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LHCb detector and fixed-target setup

» 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]
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LHCb detector and fixed-target setup

» LHCb is a general-purpose single-arm spectrometer,

fully instrumented in 2 <1 <5 and optimised for

detection of charmed and beauty hadrons
[JINST 3 (2008) S08005] [IJMPA 30 (2015)1530022]
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» Since 2015 it can also be operated as a fixed-target
experiment with the SMOG system, by injecting low
pressure noble gases into the VELO vessel.

» Unique opportunity to study pA/AA collisions on
various targets exploiting the high-energy, high-
intensity LHC beams!
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LHCb detector and fixed-target setup

» LHCb is a general-purpose single-arm spectrometer, » SMOG2 upgrade (Run3): a 20 cm long storage cell for the

fully instrumented in 2 <1 <5 and optimised for target gas has been installed in 2020 upstream of the VELO
detection of charmed and beauty hadrons \
[JINST 3 (2008) S08005] [IJMPA 30 (2015)1530022]
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» more gas species:
H,,D,,He,N,,0,, Ne, Ar, K1, Xe

> target density increased by large factor

> Since 2015 it can also be operated as a fixed-target > Precise density (lumi) determination
experiment with the SMOG system, by injecting low > Negligible impact on LHC beam lifetime and LHCb
pressure noble gases into the VELO vessel. performance

» Unique opportunity to study pA/AA collisions on
various targets exploiting the high-energy, high-
intensity LHC beams!
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LHCb detector and fixed-target setup

» LHCb is a general-purpose single-arm spectrometer, » SMOG2 upgrade (Run3): a 20 cm long storage cell for the

fully instrumented in 2 <1 <5 and optimised for target gas has been installed in 2020 upstream of the VELO
detection of charmed and beauty hadrons
[JINST 3 (2008) S08005] [IJMPA 30 (2015)1530022]
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» more gas species:
H,,D,,He,N,,0,, Ne, Ar, K1, Xe

> target density increased by large factor

> Since 2015 it can also be operated as a fixed-target > Precise density (lumi) determination
experiment with the SMOG system, by injecting low > Negligible impact on LHC beam lifetime and LHCb
pressure noble gases into the VELO vessel. performance

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

Find more on talk of L.P. Monday 5
(this parallel session)
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Types of collisions at LHCb

Collider mode

protons protons
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Types of collisions at LHCb

Fixed-target mode (SMOG/SMOG2)
Collider mode

lead ions gas (He, Ne, Ar)
protons gas (He, Ne, Ar)
protons protons
H— «<—™ - > € ‘& ’m > € ‘a\
= | =113 e \v -~ *©
Vs = 13.6 TeV VSnn = 113 GeV LS JSNN = 72 GeV
protons lead ions
/M
D—> —— @ TR
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s e =8 “”ﬁ‘g%
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Types of collisions at LHCb
Fixed-target mode (SMOG/SMOG2)

Collider mode
lead ions gas (He, Ne, Ar)
gas (He, Ne, Ar)

protons
protons protons ’m’
D — A ot ; . %
© > <€ LS

. > € ¢ \,A
Vs =13.6 TeV JSyy = 113 GeV 4 Ay /Syn = 72 GeV
..
protons lead ions
The SMOG program sets the basis for the development
;m\ of a future polarized gas target for LHCb:
P—> < PR R
— ' ( . rotons rotons, deuterons
Sy = 8.2 TeV c""‘l’ / prot protons, deut ~N \

H— <—
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The LHCspin project

The LHCspin project aims to perform spin physics Pol. target
measurements at the LHC through the implementation \
of a new-generation HERMES-like polarized gaseous :
fixed target in the LHCb spectrometer.

Unpol. target

Lﬁ C (SMOG2)
spin
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The LHCspin project

The LHCspin project aims to perform spin physics Pol. target
measurements at the LHC through the implementation \
of a new-generation HERMES-like polarized gaseous "
fixed target in the LHCb spectrometer.

e e
Motivations and points of strenght spin ( )
v unique kinematic conditions (backward CM region, poorly explored large-x region at intermediate Q?)

v’ polarized gas target technology well established (HERMES @ DESY, ANKE @ COSY with high performance)
v’ target experts from HERMES and COSY involved in first person in the design of the LHCspin apparatus

v" marginal impact on LHC beam lifetime and LHCb mainstream physics program and performances

v’ can run in parallel with collider mode (well displaced interaction regions)

v’ can benefit from both protons and heavy-ion beams

v allows also injection of non-polarized gases (a-la SMOG2): H,, D,, He, N,, 0,, Ne, Ar, K1, Xe

v broad and unique physics program (next slides)
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The physics goals of LHCspin

* Multi-dimensional nucleon structure in a poorly explored kinematic domain
* Measure experimental observables sensitive to both quarks and gluons TMDs
+ Make use of new probes (charmed and beauty mesons)

 Complement present and future SIDIS results

* Test non-trivial process dependence of quarks and (especially) gluons TMDs

* Extend our understanding of the strong force in the non-perturbative regime
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The physics goals of LHCspin

* Multi-dimensional nucleon structure in a poorly explored kinematic domain
* Measure experimental observables sensitive to both quarks and gluons TMDs
+ Make use of new probes (charmed and beauty mesons)

 Complement present and future SIDIS results

* Test non-trivial process dependence of quarks and (especially) gluons TMDs

* Extend our understanding of the strong force in the non-perturbative regime

quark pol.
U L T
é fa hy
= i
8 giL h’lL
Q
= ir | gir | b1, hag

Significant experimental progress in the last 15 years!

main results from SIDIS (HERMES, COMPASS, JLAB, - EIC)

Drell-Yan in h-h collisions offers a complementary approach (COMPASS, RHIC)
Several extractions already available from global analyses

Now entering the precision era!

L. L. Pappalardo
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Quark TMDs

nucleon pol.

quark pol.
U L T
J1 hy
giL hiy
7 | gir | by, hip

Transv. polarized Drell-Yan

Theoretically cleanest hard h-h scattering process

LHCb has excellent u-ID & reconstruction for u*u~

dominant: Q(xbeam) + Q(xtarget) - .u+:u_
beam sea quarks probed at small x
target valence quarks probed at large x

L. L. Pappalardo
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Quark TMDs

quark pol.
U L T
g Ji hy
g i
S giL hiy
E ; L
= Jfir | g1t | b, hap

Sensitive to unpol. and BM TMDs
dopy o« fIQfT + cos2¢ hy @hy

violation of Lam-Tung relation
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Transv. polarized Drell-Yan

Theoretically cleanest hard h-h scattering process
LHCb has excellent u-ID & reconstruction for u*u~
dominant: G (xpeam) + q(¥targer) = H¥ 0™
beam sea quarks probed at small x

target valence quarks probed at large x
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Quark TMDs

quark pol.
U L T
g Ja hy
g i
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Sensitive to unpol. and BM TMDs
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violation of Lam-Tung relation

03 e ey e

T T
= p + p at 800 GeV/c
O p+ d at 800 GeV/c

025 |-
02 F
0.15 |

01 F

v ~ hi ®ht

0.05 |

-0.05 F

01 C

L LA L B L

[ ‘;
I

Py (GeV/c)

“TT0028T 600C 20T 14d]

Transv. polarized Drell-Yan

Theoretically cleanest hard h-h scattering process

LHCb has excellent u-ID & reconstruction for u*u~

dominant: Q(xbeam) + q(xtarget) - .u+:u_
beam sea quarks probed at small x
target valence quarks probed at large x

Sensitive to quark TMDs through TSSAs

DY

T
_ lopy —opy

N

p O-gY + opy

4 o £14 1q q
sings 2l ® 1T sin(2¢—¢s) hl ®hl
ur q q UTr YT gy
jl ® 1 1 ®f1
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Quark TMDs

quark pol.
U L T
g Ji hy
g i
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= Jfir | g1t | b, hap

Sensitive to unpol. and BM TMDs
dopy o« fIQfT + cos2¢ hy @hy

violation of Lam-Tung relation
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Transv. polarized Drell-Yan

* Theoretically cleanest hard h-h scattering process

* LHCb has excellent u-ID & reconstruction for u*u~

* dominant: Q(xbeam) + q(xtarget) - .u+:u_
* beam sea quarks probed at small x
e target valence quarks probed at large x

Sensitive to quark TMDs through TSSAs

T l
DY _ lO-DY — Opy

N i) )
p Opy T Opy

q -1g 1q q
sings _ J1 PNT sin(29-¢s) hi” @ hy
ur q q UTr q gy
i ®, 1 ®f

4< M w< 9 GeV/c dM 0.5 GeV/c

[arXiv:1807.00603]
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Quark TMDs
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Sensitive to unpol. and BM TMDs
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Transv. polarized Drell-Yan * Theoretically cleanest hard h-h scattering process
* LHCb has excellent u-ID & reconstruction for u*u~
+ dominant: G(Xpeam) + q(*arger) = HF 1™

* beam sea quarks probed at small x

e target valence quarks probed at large x

Sensitive to quark TMDs through TSSAs

DY _ lagy ~ 9y —y AT, Ofir sy ss) M@ H
N p O-gY + O-éY - -f;l ® 1(] Cour Feft
T oG T Toseeie 3 e Extraction of gTMDs does not require
005; - [arXiv:1807.00603] _g knowledge of EE
o1 S 5 15 3 o S 5 NS0 (0 S
~-005E _exv 4 * Verify sign change of Sivers func. wrt SIDIS
<_o1E _ “asiis 1 L
_0‘15:_14 S 0 +2<yi::<3 _; flT‘])}' - _flT'g”)[lg
-O-Z?fopp%fu(s)zev iiiii;‘ _ * Test flavour sensitivity using both Hand D
027000 03 0405 06707 08 0.9 targets

x!

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

17


https://arxiv.org/abs/1807.00603
https://arxiv.org/abs/0811.4589

Gluon TMDs

sluon pol. _ . . o
il Theory framework well consolidated ...but experimental access still extremely limited!
U | Circularly | Linearly
— s
2 Ul f{ hy?
g L 91 hff
Q v L ¢ ¢ L
2 | T\ fir Jir hi, hyr
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Gluon TMDs

gluon pol.

U | Circularly | Linearly
= g 1g
g ‘
e |U| A hy
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Theory framework well consolidated ...but experimental access still extremely limited!

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

@

R
&

?;3'636366 B
393 .

E ryvee

A

., The most efficient way to access the gluon
» . dynamics inside the proton at LHC is to measure

g\

—— heavy-quark observables
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Gluon TMDs

gluon pol.
U | Circularly | Linearly
o I
g U fi hy?
g L 9ir ! L#j
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2 | T|fir Jir hi, hir

Theory framework well consolidated ...but experimental access still extremely limited!

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

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

L. L. Pappalardo
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Gluon TMDs

gluon pol.

U | Circularly | Linearly
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Gluon Sivers function:

Theory framework well consolidated ...but experimental access still extremely limited!

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

@

£
»

?;UUUUUU ,
% °

DO, DO
J/. Y
Y

e Sheds light on spin-orbit correlations of
unpol. gluons inside a transv. pol. proton

* issensitive to gluon OAM

E ryvee

A

r—’—Q

g\

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

gluon pol.
U | Circularly | Linearly
— I
o |U| f 1 hy?
=) oL 3
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Gluon Sivers function:

e Sheds light on spin-orbit correlations of
unpol. gluons inside a transv. pol. proton

* issensitive to gluon OAM

e can be accessed through TSSAs in inclusive
heavy meson production

E ryssey——-0

+

g 90

10 —0

Pa

\)

Theory framework well consolidated ...but experimental access still extremely limited!

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

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

[fl g(xa' kJ_a)®fg (xb’ klb)®d0-gg—>QQg] sin (pS +
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Gluon TMDs

s]uon pol. _ . . L
il Theory framework well consolidated ...but experimental access still extremely limited!

U | Circularly | Linearly

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

g v A oy

§ L i hil £, e & reysyy———-o0 The most efficient way to access the gluon
B ] o 1 plo ,,J””” . 4 . dynamics inside the proton at LHC is to measure
2 L i ki & e ———0C  pheavy-quark observables
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* issensitive to gluon OAM
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. P [fl (xa' kJ_a)®fg (xb’ klb)®do-gg—>QQg] Sm (pS +
heavy meson production ol
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A synergic attack to gTMDs

[D. Boer: Few-body Systems 58, 32 (2017) ]

DIS | DY | SIDIS | pA = ~vjet X | ep—= e QQX | pp—=nes X | pp— J/pv X Can be measured at the EIC
ep—=ejijX | pp—> HX pp —> Ty X
g [+,+] "W
flg — (WW) | x | X . . v v Can be measured at RHIC & LHC
FrToe) vV v % x x (including LHCb+SMOG2/LHCspin)
=X | pAs Ay iet X | ep—e QOX | pp—mes X | pp— J/by X Can be measured at RHIC and
ep—ejijioX | pp— HX pp— T v X LHCb+LHCsp|n
hy ¢ (Ww) v x N v v
hy 971 (DP) X Vi X X X
DY | SIDIS | p" A= hX | pPA—=~v®jetX | plp—=y7 X ept e QQX
p'p— J/UyX ep’ — € ji1ja X
p'p— J/YJ[v X
e ww) | x X X X v v
o) | V|V v v x x
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Merging spin physics with heavy-ion physics

e probe collective phenomena in heavy-light systems through ultra- lead ions pol. deuteron
relativistic collisions of heavy nuclei with trasv. pol. deuterons /E%
o . . . . . AN N/
polarlz.ed Ilght target nuclei offer_ a unique opportgnlty to cor.1tr?l * \-A_) —
the orientation of the formed fireball by measuring the elliptic 4 Ay Syy = 72 GeV
flow relative to the polarization axis (ellipticity). ®
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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 ,("%s

. polar|z.ed Ilght target nuclei offer. a unique opportgnlty to cor.mtr?l PN \,A—) —
the orientation of the formed fireball by measuring the elliptic 4 Ay Syy = 72 GeV
flow relative to the polarization axis (ellipticity). .

unpolarized d+A

v2{®p}=0

Unpol. deuterons: the
fireball is azimuthally
symmetric > v, = 0.
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Merging spin physics with heavy-ion physics

e probe collective phenomena in heavy-light systems through ultra- lead ions pol. deuteron
relativistic collisions of heavy nuclei with trasv. pol. deuterons mw
° . . . . . ’r ’ /
polarlz.ed Ilght target nuclei offer. a unique opportgnlty 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). 5.

dt+A

unpolarized d+A

v2{®p}=0 v2{®p}<0 V2{¢p}>0
Unpol. deuterons: the j3 = +1 — prolate fireball ~ j3 = 0 — oblate fireball
fireball is azimuthally stretched along the pol. corresponds to v > 0
symmetric > v, = 0. axis, corresponds tov, < 0

L. L. Pappalardo 20th International Conference on Hadron Spectroscopy and Structure (HADRON 2023) - Genova, Italy - June 5-9 2023 27



Merging spin physics with heavy-ion physics

e probe collective phenomena in heavy-light systems through ultra-
relativistic collisions of heavy nuclei with trasv. pol. deuterons

e polarized light target nuclei offer a unique opportunity to control
the orientation of the formed fireball by measuring the elliptic
flow relative to the polarization axis (ellipticity).

unpolarized d+A dT+A

lead ions

~ L e «——
‘ ~ W/SNN=72 GeV

'

.

pol. deuteron

Predictions for LHC FT kinematics
2218 16 14 12

10 9

8 7

6

5 4 W3

I

30'08 208 0 E
:‘;“ Pb +d', s, =72GeV o
X >.0.06 =
S o
5 004 S
= o
Y 0.02} S
v2{®p}=0 v2{®p}<0 v2{®p}>0 0 = g
- =
. , . : a2 —_r—
Unpol. deuterons: the j3 = 1 — prolate fireball ~ j3 = 0 — oblate fireball 002 L
I
fireball is azimuthally stretched along the pol. corresponds to v > 0 _0.04f -
symmetric > v, ~ 0. axis, corresponds to vz < 0 g0z 0304 05 08 07 08
centrality
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The LHCspin apparatus

The LHCspin apparatus consists of a new-generation
installed usptream of the VELO

Pol. target

Unpol. target
(SMOG2)

HERMES-like polarized gaseous fixed target to be
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The LHCspin apparatus

The LHCspin apparatus consists of a new-generation
installed usptream of the VELO

[
L _ J Dissociator
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-l :- Atomic Beam Soun
X — produces polarizedSsterm

SFT I]:[. beams
MFT I% .
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S\VSle
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Unpol. target
(SMOG2)

Target Gas Analyzegr (TGA)
— measures atomic 21
molecular composition ) , .
Chopper Breit—Rabi Polarimetey (BRP)
— measures nuclear polariZatto

l l
— d '
- Ql\':\

I Beam Shutter l l
SFT  MFT St'"_lU!JOk Chopper
[NIMA 540 (2005) 68] system

HERMES-like polarized gaseous fixed target to be
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The LHCspin apparatus

The LHCspin apparatus consists of a new-generation HERMES-like polarized gaseous fixed target to be
installed usptream of the VELO
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The LHCspin apparatus

The LHCspin apparatus consists of a new-generation HERMES-like polarized gaseous fixed target to be
installed usptream of the VELO
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The LHCspin apparatus

MAGNET INFO FOR THE CELL ACCESS

VELO

vessel ABS - MAGNET IN TWO SEPARATED COILS
- CSHAPE YOKE OR WITH A SIDE

REMOVABLE PLATE

v
\

"]

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%

- 00D <L
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The LHCspin apparatus

MAGNET INFO FOR THE CELL ACCESS

VELO
vessel

L PGT cell L

ABS - MAGNET IN TWO SEPARATED COILS

- CSHAPE YOKE OR WITH A SIDE
REMOVABLE PLATE

* 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!
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The LHCspin apparatus

MAGNET INFO FOR THE CELL ACCESS

LHCspin |

4 (13 e L
. Lt

VELO
vessel

L PGT cell

ABS - MAGNET IN TWO SEPARATED COILS

- CSHAPE YOKE OR WITH A SIDE
REMOVABLE PLATE

A
\

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

120000 +50

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

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

- * Possibility to switch from dipole magnet to solenoid to realize
e a Longitudinal polarized target
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The LHCspin apparatus

ABS & BRP IN VERTICAL LAYOUT — SIDE VIEW

Atomic Beam Source

e

Breit-Rabi polarimeter

V] Carassiti - I

yFN Ferrara

Need to develop a new-generation compact ABS and diagnostic
system to fit into the limited available space in the VELO alcove

L. L. Pappalardo
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The LHCspin apparatus

ABS & BRP IN VERTICAL LAYOUT — SIDE VIEW Need to develop a new-generation compact ABS and diagnostic
system to fit into the limited available space in the VELO alcove
Atomic Beam Source
\ / J/W — u'u-PV X track reconstruction efficiency
‘/ = — [560,-360] mm
\ ¢ . 07— e [-600,-400] mm
- [-670,-470] mm
— + ET!"'" =.=-.[-800,-600] mm
0.6 — . —
05— ., L .
o.4f— :
L -t- r----i
0.3 = e :
0.2 . ,_|_}
\ 0.1 " : .
Breit-R bi pOIarimeter 0:1 H_";' ll"Ll- = —'F-I.-I PRI TR ST N ST A R ———
2 2.5 3 3.5 4 4.5 5
Jpsi_TRUEy
Vi Carassiti - INFN Ferrara
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Expected performance

Target Beam (Run4)
(+ Iy =6.5-10"s"1 (HERMES) (=« 2.2-10 p/bunch L,y#(300K) =~ 2.5-10%? cm~?s™!
< Cei=17.41/s (20 cm cell) < * 2760 bunches ‘
~ -1
L* 6= 3.7 -1013 atoms/cmz e Ibeam — 6.8 - 1018 p/s LpH(Run 4‘) ~5 fb

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



Expected performance

Target
(+ [, =6.5-10%%s~1 (HERMES)

Beam (Run4)
e 2.2-10% p/bunch

f

y° Cot=17.41/s (20 cm cell) <+ 2760 bunches
- .1013 2 _
L* 0=3.7-10% atoms/cm ¢ Tpeqm = 6.8-1018 p/s
hours of data-taking / polarity
0 5 10 15 20 25 30
: Polarisation degree:
| —— P=1.00=0.00
0.025 1 ! P=10+005 [02°
1 —— P=0.75%£0.05
|
1
! 0.20 8
0.020 - ! =
LHCspin das: H g
= 6=3.72e} 13 cm2 I
S 0.015 1 Based on pHe SMOG results 0.15 &
| °
! <
I =
0.010 -~ "\ 7"~ """"777777F ey 0.10 3
:
1
0.005 A : - 0.05
1
1

0 10000 20000 30000 40000 50000 60000 70000

Jlwy-utu~ yield / polarity

=)

L,z(300 K) ~ 2.5 1032 cm 2571

L,y(Run4) =5 fb~1
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Expected performance

7
[ ]

A

\.

0.025 -
0.020 -

=

S 0.015 -
0.010 1

0.005 A

Target
I, = 6.5-10%s~1 (HERMES) [

Ciot = 17.41/s (20 cm cell) e
0=3.7 -10'* atoms/cm?

hours of data-taking / polarity
0 5 10 15 20 25 30

Polarisation degree:

—— P =1.00 + 0.00
P=1.0+0.05

—— P=0.75+£0.05

1

LHCspin gas: H

6=3.72e 13 cm™2

Based on pHe SMOG results
1

-

0 10000 20000 30000 40000 50000 60000 70000
Jlwy-utu~ yield / polarity

Beam (Run4)
2.2 - 10 p/bunch

2760 bunches

- 0.25

o
N
o

10.31%

o
=
(9]

o
o
o
AAN/ANy @AN

- 0.05

=)

(* Tpeam = 6.8 10'° p/s

L,z(300 K) ~ 2.5 1032 cm 2571

L,y(Run4) =5 fb~1

Expected yields for Run4 (Run4+Runb):

Channel Events / week | Total events

J/p — pt 194k (434k) 23M (75M)

P(28) = putp~ 3.5k (7.7k) 414k (1.3M)

DY — K7t 976k (2.2M) | 117M (380M)
J/YT /vy — ptp~ptp~ 77 (170) 930 (3000)
Drell Yan (5 < M, <9 GeV) 110 (250) 13k (43k)
T — putp~ 83 (187) 10k (32k)

A — pK 7t 19k (43k) 2.3M (7.5M)

assumptions:

e 120 weeks/RUN

*  84h/week

«  Stat(Run5) ~ V5 Stat(Run4)
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Recombination and cell coating

The inner coating of the storage cell is a crucial aspect of the R&D. It is needed to:

v minimize e-cloud related beam instabilities

Beam chamber

Seed \, 4 ¥ Lost A AlLost A% -
\& yd o7 N i e
\© N LA\ S
\%. .\ ' P
d o LA
| o N
\ ,\Q e\,‘ 4 OO _,",':.
\ e 4
T L
Bunch spacing (e.g. 25 ns) Timu

— ensure low Secondary Elecron Yield (SEY)
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The inner coating of the storage cell is a crucial aspect of the R&D. It is needed to:
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Recombination and cell coating

The inner coating of the storage cell is a crucial aspect of the R&D. It is needed to:
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Recombination and cell coating

The inner coating of the storage cell is a crucial aspect of the R&D. It is needed to:
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Recombination and cell coating

The inner coating of the storage cell is a crucial aspect of the R&D. It is needed to:

v minimize e-cloud related beam instabilities
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Recombination and cell coating

The inner coating of the storage cell is a crucial aspect of the R&D. It is needed to:

v minimize e-cloud related beam instabilities
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—> can be monitored through measurement of H recombination with a TGA
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Recombination and cell coating

The inner coating of the storage cell is a crucial aspect of the R&D. It is needed to:

v minimize e-cloud related beam instabilities

Beam chamber
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— ensure low Secondary Elecron Yield (SEY)

v" minimize H depolarization due to wall collisions

Eley-Rideal Mechanism
Pn=05P,

e S

v’ Studies are ongoing in order to understand if carbon films
with low SEY cope with the required recombination rate of
polarized H atoms injected in the storage cell

—> can be monitored through measurement of H recombination with a TGA
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Recombination and cell coating

The inner coating of the storage cell is a crucial aspect of the R&D. It is needed to:

v" minimize e-cloud related beam instabilities v’ Studies are ongoing in order to understand if carbon films
Beam chamber with low SEY cope with the required recombination rate of
\//, polarized H atoms injected in the storage cell

v’ Carbon coated cell prototypes have been produced at CERN
and are being analysed at Juelich Forschungszentrum.

T T L
Bunch spacing (e.g. 25 ns) Timu

— ensure low Secondary Elecron Yield (SEY) Mobile block

v" minimize H depolarization due to wall collisions

anodes

Eley-Rideal Mechanism
P,=05P,

63 mm targeti
graphi

***** S S > J b

e S

— can be monitored through measurement of H recombination with a TGA
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The jet target option

Alternative solution with jet target also under evaluation:

012

* lower density (~1012 atoms/cm?) > about a factor of 40 smaller

 higher polarization (up to 90%)
* |ower systematics in P measurement (virtually close to 0)
 Compatible with SMOG2 setup
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The plan for the upcoming years

The IR3 area is a straight sector of LHC,
presently free from instrumentation

IR6 (beam “®
extraction)

IR3 (momentum IR7 (betatron
collimation) collimation)

-

IR2 (ALICE,
injection B1)

IR8 (LHCb,
injection B2)

* Explore the possibility to use this site for an in-depth on-beam R&D for LHCspin

* Installation of existing setup (ABS and polarimeter from COSY) during LS3

* Possibility to realize proof-of-principle prototype experiment during Run4
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The plan for the upcoming years

Rendering view of the LHCspin setup installed on

the LHC beam pipe at IR3

i (.

YOKE AND
MAGNET

VACUUM CHAMBER
WIDTH =200 mm
HIGHT = 148 mm
LENGTH =400 mm

BRP
HEIGHT = 700 mm

ANKE ABS

The existing equipment (ABS & polarimeter) requires some
modification to fit into the available space in the tunnel
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The plan for the upcoming years —

4 » L
/7 =
Rendering view of the LHCspin setup installed on y 2
the LHC beam pipe at IR3
8 f’f :"‘;
/’/'// ’ ‘v’j\ ‘\\ \ \.\\\*’»it:/ :
/ N\ ANKEABS \ -
A
| JOKEAND o The existing equipment (ABS & polarimeter) requires some
VACUUM CHAMBER | | modification to fit into the available space in the tunnel
Vo WIDTH=200mm |/
\ op Lenarit=d00mm /| : : :
HEIGHT = 700 mm * In the next years, the IR3 site will be exploited for

proof-of-principle test for the charm-baryon dipole-
moment experiment with bent crystals.

* Discussions are already ongoing to address possible
synergies and interferences.
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The plan for the upcoming years

Rendering view of the LHCspin setup installed on
the LHC beam pipe at IR3

ANKE ABS

VACUUM CHAMBER |

,, I X
| =
[ | YOKEAND —— ‘
o)
|| MAGNET
|
||
\ I‘ [
\ WIDTH=200mm | /
v BRP HIGHT =148 mm  / /
\ o\ LENGTH=400mm / /
\ \ HEIGHT = 700 mm
\ \ :"J ,J'I‘I

L. L. Pappalardo

Need to develop a simple detector setup with
a few tracking stations and possibly a dipole
magnet (one is already available at IR3).
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The plan for the upcoming years

Possible measures that we could perform at IR3 include:

1)

2)

3)

4)

study of beam-target interactions: beam-induced
depolarization, impedance, aperture, etc...

absolute calibration of the Breit-Rabi polarimeter
with polarimetry measurements based on Coulomb
beam-target scattering (this would require the
installation of two small Si (strip/pixel) detectors
within the primary vacuum of LHC);

study of recombination/depolarization at the cell
walls (in case we can install a cell);

measurement of basic left-right asymmetries in
inclusive light-hadron production (in case we can
use the dipole magnet), as a proof of principle of
the future (large-scale) experiment with LHCb. This
does not strictly require a target cell and can be
performed with a jet target provided by the ABS.

L. L. Pappalardo
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The plan for the upcoming years

Possible measures that we could perform at IR3 include:

1)

2)

3)

4)

study of beam-target interactions: beam-induced
depolarization, impedance, aperture, etc...

absolute calibration of the Breit-Rabi polarimeter
with polarimetry measurements based on Coulomb
beam-target scattering (this would require the
installation of two small Si (strip/pixel) detectors
within the primary vacuum of LHC);

study of recombination/depolarization at the cell
walls (in case we can install a cell);

measurement of basic left-right asymmetries in
inclusive light-hadron production (in case we can
use the dipole magnet), as a proof of principle of
the future (large-scale) experiment with LHCb. This
does not strictly require a target cell and can be
performed with a jet target provided by the ABS.

* Several internal (LHCb) and external groups

have shown interest in contributing to this
venture

A kick-off meeting with all the interested
actors will be organized in the upcoming
months in view of building a proto-
collaboration with all the necessary
expertise  (detectors, DAQ, vacuum,
polarimetry, magnets, etc.)

L. L. Pappalardo
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Conclusions

» The Fixed-Target program at LHCb is active since Run 2, now greatly enriched with SMOG2

» LHCspin is the natural evolution: a polarized fixed target at LHCb will bring spin-physics for the first time
at the LHC and will open the way to a broad and unique physics program

» Novel approaches and reactions will be exploited for studies of the 3D nucleon structure

» First insights into the yet unknown gluon TMDs (such as the GSF) will be possible thanks to the excellent
capabilities of LHCb in reconstructing quarkonia states and heavy mesons.

» Cutting-edge unpolarized physics will also be at reach (cold nuclear matter effects, intrinsic charm, QGP
studies, etc.)

» The R&D calls for a new generation and compact polarized gas target. Very challenging but worth the
effort!
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Conclusions

» The Fixed-Target program at LHCb is active since Run 2, now greatly enriched with SMOG2

» LHCspin is the natural evolution: a polarized fixed target at LHCb will bring spin-physics for the first time
at the LHC and will open the way to a broad and unique physics program

» Novel approaches and reactions will be exploited for studies of the 3D nucleon structure

» First insights into the yet unknown gluon TMDs (such as the GSF) will be possible thanks to the excellent
capabilities of LHCb in reconstructing quarkonia states and heavy mesons.

» Cutting-edge unpolarized physics will also be at reach (cold nuclear matter effects, intrinsic charm, QGP
studies, etc.)

» The R&D calls for a new generation and compact polarized gas target. Very challenging but worth the
effort!

If approved, LHCspin will make LHCb the first experiment simultaneously
running in collider and fixed-target mode with unpolarized and polarized
targets, opening a whole new range of explorations at the LHC!
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Backup
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Kinematic coverage
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Reconstruction efficiencies

+ —- LN . . .
JW — u'u €,(PV) vs cell position J/'W — u'u-PV X track reconstruction efficiency
1.4
--------- Reconstruction efficiency — — [-560,-360] mm
Ratio with SMOG2 region ([-560,-360] mm) A e {'228"238} 2$
1.2~ - : I__,_,I__,__ —.-.. [-800,-600] mm
B 0.6— :
B D ~ - === .
11— ] i - bl e
- : | 0.5 :
- i i - - i
1 1 C - o=
08~ ! ! 04l : !
B | E'\ most probable ' 5 :
06— ' ! region for LHCspin — , o i"""'
- ] ] 0.3 - !
— ] 1 | 1 .
n i i ' ,
04— ! b T e L - : !
’ - :. ------- : 0.2 __ [ - -H. -: i
L eeeme- 477777 1 - ™ i
IR H H \ — ' i
02— i i 0.1— o ! .
B { )} SMOG2 region - : s
| N o 4 — -
7 7 7 7 7 7 7 7 7 ; O_JH_"Y"'A ------- lLJ--—O-—'IIII|IIII|IIII|II ———
80g, ., 700, 167, 160y, 86, 1Sog., Idog., 80, 209, log 0.2 2 2.5 3 3.5 4 4.5 5
600] [’77/77] 500] ['77/77] 470] [’7)/77/ 400] [’77/77] 860] [’77/77] 300] [/77/77] 200] [’77[77/ 700] [’77/77] ][’77”7] 700]["7/77] '/['77/77] JpS|_TRU Ey

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



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 gluon TMDs

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

.
’ a}) TO0000
b .
x‘p&’}) @ — proton at LHC is to measure heavy-quark observables
-

¢ & rryy———ro~Q0 » The most efficient way to access the gluon dynamics inside the
8 9 p——¢Q

Ne) Xcos -
) — Nb, Xbo>
* Inclusive quarkonia prgduction in (un)polarized pp Uﬁfh ' I/, ...
interaction (pp(” = [QQ]X) turns out to be an ideal « Y (ns)
. . . i\
observable to access gTMDs (assuming TMD factorization) C <§ 9 'y

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

Eg: pp > J/p+]/Pp+X

* Due to the larger masses this condition is more easily matched in the case of
bottomonium, where TMD factorization can hold at larger g (although very
challenging for experiments!)
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Probing the gluon TMDs: inclusive quarkonia-pair production it

| , U | Circularly | Linearl
do \/MgQ —4M} - J/b+J/P J :
_ = — 7 — L
dMgodYood®Poo,d? (2m)28s M3, » T, e ‘E.+Y S |U| f I "
Q»_ /I g g Ly
Fi(Mag, cs) €| £1 17| (21,2, Poor) SN g L g | Mg
U ’ Q\X g Lg g 9 plg
g |T|fir Jir hi, hir

+F3(Mgg, fcs) € [wahi*hi?| (z1.2, Poor)

+ ([Fg(MQQ.ecs) C[-ws ffh.lig] (z1.2, Pogr)+ F3(Mgg,fcs) C [wéhfgff’] (1,2, PQQT)) cos 2¢cs][+p4(mgg,ocs) c[u..4h,1i9h.ll9] (z1.2, Pggr) cos 4¢CS}]

Myy = 30 GeV briim = 2 GeV1 - / MW =12 GeV brlim = 2 Gey-l - / /

- ' 1 — Myy = 40 GeV - 1
Myy = 12 GeV briim = 2 GeV1 -~ 40 GeV 4 Gey-l — 21 GeV 4 GeV W=y briim = 2 GeV2
21 Gev 4 GeVl — 50 GeV 8 Gev-l == 0, 8 Gevt - oo
30 GeV 8 Gevl --- 0 8 GeV
10 F

. 8r 0.25 < |cos 65| < 0.5 § / < 1 05 L
* . pl
< J/W+1/¥ £ 8F Y4Y = Ll
= 6} y 2

4 o~ ‘./ —~~
= 5 °r 3 J/+]/Y 4sL Y+Y
s 4 / & 4 § 3
o / > 4r /", 0 2
4 A (o] /s o
8 o 7 ] A , O
~ 2 7/ ~ 5L . ~ A4 0.25 < |cos O¢s| < 0.5 25 F 0.25 < |cos Bcs| < 0.5
~N y/d N 7 0.25 < |cos Bg| < 0.5 ™

0 f:;|| ! | ! ! | 0 il ! ! ! | S E_ I I ! ! ! ! | 3k ‘ ' ' ' '
0 2 4 6 8 10 12 14 16 0 5 10 15 20 25 0 2 4 6 8 10 12 14 16 0 5 10 15 20 25
Py, [GeV] Pyy, [GeV] Pyy, [GeV] Py, [GeV]

Predictions based on CSM + TMD evolution for x;~x,~1073 at forward rapidity [EPJ C 80, 87 (2020)] =) Azimuthal amplitudes ~ 5%!!
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https://arxiv.org/abs/1909.05769

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]
T E E HT’ HT ; 10° LHCb Prcliminur)-" "'3/3‘“
photon flux«Z2 = d\ Pb-Pb sy =5TeV :y/(y_;SJ
) 5 | \’ wee x.lon-resonam
3D maps of parton densities in coordinate space = N
1.0 1.0 e é L Hi IW###H 7?‘
05 05 N o .
m -
g 0.0 E 0.0 | 8 ------------------- 10" 3000 . ‘ 35I0() 4000
g S = Dimuon mass [MeV]
o — 5
o s o —g 45 LHCb Preliminary GuL,T:,w
o » First results from . 4F e o i T s
-10  -05 b,(’{?m; 05 1.0 10  -05 b,o(.?m) 05 1.0 Lch in Pbe UPC % 3.5; : —EPS(9
o) 3 : “ Goncal ves et al.
25 E m |P-SAT+GLC
) - === [IM+BG
LHCspin could allow to access the GPD EY (a key ingredient of the Ji sum rule) L5 A
1 E_ s GS-hs+BG
1 i 0.5 coherent J /1 prod. N
Jg:_ dm(Hg(x7€7O)+Eg(x7€7O)) O:III e =18 fluct. +GLC
2 Jo 0 1 2 3 4 5_
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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

More physics reach with unpolarized FT reactions

* Intrinsic heavy-quark [S.J. Brodsky et al., Adv.High Energy Phys. 2015 (2015) 231547]
- 5-quark Fock state of the proton may contribute at high x!
- charm PDFs at large x could be larger than obtained from conventional fits

* pA collisions (using unpolarized gas: He, N, Ne, Ar, Kr, Xe)
- constraints on nPDFs (e.g. on poorly understood gluon antishadowing at high x)
- studies of parton energy-loss and absorption phenomena in the cold medium
- reactions of interest for cosmic-ray physics and DM searches

* PbA collisions at \/syy = 72 GeV (using unpolarized gas: He, N, Ne, Ar, Kr, Xe)
- Study of QGP formation (search for predicted sequential quarkonium suppression)

LHC @ 5.02 TeV

200

Temperature T [MeV]

LHC
fixed target

QCD Phase-Space
i

T 4 RHIC
Quarks and Gluons
Critical point?
S
Y Hadrons %
: b
£ S %
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Neutron stars  conductor?

' J L
1 7/
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Net Baryon Density

production probability
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[PRD75 (2007) 054029]
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https://arxiv.org/abs/hep-ph/0701220

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 uncertainties (due to the measurement of the polarization).

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)

Introduce a spin-dependence in the simulation: assign to each simulated event a target polarization state (T or l) using a
random extraction modulated with a model for the cross section

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

TSSA on JW — p*u- TSSA on JA¥ — p*u-
> ~ %2 [ ndf 2.516/6 > - %2 I ndf 2.647/6
2 0.2¢= N = 20432 events al 0.08961+ 0.0127 2 02~ N = 68624 events at 0.09262 = 0.009659
5 o wGo- a2 002100007 | £ o f i 2 001614 = 0009091 * The extracted parameters a; and a, are
consistent with those used to generate
= " the model (no bias is observed)
 With the available MC statistics
s ek (corresponding to 2 weeks of data-taking)
o2 B o oo oo o o sy s ol i sk there is no sensitivity for the sin 2¢ term
-3 -2 -1 0 1 2 3 .
J¥ — p*u-: fit results for parameter at JI¥ — p*u-: fit results for parameter a1
g oep | | g oo | | * The amplitudes a; are the reported vs. xp
> 0.16/— 308961 events with P = 1.00+0.00 > 0.16/— 308961 events with P = 1.00+0.00 . . .
) ) in bins of p (and vice-versa)
0.12f ! 0.12f—
o —t—— i o | + % 1 A mild kinematic dependence is observed
i i consistent with the model

x¢ €[-0.70,-0.09] *¢ €[-0.09,0.06) X €[-0.06,0.04] X €[-0.04,0.05] % £[-0.70,-0.09] X €[-0.09,-0.06] X €[-0.06,-0.04) % ©1:0.04,0,05)
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Statistical vs Systematics uncertainties

« The analysis tool described above 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 a,

* 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 (and close to 0 for the jet target hypothesis )
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