new gas injection system

v Low pressure gas injection with OPEN cell (and VELO) and beam (first SMOG-like beam-gas collisions)
- check luminosity profile vs. gas pressure and first LHCb detector responses

v" Beam on with OPEN cell (and VELO) and no gas
- check temperature profiles (beam-induced cell heating)

v" Beam on with CLOSED cell (and VELO) and gas
-> test mechanical closure, simultaneous collider and fixed-target data-taking
Next steps:
» Perform new injection at higher pressures
» Inject different gas species
» Validate Molflow simulations and trigger/reconstruction algorithms

» Get ready for data taking for physics (also with heavy-ion beams)

I L. L. Pappalardo PBC Annual Meeting - CERN - 7-9/11/2022
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A brief update on LHCspin

L. L. Pappalardo
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The LHCspin project Lﬁc

spin

SMOG?2 is not only a unique project by itself, but also a fantastic playground for the development of a future
polarized gas target for LHCb (LHCspin project)

Run 2 Run 3 Run 4 (proposed)

svo > [swocz> [ iHesin >

LHCspin is an R&D project aimed to implement a new-generation HERMES-like polarized gaseous fixed target in
the LHCb spectrometer.

Pol. target

|_ C Unpol. target
: (SMOG2)

spin

L. L. Pappalardo PBC Annual Meeting - CERN - 7-9/11/2022 27



The LHCspin project Lﬁc

spin

SMOG?2 is not only a unique project by itself, but also a fantastic playground for the development of a future
polarized gas target for LHCb (LHCspin project)

Run 2 Run 3 Run 4 (proposed)

svos > [[swosz > [ iHcsin >

LHCspin is an R&D project aimed to implement a new-generation HERMES-like polarized gaseous fixed target in
the LHCb spectrometer.

protons protons, deuterons

Pol. target ® f

VSNN = 115 GeV

lead ions

protons, deuterons

L C Unpol. target " \'ﬁ —> (__f
. (SMOG2) & B Vswy = 72Gev

spin
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The LHCspin apparatus

J

H,
J Dissociator

.‘\./
I
Sextupole N W

system -; "-
X Atomic Beam Squr 75-80% transverse

' 6 — produces polarized“to
I.Il EI.. biams " pOIarization @ HERMES

MET Izz“f“ l

Se \lupnIL - -

system
1
i
H Target Gas Analyzegr (TGA)
o) — measures atomic
L e
H molecular composition . . .
¥ Chopper Breit—Rabi Polarimet
" — measures nuclear polartz

Target Cell ’ D!D’ %MA
e ""i

;_:zf—':'{:::..”tt:::__”ii:: """""""" - | QMA

’ Beam Shutter l .

SFT  MFT gk‘\'lu‘puln Chopper
[Nll\/IA 540 (2005) 68] system
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The LHCspin apparatus

J

H,
J Dissociator

"
I
Sextupole [N "W

system -; "-
X Atomic Beam Sourcf (ABS)
- ' — produces polarized i

I.Ililll beams
o | =

Sextupole - -

system
;| -

' Target Gas Analyzegr (TGA)

4 — measures atomic 2

" molecular composition

\ Chopper
Target Cell ’ 4 | QMA

Y S ] 3
e | =t s e _j___
o ’ Beam Shutter

[NIMA 540 (2005) 68]

75-80% transverse
polarization @ HERMES

Breit—Rabi Polarimet

— measures nuclear p

..:ﬂ}

----- TJQMA

SFT MFT  Sextupole Chopper

system

ABS & BRP IN VERTICAL LAYOUT — SIDE VIEW

Atomic Beam Source

Breit-Rabi polarimeter

V| Carassiti - INFN Ferrara
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The LHCspin apparatus [Pos (sPiN2018)]

MAGNET INFO FOR THE CELL ACCESS

e e Lo
' 10 T e
q.‘-ﬂ:_K G

VELO

vessel ABS - MAGNET IN TWO SEPARATED COILS

- CSHAPE YOKE OR WITH A SIDE
REMOVABLE PLATE

A
\

-]

PGT cell

* Compact superconductive dipole magnet for static transverse field
to maintain polarization inside the cell and avoid beam-induced
depolarization

L. * Required B = 300 mT with AB/B ~10%

* Need to modify main flange of VELO vessel (inward)
* No need for additional detectors

N * Possibility to switch from dipole magnet to solenoid to realize
o a Longitudinal polarized target in Run5
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The jet target option

Alternative solution with jet target also under evaluation:

* lower density (~10%% atoms/cm?) - about a factor of 40 smaller
* higher polarization (up to 90%)

* |lower systematics in P measurement (virtually close to 0)
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The jet target option

Alternative solution with jet target also under evaluation:

* lower density (~10%% atoms/cm?) - about a factor of 40 smaller
* higher polarization (up to 90%)

* |lower systematics in P measurement (virtually close to 0)
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Conclusions

« SMOG2 setup (cell + GFS) installation fully accomplished during LS2
* The SMOG2 commissioning is ongoing

* Many successful tests have been accomplished in the past months/weeks

Further studies are planned to test higher-pressure injections and use of other gas species as well as to
validate the Molflow simulation and the reconstruction algorithms
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Conclusions

« SMOG2 setup (cell + GFS) installation fully accomplished during LS2
* The SMOG2 commissioning is ongoing

* Many successful tests have been accomplished in the past months/weeks

Further studies are planned to test higher-pressure injections and use of other gas species as well as to
validate the Molflow simulation and the reconstruction algorithms

First tests confirm the possibility to run simultaneously SMOG2 with the collider
mode: a world-wide unique experimental opportunity!
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Conclusions

« SMOG2 setup (cell + GFS) installation fully accomplished during LS2

* The SMOG2 commissioning is ongoing

* Many successful tests have been accomplished in the past months/weeks

* Further studies are planned to test higher-pressure injections and use of other gas species as well as to
validate the Molflow simulation and the reconstruction algorithms

First tests confirm the possibility to run simultaneously SMOG2 with the collider
mode: a world-wide unique experimental opportunity!

* The LHCspin R&D is progressing
* Two alternative configurations are being explored: storage cell vs. jet target
e Simulation studies are ongoing to asses the physics performance
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Backup

L. L. Pappalardo
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Backup 1: Physics cases for SMOG2

L. L. Pappalardo
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Kinematic conditions for fixed-target collisions at LHC

Assuming pA collisions with £, = 7 Tel' = /[syy = 115 GeV X Q -
2 =~
VSNN

y =5 (6~1°)

'\/S = yem =0

2m . ox = L -

p XfF = T ~X1— X2 < 0

y =2 (§~15°) |max(py)|
= Yem = —3

2<Yiucp <5 = -3=ym=0

100 L Current polarized DIS ep data:
oCERN ADESY ¢JLab6 o SLAC T‘JLab-12 YYYYVYYVYYLANY

Complementarity is the key!

I Current polarized RHIC pp data:
o PHENIXx" 4 STAR 1-et v W bosons

In the fixed-target configuration 10°L
LHCb allows to cover mid-to-large x
at intermediate Q? and negative x;.

* Partial overlap with RHIC kinematics

« 12 GeV Jlab probes large-x at small Q?

-y
(=]
N

T T T

* EIC will mainly focus at small-x and large Q?

Q2 (GeV?)

10k
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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 1013 3 x 103! 4.3 0.3 x 108 9
pAr 115 1.2 0.6 x 101* 1.8 x 10*! 11 2.5 x 10° 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 101? 0.9 x 10?’1 12 2.5 X 10‘7S 22
SMOG sMOG [ SMOG?2
published result largest sample example

pHe@87 GeV

pNe@69 GeV

pAr@115 GeV

~

Integrated luminosity 7.6 nb™" ~ 100 nb™* ~ 45 pb~!
syst. error on J/i) x-sec. % 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

J

L. L. Pappalardo
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LHC

A rich and diverse physics program

s . Quarks and Gluons
» Cold Nuclear Matter effects (nPDFs, absorption, ...) F quark pol.
» Heavy-ion physics with PbA collisions §°° ° ) U | L T
» Strangeness production / o f1 hi
> Nucleon structure (quark and gluon TMDs) T et Dersy 2 gL | hiy
» Ultra-Periferal Collisions and gluon GPDs e pr——_— = fir | g1 | b, hiy

> Intrinsic charm
» Cosmic-rays and DM
> ...

production probability

Tk 4

10—3

¢ PAMELA 2012
¢ AMS-022015

=

10~4}

\
\
Sl & 1.6 - R \ |
N | ) \
% T 14 . L SR
& O 12 = without IC —___ 9§ |||]| |
10-5¢ — Fiducial T 1.0 - C ]
Uncertainty from: Cross-sections e 0.8 BT [ERDT5 (2007) 054029]
Prf)pagation :}' 0.6 [ == EPPSI16Y ! i 4 BHI::S with CTEQ6.5
B Primary slope§ : ) pPre———— e EPS09 ‘1; i 10 E_ C , C at Mm= 2 GeV
168 Solar modulation L 02 w— [)SSZ g r | |
1 1 1 1 - laad ) M ‘A“l 1 3 s sl " 3 4 3
1 5 10 50 100 (Sl ()'() z ; 2 - _3 111 |_2 1 11111 II_ 1 1 111 O
Kinetic energy T [GeV] 10 10 u’). 10 1 10 10 - 10 10
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https://arxiv.org/abs/1703.10157

Opportunities with SMOG2: heavy-ion physics

» New measurements of prompt charm production with a significantly increased statistical power. New measurements
can also include charmed baryons (e.g. AY).

» Measurements can be extended to charmonium excited states. Relevant for studying the sequential charmonia
suppression
arXiv:hep-ph/0512217

= Sequential suppression - screening
T_ED
ks (different binding energies lead to
- different dissociation temperatures)
o
g
10:: LHC
o @5.02 eV QCD Phase-Space
Temperature (Energy density) e i
% 200F §
= Quarks and Gluons
» Possibility to measure prompt beauty production (7k reconstructed ' Sutiebrolng
— . — . 3
Y(1S) - utu~ events are foreseen with L~45pb~1 in pAr 5 \
. . Q 100} = Hadrons /5,
collisions) £ s o %
L A & %
. . = & »
» Measurement of QGP-related flow observables and correlations in Pb- ) & %
. . Color Super-
A collisions at \/syy ~ 70 GeV / Neutron stars  conductor?
.ed-target ¢ : 7/
Nuclei Net Baryon Density
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Opportunities with SMOG2: cold nuclear matter effects

. & 1.6
Heavy lons studies and Cold Nuclear Matter Effects g 14 | Eur, Phys. J. C 77,163 (2017)
12 =
Study and disentangle effects arising from the structure of the initial state of the f L0 e
collision and medium-induced effects 5o ,
S 8-2 r == EPPS16 ]
e . ) H 04 e EPS09 ]
- Modification of the nucleon PDFs in nuclear matter e I w00

- High-x parton PDFs 0 10° 10’ 10 I
- antishadowing, EMC effects

- Cronin effect =
- nuclear absorption =
Dl r. 9% T
RA(J Q2) _ fi (‘L7Q ) N“ :
B B e e e e I A T \* fp(.L QZ) & = EPPSI16§ifi]
- [ ® p+Au—h“+X |s\ =200 GeV - BN N . EPS09 |
ol PHENIX 0%-100% centrality q £, 02 | | S DS;SZ '
- 2.5<p_<5GeV/c | &< 0-010_4 ' 103 ' ]07 ' 101 i 11
- -uan= EPPS16+PYTHIA z
1.5 4¢4< NCTEQ15+PYTHIA
T el | L] meseem pQCD calculation &0 1.6 [T T
~ : 1YP (dprdny 1 3 4F
1 > A Y YT e e g S PR R e B AR L E s « /( I)T ]’ U 1.9 -_
L R atote pPA = 1Y PP /d prdr ' N o= S -
- SOITREST | ¢ /dprdn  (Neon) T 1.0
0.5F- PHYSICAL REVIEW C 101. 034910 (2020) ] 5 o [ .
. . : . 6 B = EPPSI6'
- Au-going p-going 1 O [Py EPS09
ol I ! ! ! 1] S_02F m— DSSZ
3 =2 1 o0 1 2 3 & 0.0 Lol il il
n 10" 10” 10° 10" 1
T
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Opportunities with SMOG2: strangeness production in PbA vs. pA

Strange/non-strange hadron ratios
vs. event multiplicity pr and n

e (K*+K7)/(n"+7m)
e K¥/(mt+m)

e (A+A)/(xt+1)

c (E+EY/(nt+7m)
c W +0Y)/(xt+1)

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

~ T
B2
+ [ﬂ] [ﬂ] [ﬂ][ﬂlﬂ] . o
o e Baryon/meson ratios: p/m, A/K, A/p, Q/,...
o101 _
a i oD o
o iy 22¢
o) _ R ““F <05 ALICE: Pb-Pb at {5,,,=2.76 TeV
> A+A (x2) s 2k 1
2 z E «— AKS 0-5%
£ g @ by, b - AK2 60-80%
o - 16 : g
4T (6) : systematic uncertainty
i 14F ‘ Theory 0-5%
EHJ [H] [H] [HJ 1.2 3 U W Hydro VISH2+1
5 J Recombination
102 H‘HIH] QT (x16) ] : » — (Fries et al.)
i ﬁﬂ ] 0.8F - s EPOS
[ “ § 0.6 F Y,
ALICE b
r ® pp.s=7TeV 04F ¢
Ly 5 O p-Pb, {5 =502Tev | b
[ O gb-Pb\,(\(_NsNEﬂJs Tev 0.2} 1 : : B : |
r — ;:/F:I'SI-iJAS 00 2 4 8 10 12
: smee EPOS LHC pT (GeV}' C)
‘ ALICE
-3 _
107 7 .\.\.1.|0 L .\..\1.62 L ..m{l3 PRL111, 222301 (2013)
<chh/d ’I>]nl< 0.5
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Opportunities with SMOG2: nucleon structure

» SMOG?2 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 insufficient to
constraint the theoretical distributions.

» Measurements of quark and gluon transverse-momentum-dependent (TMD) PDFs, respectively in Drell-Yan and

inclusive production of quarkonia (J/y, ¥/, Y, etc.), will significantly improve our understanding of the 3D structure of
the nucleon in the non-perturbative regime of QCD.

Unpolarized Drell-Yan quark pol. gluon pol.
U L T Nes Xcos - U | Circularly | Linearly
3 |U| A hi U%?T @ 3 |Uu| £ B
E) giL i \_gfgggﬁl\‘ N Y (nS) é L o hs
2 (1| r5 g | o ik @ " X 2] o [non
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Opportunities with SMOG2: quark TMDs

nucleon pol.

quark pol.
U L T
Ja hy
giL hiy
fir | g1r | ha, th

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

(violation of Lam-Tung relation)

Unpolarized Drell-Yan

DY q q 1,q 1,q
dogy & fi ®f," + cos2¢ hi""®h]

03 T T T T

- = p + pat 800 GeV/c _
_|‘_1' o p+dat800 GeV/c I
o 02 ) A
=3 I -f
— ]

L
o A A AN WA A A A

T

E366 @ FNAL

[T00Z8T 600C 0T 1¥d]

1

15 2
P, (GeV/c)

25 3 35 4

* Theoretically cleanest hard h-h scattering process
* LHCb has excellent u-ID & reconstruction for u*u~
* dominant: C_I(xbeam) + q(xtarget) - ﬂ+ﬂ_

+ suppressed: q(Xpeam) + G(Xearger) = HTH™

* beam sea quarks probed at small x

» target valence quarks probed at large x

[Nature 590, 561 (2021)]

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

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

LS}

e TTIIIIIII]IIIIIIIII llllllllllllllllllll

P

’i .........
A . i than originally thought!
09— [ systematicuncertainty |\ . ..
3 NuSealEsed : * intrinsic heavy quarks?
08 === (T18, NLO, SeaQuest kinematics
07 w\xex CT18, NLO, NuSea kinematics ° Stl | | a IOt to b e un d erstoo d
a8 A R B !

0.1 0.2 03 0.4
Xl

 H & D targets allow to study the antiquark content of the nucleon

« SeaQuest (E906): d(x) > ti(x) = sea is not flavour symmetric!

L. L. Pappalardo
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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 -

) — Nb) 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) C ‘, &y,

* 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

M oo pv;2
o L[ pv g (Zorky—gr by
V=518 fi ~ (o

)]

* 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 V/M3g — M3 Q e Y+Y s |U| A hy?
2 = 2Q¢ M2 g g lg
W g \"‘-\{;ff:_\ Q v b
{Fl(f‘fQQ-f)cs)C[fiqff](rl.z-PQQr) O * X 2 (T fir| gir |h, hi7

+F>(Mgo,fcs) C [thiLgh.'ng] (r1,2,Pgoor)

+ ([Fg(i\[gg. fcs) C [wgffh,-ng] (r12,Poor)+ Fé(JWQQ, fcs) C [’wéhil'gff] (1,2, PQQT)> cos 2¢CS]E}-F4(1\IQQ, Ocs) C [w:lhf'ghiLg] (z1.2, Poor) cos 4OCS}]

\ Predictions based on CSM + TMD evolution for x;~x,~1073 at forward rapidity [EPJ C 80, 87 (2

= % R
MW %% 8:& bTIIm = Z gg& 1 MW = %% 8ex bT'Im S 2 GeV'i - 0 8
30 GeV 8 Gey-l --- 30 va ggz\\jzl _ §206 W 2years(10 b))
0 —s < 06 ® 1 year
8t 0.25 < |cos 65| < 0.5 04 - A 4 months
S . L 1 B
s .l , I+ Azimuthal <
o~ 17 amplitudes ~ 27
O i 4
S ~5%! g 3t :
2 A7 7 I+ o4l
| Vs (v] B :
=~ 2 > 4t 0.25 < |cos Bcs| < 0.5 g EPOS+Pythia MC
- o~ _06 L pp Vs =115 GeV
; J/p+l/y
0 =" | | ] | | J = ! 1 1 I | | 1 ] 08 \ 1 . N : 1
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16 ' 05 1
Pyy, [GeV] Pyy, [GeV] X
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Opportunities with SMOG2: gluon TMDs

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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https://arxiv.org/abs/1112.1334
https://www.ilnuovosaggiatore.sif.it/issue/10
https://www.sciencedirect.com/science/article/pii/S0375947418303506?via%3Dihub

Opportunities with SMOG2: intrinsic charm [PRD 75 (2007) 054029]

: T T LI III| T m1TTT III| T T T TTT II:
Intrinsic heavy-quark 10—2 _|
e 5-quark Fock state of the proton may contribute at high x! . .
. 3 ]
 charm PDFs at large x could be larger than obtained from b ]
conventional fits o073 b :
N - (=
™ C 11
b - 1}
- [PRD75 (2007) 054029] I
_, | BHPS with CTEQ6.5
1007 F C,C at u=2Gev
: 1 1 1 1 IIII| 1 1111 III|
1073 1072 10~1 100
X
Q 0.1_ T LA B A e 't 'tl R
E == sta 2
. .o . . S B LHCb 1 statﬁBsyst 1
* Significant contributions of IC expected at large x L 0.08¢ V3 =13TeV ) =
Ty 6fb~? ]
. . 1 ]
* First search performed with SMOG [PRL 122 (2019)] . %0-06_ i ' -
* New intriguing LHCb results with pp collisions at 004:_ = — : _
large rapidity [arXiv:2109.08084] [ NLO SM S
. . . - ® PDF4LHC15-No IC L] R
e Still to be lnvestlgated! 0'02__ ® NNPDF 3.0-IC allowed 7
g [ 4 CTI4+BHPS (z)ic = 1% 1
L P T ST TUuhy TR (I Tocd Y VN DL ST TR [0y Rt S WY Ak N P
) 25 3 35 4
y(Z)
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https://arxiv.org/abs/1810.07907
https://arxiv.org/pdf/2109.08084.pdf
https://arxiv.org/abs/hep-ph/0701220

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:
o(pHe — pX)
o(pH - pX)

where many systematic uncertainties cancel

1073

¢ PAMELA 2012
¢  AMS-022015

25/,

» By injecting H, and D, it will be possible to test isospin symmetry in the ratio:

— 107% / —  Fiducial
o (pD - pX ) ° Uncertainty from: Cross-sections
— Propagation
) (pH - pX) B Primary slopes

Solar modulation

. . . . 10-6 : ‘ ‘ :
which can allow to put constraints on the unknown production ratio 1 5 10 50 100

Kinetic energy T [GeV]

o(pH — nX)
o(pH - pX)

» Light anti-nuclei production: pp, pHe — d, H,

» pp, pHe — m, K to model positron source term
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SMOG2 commissioning phases

1. Low pressure gas injection with OPEN cell (and VELO) and no beam
- test new gas injection system

2. Low pressure gas injection with OPEN cell (and VELO) and beam (first SMOG-like beam-gas collisions)
- check luminosity profile vs. gas pressure and first responses of upgraded LHCb detector

3. Circulating beam with OPEN cell (and VELO) and no gas
- check temperature profiles (beam-induced heating of the cell)

4. Circulating beam with CLOSED cell (and VELO) and low-pressure gas
-> test mechanical closure, simultaneous collider and fixed-target data-taking
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Backup 2: H2 injection studies for SMOG2
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SMOG?2: H, injection studies

 NEG (non-evaporable getter) coating is used is some sections of the LHC beam-pipe and in the VELO RF foil to ensure
low SEY (Secondary Electron Yield)

* Due to their small mass and high reactivity, hydrogen atoms are easily absorbed by the NEG coated surface and can
cause embrittlement of the coating and peel-off in the beam pipe.

S
r"}'i".-"'f .-'f .-""'.. ,-:-:-ﬁ Hydride related

e: Modi, Poojan, and Kondo Fa Ag yZ Romtmp erature emetalhyd rides for crack formation

tt nary and heat storage applications: A review." Fro. t in Energy Research 9 (2021): 128.

* An extensive H, load can result in a partial saturation of the NEG coating, which would prevent further hydrogen
absorption

* Simulations and laboratory studies are needed to quantify the extent of the saturation induced by H, injection and
the consequent enhancement of the SEY, as well as possible effects of embrittlement and peel-off

A crucial parameter is the sticking coefficient: ratio of atoms/molecules that "stick" to a surface to the total number of
atoms/molecules that impinge upon that surface in the same time. A small sticking coeff. (saturation) implies reduced

pumping capabilities of the NEG coating.
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SMOG?2: H, injection studies

* Molflow studies of H, and N, adsorption on NEG-coated surfaces in the LHCb
environment (C. Lucarelli)
* Simulations based on actual geometry of SMOG2 cell and VELO RF foil

H, (preliminary) results:

Xc vs zc (time, tot£1 22 h)l XC VS zC (timeftot£5.54 h) l

zsj ..... “a o & a oo1s§ § “FE ees e0eese a & a aa omg H ini i
P 1118 -;;;;' g };;;; i * After 96 h of continuous injection, only a small
E # .......... M e ,\,,,gﬁ;;m fraction of RF foil is saturated (first 7-8 cm)
sE SCss " e e ienfeaie
- w -‘:: MMv&\ ﬂ' «;:----.M
Ore= A ‘vv‘\oooo “““’“"V"‘V‘i 0.008 05, \oooo ‘oooo*WVWV“ 0.008
st IR :"’"‘-:::,f?-:::tw :> B < LY IOTT e The propagation of saturation through the RF foil
e - ::::ﬁ:::ﬁ‘ﬁ‘ﬁ = slowsdown progressively with time
o o « Vacuum experts ensure that these results suggest
possibility to safely inject hydrogen for short runs
3 ! ! ! ! ! ! s 3 %« Experimental studies of NEG coating
osEy Aty S ki embrittlement/delamination,  saturation
o W+ srrer gl |:> [ and SEY with high and low pressure H
e S o A~~~ I one oRT Wi e o Pressire
ol - -.W s e -‘;;;;.W e injections interleaved with reactivation
U T R A AT I -2 MHETIINY e cycles are being performed by the vacuum
T TR e group (see backup slides)
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SMOG?2: H, injection studies

e Saturation measurement performed by the vacuum group (David Maté Parragh) with dedicated experimental setup

Witness samples placed at the
entrance of the pipe

1.E+03
1.E+02
1.E+01
1.E+00
1.E-01
__1.E-02
§ 1.E-03
3 1.E-04
g 1.E-05
® 1.E-06
& 1E-07
1.E-08
1.E-09
1.E-10
1.E-11
1.E-12

0

measurement
N \

SVT-2  SVT-1

Full-range gauge (FRG)

Q 9

2m,®3.5cm NEG chamber

l Bake-out H Activation |P

= ECG-1

kR

@1cm conductance

Membrane
e (O
(CMR)

RGA

vy Sticking coefficient

——

Y

*i *| *°
=P |_J rRrGlower

§ 230°C

= ECG-2

| | ] | . .

120°C \
20°C

7

ECG-3

14
Time (day)
FRG —Temperature of test pipe

- 1200

r 1000

- 800

- 600

- 400

Pumping
group

I Gas injection

V=

r 1400

Temperature of test pipe (°C)

r 200

25.51

2m long NEG coated DN40 304L stainless steel pipe:

© & NS

1.2144g (0.0223mol) NEG coating

2200cm? surface area

Experimental procedure:
Bake-out and activation (230°C for 24 h)
H2 sticking coefficient measurement

High pressure H2 injection (1 mbar)
— afterwards: static vacuum (2 h) + 24 h pumping

H2 sticking coefficient measurement

High pressure H2 injection (1 mbar)
— afterwards: static vacuum (2 h) + 24 h pumping

(H2 sticking coefficient measurement)
Reactivation (230°C for 24 h)
H2 sticking coefficient measurement

Venting, witness sample retrieval, and visual
inspection

\

Repeated
> 6 times

~/

L. L. Pappalardo

PBC Annual Meeting - CERN - 7-9/11/2022

56



SMOG?2: H, injection studies

e Saturation measurement performed by the vacuum group (David Maté Parragh) with dedicated experimental setup

N 1.E-02 o
1. Bake-out and activation (230°C for 24 h) @ activation

A high pressure injection

2. Sticking coefficient measurement ¢ reactivation

3. High pressure injection (1 mbar)

— afterwards: static vacuum (2 h) + 24 h pumping E
()]
4. Sticking coefficient measurement &
| o S 1.£-03 ¢ o
High pressure injection (1 mbar) ° %
— afterwards: static vacuum (2 h) + 24 h pumping £ %
6. (Sticking coefficient measurement) § } } l
7. Reactivation (230°C for 24 h) } *
. . . 1.E-04
9. Venting, witness sample retrieval, and 0 1 5 3 4 : 6
visual inspection Cycle

» Sticking coefficient decreases with increased quantity of absorbed hydrogen
* only partially recoverable with 24 h reactivation at 230 °C

L. L. Pappalardo PBC Annual Meeting - CERN - 7-9/11/2022 57



SMOG2: H, injection studies

RN Y N e
* No visible sign of peel-off in the beam-pipe at 1 mbar injection pressure
* Coating delamination needs further studies with flat samples

2.2 ——HP-0 As Received
2 ——HP-0 Activated
O ——HP-1 Activated
EHT = 5.00kV : Width = 114.3 ym = lg= 100KX U 1'8 +HP-2 ACtivated
[t fpgrue Size C8000um  Dale 20 0 2022 © ——HP-3 Activated
. >1.6 —+—HP-4 Activated
Top SEM image of HP-6 5 HP-5 Activated
witness sample g 14 | £ 55 eoasee HP-6 Activated
© 1.2
-
S 1
c
808
(/)]
0.6
0.4

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Kinetic energy (eV)

Secondary electron yield of withess samples after 1h 250°C in-situ activation

Endoscopic view of the TiZrV * Anincrease of the SEY is observed after each cicle
coated test pipe after the 61
cycle
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Backup 3: LHCspin performace
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Expected performance

Target
(¢ I, =6.5-10%s~1 (HERMES)

<°* Co=17.41/s (20 cm cell)

L* 60=3.7-10'% atoms/cm?

f

hours of data-taking / polarity

Beam

e 1.2-10' p/bunch (RUN3)
< * 2808 bunches
L * Tpoqm =3.8-108 p/s

0 5 10 15 20 25 30
1 1 1 1 1 1 II
Polarisation degree:
—— P =1.0040.00
0.025 1 P=1.0=b.05
— P=075+005
I
0.020 A :
LHCspin gas: H |
= 6=3.72e+13 cm™2 1
§ 0.015 A Based on pHe SMOG results 1
|
|
I
0.010 = |
|
|
1
0.005 - I
|
]

- 0.25

L 0.20 X

10.31%

o
[
(6]

o
o
o
AANIAN @AN

- 0.05

T T T T T T T :I
0 10000 20000 30000 40000 50000 60000 70000

Jlw—utu~ yield / polarity

L,5(300K) ~ 1.4-10%% cm™%s ™1

L,y(Run4) =~ 5 fb~!

Expected yields for Run4 (Run4+Runb):

Channel Events / week | Total events

T — wtu 194k (434k) | 23M (75M)

W(2S) — utu— 3.5k (7.7k) | 414k (1.3M)

D° - K+t 076k (2.2M) | 117M (380M)
J/pT )y — ptp~pt 77 (170) 930 (3000)
Drell Yan (5 < M,, <9 GeV) | 110 (250) 13k (43k)
T — putp~ 83 (187) 10k (32k)

Af - pK— 7t 19k (43k) 2.3M (7.5M)

assumptions:
e 120 weeks/RUN
 84h/week

e Stat(Run5) ~ /5 Stat(Run4)
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Reconstruction efficiencies
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Kinematic coverage

J¥ — uru-
L —— [-560,-360] mm
- - === [-600,-4!
005 [-600,-400] mm
- el e [-670,-470] mm
- --=- [-800,-600] mm
0.04—
0.03—
0.02/—
0.01
0\\\\‘\\\\‘\\\\‘\\\\‘\\\\ ‘A‘—‘\A‘\\J\I
0 1000 2000 3000 4000 5000 6000 7000 8000
pT(J/\I’) [GeV/c]
JW — pru-
—— [-560,-360] mm
007 --- - [-600,-400] mm
------ [-670,-470] mm
--=- [-800,-600] mm

0.06

0.05

0.04

0.03

0.02

0.01

PR R |

0.25 0.3 0.35

0.4
X

0.045

0.04

0.035

0.03

0.025

0.02

0.015

0.01

0.005

0.07

0.06

0.05

0.04

0.03

0.02

0.01

k=]

JW — urn-
= — [-560,-360] mm
o [-600,-400] mm
e oy P+ TR I [-670,-470] mm
- -=++ [-800,-600] mm
b ]
0.5
W)
— [-560,-360] mm
..... [-600,-400] mm 4
-------- [-670,-470] mm
==+ [-800,-600] mm
L |
0.4 -035 -0.3 -02 -0.15 -0.05 0 0.05
Xg

Q? [GeV?/c?]

p_(J/¥) [MeV/c]

40

JW — u*u- [-670,-470] mm

35

30

25

20

10

8000

1072

107

JW — p*u-[-670,-470] mm

7000

6000

5000

4000

3000

2000

1000

PR

PRI TR AR AT ATRTERTE IR

&
=

-0.35

-0.3

-0.25

-0.2

102

107"

L. L. Pappalardo

PBC Annual Meeting - CERN - 7-9/11/2022



A preliminary analysis tool for pseudo-data

A pseudo-data set based on a transversely Pol. H target has been generated to study the interplay between statistical and
systematic (due solely to the measurement of the polarization) uncertainties.

Similar approach used at HERMES (Appendix C of [JHEP, 12:010, 2020]):

Use official LHCb MC data for inclusive production of J /1 — u*u~ in fixed-target configuration (PYTHIA8 + EPOS)

Assign to each simulated event a target polarization state (T or |) using a random extraction modulated with a model for
the cross section (in this way we introduce a spin-dependence in the simulation)

The model assumes a dominant sin ¢p modulation (e.g. sensitive to the gluon Sivers) plus a suppressed sin 2¢ modulation
(to account e.g. for possible higher-twist contributions). Both terms depend mildly on the kinematics (x, pr):

1 — 7T T 7 o T
p=— {1-}- (al -+—a2x nd +agu> sin ¢ + <b1—|—b2‘7j nd +b3u) sian')]

2 Tmax PT mazx Tmax PT mazx

Using these pseudo-data the TSSA is computed in the usual way:

a IN'"—N*
N"pNT+ N

and the uncertainties on N'® (Poisson) and P (systematic) propagated accordingly.
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https://arxiv.org/abs/2007.07755

A preliminary analysis tool for pseudo-data

* The data points are binned in xz and p; (2D binning), represented vs. ¢ and fitted with f = a; sin ¢ + a, sin 2¢ where
the free parameters a; and a, represent the amplitude of the corresponding azimuthal modulation
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308961 events with P = 1.00+0.00 P, €[1500,6000] MeV

PVZ range = [-670,-470] mm

* %
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x¢ €[-0.06,0.04] % ©1:0.04,0,05)

The extracted parameters a; and a, are
consistent with those used to generate
the model (no bias is observed)

With the available MC statistics
(corresponding to 2 weeks of data-taking)
there is no sensitivity for the sin 2¢ term

The amplitudes a; are the reported vs.xp
in bins of p (and vice-versa)

A mild kinematic dependence is observed
consistent with the model
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Statistical vs Systematics uncertainties

* This analysis tool allows to study the interplay between statistical uncertainties and systematic uncertainties (due to the

measurement of the polarization) under different data-taking scenarios

pPr (MeV) Irp ay (AP - 0%) ay (AP - 5%) al (AP p 20%) ay (AP p 50%)
0,1500] -0.70,-0.09] | 0.090 + 0.013 0.089 £+ 0.013 0.087 £0.014 0.087 £+ 0.022
0,1500] | [-0.09,-0.06] | 0.104+0.011 | 0.104+0.012 | 0.103+0.016 | 0.100 =+ 0.027
0,1500] -0.06,-0.04] | 0.098 & 0.012 0.098 £+ 0.013 0.097 £ 0.016 0.094 £ 0.027
0,1500] [-0.04,0.05] 0.118 4+ 0.014 0.117 £ 0.014 0.114 4+ 0.017 0.113 £ 0.030

1500,6000] | [-0.70,-0.09] | 0.093 £ 0.010 0.092 £+ 0.010 0.090 £ 0.013 0.089 £ 0.023

1500,6000] | [-0.09,-0.06] | 0.108 &+ 0.011 0.108 £ 0.011 0.108 £ 0.015 0.107 £ 0.027

1500,6000] | [-0.06,-0.04] | 0.105 4 0.012 0.105 £ 0.012 0.104 £ 0.015 0.103 £ 0.026

1500,6000] | [-0.04,0.05] 0.105 £ 0.011 0.105 £ 0.012 0.102 £ 0.015 0.102 £ 0.026

* A 5% systematic uncertainty on P has no impact on the total uncertainty on a4

* For AP = 20% the systematic uncertainty amounts to 30-40% of the statistical uncertainty
* For AP = 50% the systematic uncertainty approximately equals the statistical uncertainty
* Weexpect AP = 10 — 15% for the storage cell hypothesis
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Backup 4: The LHCspin physics case
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Quark TMDs

* Theoretically cleanest hard h-h scattering process

quark pol. Unpolarized Drell-Yan

U L T P * LHCb has excellent u-ID & reconstruction for u*u~
= f1 Pk * dominant: C_I(xbeam) + q(xtarget) - ﬂ+ﬂ_
a, 1
= n * beam sea quarks probed at small x
3 giL hiy
o i 3 e target valence quarks probed at large x
2 fir | 917 | b1, hip

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

“ 1"‘5_ [Nature 590, 561 (2021)]
q 1,9 1, 13 T e 1 'Y
doly < f1Qf + cos2¢ hy'®h;1 5 e i * Lattice QCD: S(x) # s (x)
12 : TH i : [arXiv:1809.04975]
violation of Lam-Tung relation = "“E}'— .
- = F i R proton sea more complex
sigE- (REP S E00 GeVic 12 I iy than originally thought!
e - O p+dat800GeV/c 1 [~ 09 [ systemat it
a3 : 1lo - ystematic uncertainty ~ [TEATRORUN . . .
= 0'2; ' 1= C —&— NuSea/E866 i * Intrinsic heavy quarks?
b2y 015 F - S 08" T18, NLO, SeaQuest kinematics
= gl ils o7 % 716N Nusea nemates * Still a lot to be understood
! 1o 0'60: T E— e
N 1S | T | |
4O
1| .
£866 @ FNA?ILH  H & D targets allow to study the antiquark content of the nucleon
e e T « SeaQuest (E906): d(x) > u(x) = sea is not flavour symmetric!
P, (GeV/c)
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https://www.nature.com/articles/s41586-021-03282-z?proof=t
https://arxiv.org/abs/1809.04975
https://arxiv.org/abs/0811.4589

Quark TMDs

Transv. polarized Drell-Yan

nucleon pol.

quark pol.
U L T
Ja hy
giL hiy
fiz | g1r | ha, hag

* Sensitive to quark TMDs through TSSAs

DY _

N

* Extraction of gTMDs does not require knowledge of FF

» Verify sign change of Sivers function wrt SIDIS

» Test flavour sensitivity using both H and D targets
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https://arxiv.org/abs/1807.00603
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Gluon TMDs

gluon pol.

Theory framework well consolidated ...but experimental access still extremely limited!
U | Circularly | Linearly

Similar naming/notation of quark TMDs, but there are important differences!

2 Ul ff by . .

& f i * the linearity gTMD (hf) is completely unrelated to the T-even | T-odd

- g g . .

3 L 9iL AhlL// quark transversity (hf), and has no collinear counterpart q h{ h*
7

5 T | £:2 a he Vs : - . : lg g

= 11 911 1 Jl1 » different naive-time-reversal properties g h; hy

Also the gTMD phenomenology is enriched by the process dependence originating by ISI/FSI encoded in the gauge links.

The gluon correlator depends on 2 path-dependent gauge links, resulting in a more complex process dependence

&r! &r
“Future pointing” i = — — = »

Wilson line (“+”)

“Past pointing”
‘ . : _ . Wilson line (“—")

= == ®
> = !

& &

Depending on their combinations, there are 2 independent versions of each gTMD that can probed in different
processes and can have different magnitude and width and different x and k; dependencies!

» E.g.there are 2 types of f;7 and hfg: [+ +] = [— =] Weizsacker-Williams (WW) ; [+ —] =[—+] DiPole (DP)

e 2indep. GSF: Lol “f-type” = antisymm. colour structure ; Lo+~ “d-type” - symm. colour structure
1T 1T
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Probing the gTMDs

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

Q

£,

99}]33 TETEE
£ o
oY

* Inclusive quarkonia production

& s y——0
L

g o p——20»©

)

in (un)polarized pp

interaction (pp(® - [QQ]X) turns out to be an ideal e

qr needs to be small:

Ne Xcos -
- Np, Xbo) -
@\

Y(nS)

observable to access gTMDs (assuming TMD factorization) C ' "
« TMD factorization requires qr(Q) < M,. Can look at = o PPINMITYX
> T T ’ I Do
associate quarkonia production, where only the relative S Gaussian ff, <kp> fit —
a\ over [0 ;<M,,>/2]
5 0.3 ] A
A o LHCb data without DPS ——
Eg: ppD > /W +]/P+X (> Alice) $ oz WMyy>=8GeV -
A <k2> = 3.3+0.8 GeV?
* Due the larger masses this condition is more easily E:o 0.1 _[_+ rodiicod 32 =056 -
matched in the case of bottomonium, where TMD IS +_'+
. . o & LT ey
factorization can hold at larger gy (although very S 0 n . : =
I o 2 4 6 8 10 12 (p)
GeV]

challenging for experiments!)

P\VWT [

The most efficient way to access the gluon dynamics inside the
proton at LHC is to measure heavy-quark observables

- ’ gy 2
wv_ =L [ v g (Zyrkirer ki) g el
(Iyt’ - l\ﬂg'l fl 7( 151,1_ ]hl |

First extraction of flg
from LHCb di-J /¢
production data at
collider energies
[Lansberg et. al.]
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https://inspirehep.net/literature/1628653

Probing the gTMDs

do

N2 AN 2
/M3 —4M3

dMgodYood?Pgo,d2  (2m)28sM324

{Fl(MQQ- fcs) C [fiqfi’] (1.2, Poor)

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

Q 0 _ (J/e+]/Y

N

3 |

4N

U@; \,

Y+Y

nucleon pol.

gluon pol.

U | Circularly | Linearly

fi !
911 by

7| gl B b

- ([Fs(i‘fgg-ﬂcs) C[.w:sffhfg] (z1,2, Poor)+ F3(Mgg,fcs) C[wéhllgff] (21,2, PQQH) cos 2¢CS]E-F4(MQQ.OCS) C[uthghf—"] (z1.2, Pogr) cos décs

)

\ Predictions based on CSM + TMD evolution for x;~x,~1073 at forward rapidity [EP) C 80, 87 (2020)]
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https://arxiv.org/abs/1909.05769

Probing the gluon Sivers funct. Do Bo gluon pol.

) ]/, ircular ine:
U%fl ‘ U | Circularly | Linearly
27 ,' 3
po ~ % — q lg
’ T , €1 PTp AST(, L N o (Ul fi hy
;11 L pr =T f (/ \ N
2 My, > 7 X § L 9iL h
5 T| k) g% | RS R
 Sheds light on spin-orbit correlations of unpol. gluons inside a transv. pol. proton z 3 i .
* sensitive to color exchange among IS and FS and to gluon OAM
» expected to be quite small (quasi-saturation of Burkardt sum rule by fqu and QCD predictions in large-N, limit)
e can be accessed through the measurement of the TSSAs in inclusive heavy meson production
N — P 0_ OC [f1T (xar kJ_a)®fg (xb: klb)®dagg—>QQg] Sin ¢S +
Predictions for poI FT meas. at LHC (LHCspin-like) [Phys. Rev. D 102, 094011 (2020)] 0o —
08 . . 08 . . - LHCspin simulation 12 psrean o0 500
Vs= 115 Gev Vs = 115GeV 0.06— b
0.6 | Pr=3GeV pp’ —>]/1./)+X ] 06F y=-2 pp' —>]/1/J+X ] = = /WX U/ - pw) ;J‘E} l.
oaf L ILIIIIIIII I ] 04 °—°55—
o2f e . 0.2 °‘°4;_
<):Z OFcnci T f 0 o,ogf—
02 F . 0.2 ] 0.02F-
CGINRQCD f-type CGINRQCD f-type C
04k CGINRQCD d-type 1 04 CGI NRQCD d-type ] C
CGINRQCD quark CGINRQCD quark 0.01— :
06 CCPMNROED o] 06 CCPVNRGED -+ ] : A
08 it . . GPM CSM 08 BKil . . GPM CSM T e Y R R X R 0.05
03 02 0.1 0 0.1 0.2 03 ' 1 2 3 4 5 :
XE Pr (GeV)

L. L. Pappalardo

PBC Annual Meeting - CERN - 7-9/11/2022

72


https://arxiv.org/abs/2007.03353

Merging spin physics with heavy-ion physics

* probe collective phenomena in heavy-light systems through ultra- lead ions pol. deuteron
relativistic collisions of heavy nuclei with trasv. pol. deuterons m.'

. polar|z.ed Ilght target nuclei offer. a unique opportl{nlty to cor-mtr?l - “A‘_) —
the orientation of the formed fireball by measuring the elliptic 4 Ay JSyn = 72 GeV
flow relative to the polarization axis (ellipticity). ®.

dt+A

unpolarized d+A

Predictions for LHC FT kinematics

2218 16 14 12 10 9 8 7 6 5 4 W3

) I I I T I I T I I )
i~=0 $-0.08 3
42 % 28pp + df, |5 =72GeV | [B
=
X X 30.06 8
S o
§_0.04 8
= | S
y Y 0.02} S
Vo{®p}=0 v2{®p}<0 v2{®p}>0 0 §
- LI I
. . : . o —_r—
Unpol. deuterons: the j3 = 1 - prolate fireball ~ j3 = 0 — oblate fireball ~ -002; L
R
fireball is azimuthally stretched along the pol. corresponds to v > 0 _0.04f -
symmetric and v, = 0. axis, corresponds to vy < 0 S Y 1 T 17 ¥ vy Ty
centrality
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https://arxiv.org/abs/1906.09045

UPC and gGPDs

Can be accessed at LHC in Ultra-Peripheral collisions (UPC)

GPD | U | L T )
- Impact parameter larger than sum of radii
U H Er - Process dominated by EM interaction
- ~ - Gluon distributions probed by pomeron exchange
L H L Exclusive quarkonia prod. sensitive to gluon GPDs [PRD 85 (2012), 051502]
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=y g I'G Dimuon mass [MeV]
s — 5
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] 3 o Goncal ves et al.
7 5 E m |P-SAT+GLC
._.7 E ++s IM4BG
LHCspin could allow to access the GPD E9 (a key ingredient of the Ji sum rule) L5 A
1 E_ sus GS-hs+BG
1 i 0.5 coherent J /1 prod. st
Jg:§/ dm(Hg(x7€70)+Eg(x7€7O)) O()_i,l)é L;'I‘IIS—ISﬂnct.«»GLC
O - = o fluct. +GLC
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