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Spin physics at the LHC?

* World top energies

* high luminosity

e pandion beams

* highly sophisticated
state-of-the-art detectors
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Spin physics at the LHC?
Is it possible to do spin physics at the LHC?

* World top energies

* high luminosity

e pandion beams

* highly sophisticated
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» The LHC beams cannot be polarized ‘ need a polarized target

» ..which must not affect (degrade) the mainstream collider operation
(beam quality, machine vacuum, detectors performance, background, etc.)
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» The LHC beams cannot be polarized ‘ need a polarized target

» ..which must not affect (degrade) the mainstream collider operation
(beam quality, machine vacuum, detectors performance, background, etc.)

Side View

SciFi RICH2
Tracker — x
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> A gaseous polarized target is the only viable solution!

» ..and the LHCb spectrometer is the perfect place to host it.
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Spin physics at the LHC?
Is it possible to do spin physics at the LHC?

* World top energies

* high luminosity

e pandion beams

* highly sophisticated
state-of-the-art detectors

» The LHC beams cannot be polarized ‘ need a polarized target

» ..which must not affect (degrade) the mainstream collider operation
(beam quality, machine vacuum, detectors performance, background, etc.)

> A gaseous polarized target is the only viable solution!

» ..and the LHCb spectrometer is the perfect place to host it.

\—> Lﬁ C project!
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LHCb fixed-target setup

» Since 2015 LHCb can also be operated as a fixed-target
experiment with the SMOG system, by injecting low pressure
noble gases (He, Ne, Ar) into the VELO vessel.

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

protons gas (He, Ne, Ar) lead ions gas (He, Ne, Ar)
— <€ ® A > —
\VSNN = 113 GeV 4 3 A \/m =72 GeV
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LHCb fixed-target setup

Side View

Magnet SciFi RICH2

» Since 2015 LHCb can also be operated as a fixed-target : T —
experiment with the SMOG system, by injecting low pressure
noble gases (He, Ne, Ar) 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 fixed-target setup

» Since 2015 LHCb can also be operated as a fixed-target
experiment with the SMOG system, by injecting low pressure
noble gases (He, Ne, Ar) 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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Many interesting published analyses:
* Antiproton prod. cross section in p-He
e Charmonium production in p-Ne and Pb-Ne
* Open charm production in p-Ne and Pb-Ne

L. L. Pappalardo
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The SMOG2 upgrade

[ SMOGZ2 TDR]

» 20 cm storage cell for the target gas installed upstream of the VELO
» Brand new, more flexible and sophisticated Gas Feed System (GFS)

Target profile

-

@450 GeVY @ 7000 GeV

Technical Design Report

L. L. Pappalardo
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The SMOG2 upgrade

[ SMOGZ2 TDR]

» 20 cm storage cell for the target gas installed upstream of the VELO
» Brand new, more flexible and sophisticated Gas Feed System (GFS)

Target profile

FoN
Bea =
_&_ O o

@450 GeVY @ 7000 GeV

* more gas species: H,, D,,He, N,, 0,, Ne, Ar (Kr and Xe to be tested)
» target density increased by large factor (up to 30)

» precise density (luminosity) determination

* negligible impact on LHC and LHCb performance

* can run un parallel with collider mode!

Technical Design Report
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Early 2024 SMOG2 data
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180 Interaction region (pp)

Candidates

160 —
140 —
120 —

100— SMOG2 cell (pAr) ‘

80— > ‘

N Y H
20 Jf 'I_LL‘L

* FT and collider interaction regions
are very well separated!

* LHCb is now the first (unique) LHC
experiment with two simultaneous
interaction regions!
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L. L. Pappalardo
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Early 2024 SMOG2 data
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Early 2024 SMOG2 data
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» SMOG2 is performing very well!
» Large beam-gas samples already collected in 2024 with all available gases!

10°E LHCb [ 202% sx=709Gev [ 2024 5= 113 Gev
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Collision system
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Early 2024 SMOG2 data
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» SMOG2 is performing very well!

FT and collider interaction regions

are very well separated!

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

interaction regions!

... with comparable resolution!
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» Large beam-gas samples already collected in 2024 with all available gases!
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The LHCspin project

The LHCspin project represents the natural evolution of
SMOG2 and will allow for the first time to perform spin
physics measurements at the LHC through the
implementation of a new-generation polarized gaseous
target in the LHCb spectrometer.

Pol. target

I_ C Unpol. target
. (SMOG2)
spin

lead ions

protons protons, deuterons
m\ protons, deuterons
-~ ; E o>
ks 2y
B

VVSNN — 113 GeV VSNN = 72 GeV
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The LHCspin project

The LHCspin project represents the natural evolution of
SMOG2 and will allow for the first time to perform spin
physics measurements at the LHC through the
implementation of a new-generation polarized gaseous
target in the LHCb spectrometer.

Pol. target

Unpol. target
(SMOG2)

Lﬁc

spin

lead ions
protons protons, deuterons

protons, deuterons
VVSNN — 113 GeV \/m = 72 GeV

Physics Motivations

Study multi-dimensional nucleon structure at
unique kinematic conditions (backward CM region,
poorly explored large-x region at intermediate Q?)
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The LHCspin project

The LHCspin project represents the natural evolution of
SMOG2 and will allow for the first time to perform spin
physics measurements at the LHC through the
implementation of a new-generation polarized gaseous
target in the LHCb spectrometer.

Pol. target

Unpol. target
(SMOG2)

Lﬁc

spin

lead ions
protons protons, deuterons

protons, deuterons
&—— < f F 'ﬁ:—’ ‘___T #

Physics Motivations

Study multi-dimensional nucleon structure at
unique kinematic conditions (backward CM region,
poorly explored large-x region at intermediate Q?)

Points of strenght

v" use of well-established polarized gas target
technology (HERMES @ DESY, ANKE @ COSY,...)

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 ion beams

v" allows also injection of non-polarized gases (a-la
SMO0G2): H,,D,,He, N,,0,,Ne, Ar,Kr, Xe

v" broad and unique physics program (next slides)

L. L. Pappalardo Sar Wors 2025 - 4th Sardinian Workshop on Spin - Pula (Cagliari) 11-13 June 2025
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Nucleon tomography in momentum space: TMDs

TMDs f(x, k) Transverse momentum coordinates

02 04 06 08
Quark transverse momentum (GeV)

Courtesy QuantOm Collaboration

+ Describe spin-orbit correlations of the form S - (3, X 7,)
* generate distorsions of the parton densities in transverse momentum plane (e.g. Sivers effect)

e can provide sensitivity to unknown parton OAM!

L. L. Pappalardo Sar Wors 2025 - 4th Sardinian Workshop on Spin - Pula (Cagliari) 11-13 June 2025
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Quark and gluon TMDs

quark pol.
U L T * 8 independent quark TMDs at leading-twist
‘é U | f1 b  significant experimental progress in the last 20 years!
§ T, | g1c his | main results from SIDIS (HERMES, COMPASS, JLAB, - EIC)
§ T | fiz | gir | B, Bayp * many phenomenological extractions available from global analyses
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Quark and gluon TMDs

quark pol.
| L T
S |U| f1 hi
g |L g1 | hiy
E T fﬁ gir | ha, hf‘T
gluon pol.
U | Circularly | Linearly
T|U| ff hy?
E L 9ir hi‘f
é L ‘#‘; gir h‘?:h#ﬁ

8 independent quark TMDs at leading-twist

significant experimental progress in the last 20 years!
main results from SIDIS (HERMES, COMPASS, JLAB, - EIC)

many phenomenological extractions available from global analyses

8 independent gluon TMDs at leading-twist
Similar notation, but important differences!
different naive-time-reversal properties

Experimental access still very limited!

T-even T-odd
q

hi hiq

L g

h® hj

L. L. Pappalardo
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Quark and gluon TMDs

nucleon pol.

nucleon pol.

[ ++C .

spin

quark pol.
U L T
U| fa hy
L | 91L hit
T | fiz | 917 | b1, hip
gluon pol.
U | Circularly | Linearly
U| fi hy?
L 91r hi‘f
L ‘#‘; gir hi. ht'g

8 independent quark TMDs at leading-twist
significant experimental progress in the last 20 years!
main results from SIDIS (HERMES, COMPASS, JLAB, - EIC)

many phenomenological extractions available from global analyses

8 independent gluon TMDs at leading-twist

Similar notation, but important differences! T-even | T-odd
. . . . q 1q
different naive-time-reversal properties a hy hy
. . _ g h;® hf
Experimental access still very limited! 1 !

Polarized hadronic collisions with LHCspin offer a complementary approach!

Measure experimental observables sensitive to both quarks and gluons TMDs
Make use of new probes (charmed and beauty mesons)
* Test non-trivial process dependence of quarks and (especially) gluons TMDs

L. L. Pappalardo
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Quark TMDs

nucleon pol.

quark pol.
U L T
f1 hy
g1z | hig
i | gar | b1, hap

Unpolarized Drell-Yan * Theoretically cleanest hard h-h scattering process
* LHCb has excellent u-ID & reconstruction for u*u~

* dominant: G(Xpeqm) + Q(xtarget) - utu”
* beam sea quarks probed at small x

e target valence quarks probed at large x

L. L. Pappalardo
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Quark TMDs

quark pol.
U L T
3 |u| A hi
5 ht
D giL B
@]
g flLT agir hl: h’i_T

Expected mass resolution
~10MeVin2<M,, <5GeV

Unpolarized Drell-Yan * Theoretically cleanest hard h-h scattering process
* LHCb has excellent u-ID & reconstruction for u*u~

* dominant: G(Xpeqm) + Q(xtarget) - utu”
* beam sea quarks probed at small x

e target valence quarks probed at large x

htemp

Entries 13570
Mean -0.01197
1244

wof- 2 <M, <5 GeV

400

100~

MM,

= [MeV]

L. L. Pappalardo
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Quark TMDs

quark pol.
U L T
3 |u| A hi
5 ht
D giL B
@]
g flLT agir hl: h’i_T

Expected mass resolution
~10MeVin2<M,, <5GeV

htemp
Entries 13570
Mean -0.01197
Std Deaw 12.44
Constant 4445
e————E011
10.97

wof- 2 <M, <5 GeV

400

100~

-40 -30 -20 -10 [7] 10 20 30 40
MM | Me \.rl

Sensitive to unpol. and BM TMDs
dody o fIQfT + cos2¢ hi @hi

Unpolarized Drell-Yan

Theoretically cleanest hard h-h scattering process
LHCb has excellent u-ID & reconstruction for utu~
dominant: q(Xpeam) + 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. Transv. polarized Drell-Yan * Theoretically cleanest hard h-h scattering process
U | L T * LHCb has excellent u-ID & reconstruction for u*u~
: . : .= +,,-
= 1 hi dominant: G(xpeqm) + Q(xtarget) U U
O,
g § * beam sea quarks probed at small x
8 giL hlL
o I I e target valence quarks probed at large x
2 f1T gir | h1, th
Expected mass resolution Sensitive to quark TMDs through TSSAs
~10MeVin2< M, <5GeV e
: - uup - DY _ 1 O'lgy — O'ljﬁy A”"”ﬂbs N ®f 1 sin(2¢=bs) N hf‘q R h?
450 <M, <5 GeV i ooitar N — p ur q ur q q
w e P apy + opy ', eh

na
th
=]
G LAY RALLY RRLAN LLLES LALEY LARLY LERLY RRLLY RRLL

[arXiv 1807.00603]

Sensitive to unpol. and BM TMDs
dody o fIQfT + cos2¢ hi @hi

40
MM | Me \.rl

0 0.1 02 03 04 05 06 07 08
f
X

=)

9

L. L. Pappalardo
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Quark TMDs

quark pol. Transv. polarized Drell-Yan * Theoretically cleanest hard h-h scattering process
U | L T * LHCb has excellent u-ID & reconstruction for u*u~
= f1 hi * dominant: q(Xpeqam) + Q(xtarget) - .u+.u_
O,
g § * beam sea quarks probed at small x
8 giL hlL
o e target valence quarks probed at large x
= i L
= f1T gir | ha, h’lT
Expected mass resolution Sensitive to quark TMDs through TSSAs
~ 10 MeVin2<MW<SGeV 1 1 q 1q 1
B __femp DY __ 1 O-DY - O-DY ASI‘H(I’GS ~ J1 ®f Sin(2¢_¢3) ~ hl ! ® h;il
“sof- 2<M,, <5 GeV Cniries 15570 N -

001197 - ur q q uT q q
Papy + apy fr ®h fieh

[arXiv:1807.00603]
v 06 maoseee T3 * In DY extraction of gTMDs does not

require knowledge of FF

e \Verify sign change of Sivers func. wrt SIDIS

40
MM |Mc\-’|

1 1
.. firlpy = —hirlsiprs
Sensitive to unpol. and BM TMDs o .
oy g La g 2 - w_. 3 ¢ Testflavour sensitivity using both H and D
do e + cos2¢ h;""®h:” - :
uu fl ®fi ¢ 1 ® 1 _0'25 01 02 03 04 05 06 07 08 09 targets
XT
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Gluon TMDs

gluon pol.

U | Circularly | Linearly
= i
g U fi hy?
a
3 L 9ir hyf
g oL 1
g |\ T|fi7 gir hi, hir

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

g - 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 In high-energy hadron collisions, heavy quarks are dominantly produced through gg fusion:
3 U A hy? ’ “b
s r Lo g - the most efficient way to access the gluon dynamics inside
= = L the proton at LHC is to measure heavy-quark observables
= T ‘J_-Q g }9 J dg =T
g 1T hr b1y Mgy g c,
Polarized gTMDs can be accessed through TSSAs in inclusive
Nes Xco, - heavy meson production
Q g e Nb, Xbo> -
! I/, ... "
KT Y(nS) 1o' -0

Y ) T X [f1 I (xq, kJ_a)®fg(xb,kJ_b)] sin ¢g + -+

L. L. Pappalardo
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Gluon TMDs

gluon pol.
U | Circularly | Linearly
= i
g U fi hy?
EJ L gy h=?
g o L g 3l
= T \fir gir hi, hir

Gluon Sivers function:

* issensitive to gluon OAM

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

g C,b
g
g c.b
Ne) Xcos -
| Mb Xbo -
@b
; Y(nS)
N\
\\X

0.8

0.6 [
[}_4,_,,........-..-..-...,.... ¢

02r

* Sheds light on spin-orbit correlations of . ¢
unpol. gluons inside a transv. pol. proton 02}

04

-6

-0.8

- the most efficient way to access the gluon dynamics inside

the proton at LHC is to measure heavy-quark observables

Polarized gTMDs can be accessed through TSSAs in inclusive
heavy meson production

1o' |
Av = P o‘T + o l [fl g(xa: kla)®fg(xb,klb)] Sin ng + ...
pp'— Ifw+x
‘:1-1131(535;‘? 0,07 LHCspin simulation TEEEMTHEE%MM

0.06

[ths Rev. D 102, 094011 (2020)]

0.05

pp=J/YX (/-

0.04

BK11

0.03

CGI NRQCD f-type

CGINRQCD d-type ] 0.02
I_“H\’ C CGI NRQCD quark
. CGI C5M f-type

spin GPM NRQCD -+ -+ oo

-0.2

GPM C5M o
o pedem T L L L L
0.1 0 0.1 0.2 0. gO 4 035 -03 —'D 25 —'D 2 —'D 15 —0.1 -0.05 0 0.05
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Probing the gluon TMDs

TMD factorization requires q7(Q) < My. Can look at
associate quarkonia production, where only the relative

qr needs to be small, e.g.: pp = J/Y + /Y + X

L. L. Pappalardo
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Probing the gluon TMDs

TMD factorization requires q7(Q) < My. Can look at
associate quarkonia production, where only the relative

qr needs to be small, e.g.: pp = J/Y + /Y + X

A2 A2

do

dMgodYgod?Pgg,d2 ~  (27)?8s M3,

{Fl{ﬂfgg-.ﬂcs} C[fffﬂ(:ﬁl:e-. Pogr) +F2(Mgg, fcs) C[H-‘zfﬁgh-fﬂ{iﬁaaPQQ-:—II

+(F3(MQQ._5C5} Cluwaf{hi?| (w12, Poor)+ Fj(Mag,fcs) C|uwhhi® ff| (xl__g,ng.J)) cos2¢cs +Fi(Mag, fcs) C|wihi?hi?| (z12, Pogr) cos 4¢c5}

gluon pol.

U | Circularly | Linearly
— di
g U fi hy*
=
g L 9ir f ”fg
2 Al 1
2 | T|fid Jir hi, hir
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Pr'obing the gluon TMDs pp,13 TeV  JHEP 03 (2024) 088

ok e ED.ni® 3 FUE o Cmmmm, e
H H H S F . diy T T ] =< Ve . 3 Sy, = 1.9 GeV/e 3
TMD factorization requires qr(Q) < My. Can look at Soasp sps ™Dy =400 ] Boab g ™D~ 110 GeVie
. . . . S C - 20<y;,, <30 ] 2 - —+ 6 <my,, <7GeV/c?
associate quarkonia production, where only the relative 20 +30<ynas 4 20 T oGV
2 —+-35<y, <45 ; 0.25F - 9<my,, <24GeVic? 3
qr needs to be small, e.g.: pp™M = J/Y + ]/ + X Sou " 1 3ok aay SEEE
© oiF E+; 1 Soisg "}'
do \/M2o —4M3 : EEE Fl O.li
2 - 2Qs M2 E ; 0.05F;

T
py "V [GeVic]
{Fl{MQQ-.Hcs} C[fi}fﬂ(rﬂl,efpggz-l +F2(Mgg,fcs) C[wzhfgh-fﬂ{fﬂl,e,PQQTJ

—|—(F3[M’gg,ﬁcsj C[-wg ffhﬂ (12, Poor)+ Fi(Mgo,fcs) c[wghllg fﬂ (ml__g,ngT)) cos 2¢cs +Fi(Mag, fcs) c[wmfghﬂ (z1.2, Poor) cos 4¢C5}

gluon pol.

U | Circularly | Linearly
— di
g U fi hy*
=
g L 9ir f "tg
2 . 1
2 | T|fid Jir hi, hir
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Probing the gluon TMDs

TMD factorization requires q7(Q) < My. Can look at
associate quarkonia production, where only the relative
qr needs to be small, e.g.: pp = J/Y + /Y + X

do \/M2o —4M3
dMgodYgod?Pgg,d2 ~  (27)?8s M3,

JHEP 03 (2024) 088

pp, 13 TeV
= -
o o3f  LHCb TMD:y = 2.50 3
. di-Jy

% 421y T™MD:y, =325 ]
-~ = SPS TMD: Yy =400 1
s 0.25F di-ty ]

3 C - 20<y;,, <30
=50 —$-3.0< 3M <35 3
<) —-35<y, <45 ;
Lol 3
= 3
Lo E*; =
0.05 i ;E i =
=t

10

{Fl{MQQ-. fcs) C [ffff} (r1.2, Poor) +Fa(Mgg,fcs) C [wzhfgh-fﬂ (z12,Pgor)

py "V [GeVic]

f— - t t t t t t T t ]

2 OBE  Lucy T™D: m,, , = 6.6 GeV/c? 3

QO 04F 45! TMD: m; ,, = 7.9 GeV/c?

=035E  sps TMD: m,.,,, = 11.0 GeV/c3

2 03k 4 6 <my,, <7 GeVic?

El E =7 <my ), <9 GeV/c?
0.25F

1/o-do/dp
o = =

: ]TH‘." T
L

9 <my, <24GeVict

(Fg[ﬂfgg fcs) C[wgfl hl }I{Il 2, Poor)+ Fg(ﬂxfgg,ﬁcs) [wéhi‘gfﬂ (mleg,PQgT)) cos2¢cs +F4(Mgg,Ocs)C [m.-;hl ghl } (z1,2, Poor) cosdcﬁics}

— 3 T T T T ]

gluon pol. R (b) LHCb, 42 8™, d”’V’ <4.1GeVie ]

©2.5 — 3

U leCU]Elf]y Lmearly %U : — SPS data a+b><cos(2¢)+c><cos(4¢ :

~ 2 — 1

. 5 2F .

— g g < [ .

g U fi hy 1.5F + -—— + g

5 L g B 1= - + E

8 9L 1L 1F ]

2 Lg g 9 1,19 0sE E

2 | T| fir Jir hi, hip E pp,13TeV
oo 1 — 2 3

880 (¥¢0¢) €0 d3HT

¢CS

(cos 2¢cg) = —0.029 £ 0.050 (stat
(cos4pcg) = —0.087 £ 0.052 (stat

) £0.009 (syst)
) £0.013 (syst)

e azimuthal amplitudes consistent with zero

* afew-% asymmetry cannot be excluded

* uncertainties statistically dominated

e But very challenging at fixed-target kinematics
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GPDs: a complementary approach to the nucleon tomography

nucleon Transverse momentum coordinates nucleon
tomography in tomography in
coord. space mom. space

foor,) TMDs
- 1 f(x) kJ_)
GPDs
H(x,§,t)
Courtesy QuantOm Collaboration quark pol
GPD | U | L T U L. T
U | H Er é U| fi hy
- - =
L lif ET~ 8 L giL hiy
Q
T E | E | Hr, Hr = B g1 (TN
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Gluon GPDs and UPC

GPD I T Gluon GPDs can be accessed at LHC in Ultra-Peripheral collisions (UPC) where a
guasi-real photon is emitted by the relativistic beam particle [PRD 85 (2012), 051502]
U &t At LHC energies, these photons are energetic enough to trigger the production
L H Er of hard dileptons and charmonia and bottomonia.
r E | Hr, Hr - Impact parameter larger than sum of radii

- Process dominated by EM interaction
Gluon distributions probed by pomeron exchange

A A A A
photon flux«Z2
y cC b Y cc I
Coherent UPC: Incoherent UPC:
pomeron emitted by pomeron emitted by

entire nucleus single nucleon
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Gluon GPDs and UPC

[T "»o,
N

ceD lUu | L T Gluon GPDs can be accessed at LHC in Ultra-Peripheral collisions (UPC) where a
quasi-real photon is emitted by the relativistic beam particle [PRD 85 (2012), 051502]
U H &t At LHC energies, these photons are energetic enough to trigger the production
L H ET of hard dileptons and charmonia and bottomonia.
T | E|E | Hr, Hr - Impact parameter larger than sum of radii
o . - Process dominated by EM interaction
2 MO sy J High Energ. Phys. 2023 Gluon distributions probed by pomeron exchange
ﬁ 10* 20< y*bg\l4_5 fFDi?ta
< o Pb-Pb collisions A A A A
§ 10 % Background m — 5.02 TeV
g é;:,. Y cC Thp Y cC hp

=
=

6.0

i epogan ey 3

T TmE L Ty 5] En ! A A A A
E N\ wo P(25) . Coherent UPC: Incoherent UPC:
o \  PbPb /5xy = 5.02 TeV L : .
-/ + \ o w28 roocion Y = pomeron emitted by pomeron emitted by
[ ,d. '\ Lominosity unc : 4a% 7o, +BG (USL) entire nucleus

u 1+ GLC (MSL)
uct. «GLC (MSL)

single nucleon

Diff. cross section vs. pr for coherent J /¢ and (25)
photoproduction, compared with models

0.15 0.2
P} [GeV/d]

0.05

0.10 0.15 0.20

Py [GeV/(|
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Gluon GPDs and UPC

GPD | U | L T With LHCspin exclusive photo-production of J /1 in UPC of 7(0)
proton (or lead) beams with polarized H' target can be
U H Er studied, providing constraints to the essentially unknown
L H Er gluon GPD E; which plays a crucial role in the Ji sum rule:
T | E| E | Hp, Hp 1 [t
J9 = 5/0 dx(Hg(x,.f, 0) + Eg(w,.f,O))
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Gluon GPDs and UPC

GPD | U | L T With LHCspin exclusive photo-production of J /1 in UPC of 7(0)
proton (or lead) beams with polarized H' target can be
U H Er studied, providing constraints to the essentially unknown
L H Er gluon GPD E; which plays a crucial role in the Ji sum rule:
T | E|E | Hyp, Hy 1 [t
J9 = 5/ dx(Hg(x,.f, 0) + Eg(w,.f,O))
0
hahy _ hah) dna A7 —yh
AN = oA —oTATE _ fdde,AA ol The hadronic STSA Ay can be parametrized in terms of the photonic

GhAhﬁ _|_UhAh,T3 B fd]{[dnAUVhB i d"BthA] STSA A% which incorporates the GPDs HY9 and E9 through their

gluonic CFFs 9 and €9
PLB 793 (2019) 33-40

z Y-TE pd 1, .
030 < F e Extraction based on models for the GPD
= ? 0.8F
02}% * ; Q 06F H9I (Goloskokov-Kroll) and E9 (PRD 85,
e v | o4 051502 (2012))
OF t 0.2 ’ ] ]
-0.1E oF i
—0.2F  AFTER@LHCD, piH {5, = 115 GeV, L = 10" +p iy +X ~0.2F * AFTER model-dependent predictions
—03i Eff Pol = 80%, 2 <1 <5, p¢>0A4GeV/c, E, from Phys.Rev. D85 (2012) 051502 - AFTER@LHCb, Pb+HT,\/sTN=7ZGeV, L, =100 nb’y+p -y + X .. T
S 04<p" <06 GeVio —0-4; Eff Pol = 80%, 2 <1 <5, p! > 0.4 GeV/c, E, from Phys Rev. D85 (2012) 051502 very prom|s|ng for pH UPC
-04 ;* 1 —_0.6F . 0.4 <p!¥ <06 Gevic
-0. 5§ 06< p <0.8 GeV/c pH UPC —0.8; O.6<p < 0.8 Gevle PbHT UPC
0855 03 0% 02 0T 0T s s N P NN P |
F Xg
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Merging spin physics with heavy-ion physics

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

. . . : : . L. by
polarlz.ed Ilght target nuclei offer. a unique opporttfnlty to cor)tr(.)l N \-ﬂ‘_) —
the orientation of the formed fireball by measuring the elliptic 4 S Sy = 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 jons pol. deuteron
relativistic collisions of heavy nuclei with trasv. pol. deuterons

. polariz.ed Iight target nuclei offer. a unigue opporttfnity to cor)tr(.)l PS ‘h-ﬁ‘-_) —
the orientation of the formed fireball by measuring the elliptic a4 M [Syn = 72 GeV

flow relative to the polarization axis (ellipticity). LW

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

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

. polar|z.ed I|ght target nuclei offer. a unigque opporttfnlty to cor.1tr(.)l PN hﬂ._) —
the orientation of the formed fireball by measuring the elliptic 4 M [Syn = 72 GeV
flow relative to the polarization axis (ellipticity). L

unpolarized d+A

v2{®p}=0

Unpol. deuterons: the
fireball is azimuthally

symmetric > v, = 0.

v2{®p}<0 v2{®p}>0
j3 = +1 — prolate fireball j3 = 0 — oblate fireball
stretched along the pol. corresponds to v, > 0

axis, correspondstov, < 0
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Merging spin physics with heavy-ion physics

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

* 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).

lead ions pol. deuteron

A58,

[

o

< v /syn = 72 GeV

..

Predictions for LHC FT kinematics

unpolarized  d+A dfsA 221816 14 12 10 9 8 7 6 5 4 W3
A . -o F"'E:OOBIH_HI T I [ T I [ I [ [ I [ [ %‘
S 28pp + o', (5=72GeV | B
w B =
X b >.006— S
Eom:— §
Tool S
y s =1 §
V2{®p}=0 v2{®p}<0 v2{®p}>0 o &
- — e
. . : . 002 ——r
Unpol. deuterons: the j3 = £1 - prolate fireball ~ j3 = 0 — oblate fireball 0021 J— L
R
fireball is azimuthally stretched along the pol. corresponds to v > 0 oosfd
symmetric > v, ~ 0. axis, correspondstov, < 0 S R R S | Ry S TR A Y
centrality
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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

Pol. target

Unpol. target ﬁ
(SMOG2) L S C
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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

.
L | J Dissociator

. Pol. target
Sextupole [N N ;

system i
-: :- Atomic Beam Sourcf (ABS)
— produces polarize d“sterm

SFT I.I: [. beams
MFT I‘:?E.
RS

S— Unpol. target
system b h
N (BNES) spin
: : Target Gas Analybm
b — measures atomic o
" moluulargar)npfmtlon Breit—Rabi Polarimet 75-80A) transv. pOI.
\ il — measures nuclear polartZatmo @ H ERM ES
Target Cell ‘ ’ QMA
> ——mesg g
e e e ed (1) ,
e D e o e o i __n%_ T oman 2 ‘il":]QMA
— —
’ Beam Shutter _- l l
SFT MFT  Sextupole Chopper
syste
[NIMA 540 (2005) 68] T
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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

.
l. Al J Dissociator

. Pol. target
3 | i
Sextupole [N "W 3) )

system il
-: i- Atomic Beam Sourcf (ABS)
— produces polarize d“sterm

SFT I.I: [. beams
MFT I%.

VELO vessel

sexwpole [l ' Unpol. target ar
VR (SMOG2) \ |
N spin .
l, : Target Gas Analynm
: — measures atomic 5
; molecular COmposiion g _p b Potarimetd BRP) ) 75-80% transv. pol.
‘ B — measures nuclear polartzZarto @ HERMES
Target Cell ‘ : ’ QMA
— iyl T b BUE
- E it __m._ Tl JoMA
— —
’ Beam Shutter _- l l
SFT MFT  Sextupole Chopper
[NIMA 540 (2005) 68] e

L. L. Pappalardo Sar Wors 2025 - 4th Sardinian Workshop on Spin - Pula (Cagliari) 11-13 June 2025


https://arxiv.org/abs/physics/0408137

The LHCspin apparatus

MAGNET INFO FOR THE CELL ACCESS

LHCspin |

g’—)/

ABS - MAGNET IN TWO SEPARATED COILS

- CSHAPE YOKE OR WITH A SIDE
REMOVABLE PLATE

e  Compact dipole magnet for static transverse field to maintain
s polarization inside the cell
* Required B = 300 mT with AB/B ~10%
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The LHCspin apparatus

MAGNET INFO FOR THE CELL ACCESS

LHCspin |

g’—)/

ABS - MAGNET IN TWO SEPARATED COILS

- CSHAPE YOKE OR WITH A SIDE
REMOVABLE PLATE

PGT cell

Seten e @
- 1 MOMON 30

T * Compact dipole magnet for static transverse field to maintain

s polarization inside the cell
* 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

LHCspi

—

- MAGNET IN TWO SEPARATED COILS

ABS
- CSHAPE YOKE OR WITH A SIDE
REMOVABLE PLATE

il * Compact dipole magnet for static transverse field to maintain

s polarization inside the cell
* 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
— a Longitudinal polarized target in a future phase
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Kinematic coverage

A Vs = [2myE, = 115 GeV The kinematic coverage depends on the cell position:

: e SMOG2 cell position: [-560,-360] mm
o L o xp = 2Er/+/s sinh(y*) Er= ,/Mz + p7

7 Tev Qz = p% + mZ X = Qe_yCM/\/E

JI¥ — p*u- [-560,-360] mm

p.(Jw) [MeVic)

&
S
T

Q? [GeViic?)
w
o
T I TTT

w
=3
TT 77T
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Kinematic coverage

A Vs = [2myE, = 115 GeV The kinematic coverage depends on the cell position:
: ¢ SMOG2 cell position: [-560,-360] mm
. * — 2 . .
0 > 0 xp = 2Ep/+/s sinh(y*) Er = |M?*+pf * xp/ xp ranges shrink towards larger backward distances
7 Tev :
¢ Q2 — p% + mZ X = Qe_yCM/\/E
JIW = - [-670,-470] mm 3 JIW = p*u- [-600,-400] mm JW — p*u-[-560,-360] mm
4000;— 4000;% ;};:-:;zs: -
i
g 5 “r 10 g 40p 10 & a0r
e b e o J 10; . 10; L
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Kinematic coverage

A Vs = [2myE, = 115 GeV The kinematic coverage depends on the cell position:
: * SMOG2 cell position: [-560,-360] mm
0 > 0 xp = 2E7/+[s sinh(y*) Er= ,/MZ +p7 * xp/ xp ranges shrink towards larger backward distances

: * Probable position of LHCspin cell: [-670,-470] mm
7 TeV QP optimt  x— Qe vowlE P P [ ]

( JIW — u*u-[-670,-470] mm JIW — p'u- [-600,-400] mm J¥ — p'u-[-560,-360] mm
g F T F < -
S - S F - s
2 000 ) = 2
< - = o £
s C 5 - 3
= 5000 = s000f— =
o - o - o
: 3
4000~ a000f-
3000}~ 3000f~
2000 2000 ¢
1000f— 1000
C o b w
N L2ie C
3% 03 3
Xg
& o & 90 100 o 40, 100 o~ 40
T T < F £ E ®E
g . F 3 ¢ 3 3
o S a5 2 a5 O a5
s F 5 ¢ 6 [ v
30— 10 a0 e 30— 10 30—
25— 250 25— 250
20— - 20— il
. 1 20} 1 : 1 20r
ol 15— 15~ il
e - — HUP e
"‘) 1 10" W | O il r T FET T I r S g ey L
10° 1 2 2
X k 10 x1 j 10 X1 102
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Expected performance

J/'W — uu-PV X track reconstruction efficiency

- —— [-560,-360] mm
07— e [-600,-400] mm

- e T [-670,-470] mm

L — . - -~ [-800,-600] mm
0.6—

- - - PRRT D

L --i-e

— ARELELE
05— . -

L \ -

- sepeet [mte I e
0.4 !

|

— -t- el - o
0.3 | PR '

— 1

- i

- | i
02— e .

: e !

- . !
01— + : | —m
07\ 'f":—Li | 1-—¢-—| | P P P 1

2 25 3 3.5 4 4.5 5
Jpsi_TRUEy
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Expected performance

J/'W — uu-PV X track reconstruction efficiency

- —— [-560,-360] mm
07— - [-600,-400] mm
L | [-670,-470] mm
- — e - -~ [-800,-600] mm
0.6— ‘
— ._|.l r
: -
05— . ———
L | pese e
- Sk ARl i ' . 5.
04— |
L}
- “4- e e
0.3 prodees '
— L}
= |
, N
0.2— - -k e
C et
— L) i
01— __:__: j e
s
07 'f":—l-i —4-—‘ L1 | Ll P 1
2 25 3 3.5 4 4.5 5
Jpsi_TRUEy

Target
e Iy =6.5-10%s"1 (HERMES)

<°* C.,=17.41/s (20 cm cell)

e 0=3.7-1013 atoms/cm?

Beam (Run4)
e 2.2-10 p/bunch

< * 2760 bunches
(* Ipeam = 6.8 1018 p/s

r

=)

Lyg ~2.5-10% cm™%s™1

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

J/'W — uu-PV X track reconstruction efficiency

- —— [-560,-360] mm
07— e [-600,-400] mm
- - | [-670,-470] mm
- — e - -~ [-800,-600] mm
0.6— '
- T peeben
: * “ede
05— - ———
L | -
L SR L [mte (N
04— |
|
- -t e wospra:
03— ot
— |
= |
H | AP P
0.21— -t R
C et
— L) i
01— - et i .
s
07 'f":—l-i —4-—‘ [ ‘ ‘ [ 1
2 25 3 3.5 4 4.5 5
Jpsi_TRUEy

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

Ciot = 17.41/s (20 cm cell)
0= 3.7 -1013 atoms/cm?

Beam (Run4)
e 2.2-10 p/bunch

< * 2760 bunches
* Ipeam = 6.8-101

r

Channel | Events / week | Total yield
T/ — utp~ 2.6 x 107 3.1 x 107
DY — K—nt 1.3 x 10% 1.6 x 1010
W(2S) — ptp~ 4.6 x 10° 5.5 x 107
T I — utp s (DPS) 1.7 x 10! 2.1 % 10°
J/bJ/p — ptp~ptp (SPS) 5.1 x 10! 6.1 x 103
Drell Yan (5 < M, <9 GeV) 1.5 x 10? 1.8 x 10°
T — ptp 1.1 x 10* 1.3 x 10°
AF — pK-n+ 2.6 x 10 3.1 x 108

» fully reconstructed and selected events (after cuts)!

» based on extrapolation of current SMOG?2 performance

Lyg ~2.5-10% cm™%s™1

=)

L,y(Run) =~ 5 fb~1

8 p/s
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Expected performance

J/'W — uu-PV X track reconstruction efficiency Channel ‘ Events / week ‘ Total yield

07 " Leco 0 mm T/ — utp~ 2.6 x 107 3.1 x 10°

- L. T Laoo a00) e DY — K7t 1.3 x 10% 1.6 x 1010
*oE I W(28) = ptp 4.6 x 10° 5.5 x 107
osE- et J/d b — et (DPS) 1.7 x 10! 2.1 x 103

- J/VJ /) = ptp pt e (SPS) 5.1 x 10" 6.1 x 103
0.4~ | Drell Yan (5 < M, <9 GeV) 1.5 x 10? 1.8 x 10°

- e ool R T — ptp~ 1.1 x 10 1.3 x 10°
“F T A} — pK-rt 2.6 x 10° 3.1 x 10%
01 ed » fully reconstructed and selected events (after cuts)!

0= bl"":";g; B BT S J .TF;;,UE » based on extrapolation of current SMOG2 performance
psi_ y

Beam (Run4)
e 2.2-10 p/bunch

< * 2760 bunches
Iheam = 6.8 - 1018 p/s

Target
e Iy =6.5-10%s"1 (HERMES)

Lyg ~2.5-10% cm™%s™1

r

=)

<°* C.,=17.41/s (20 cm cell)

L,y(Run) =~ 5 fb~1

« 0=3.7-103 atoms/cm? &
Will be much higher in Run5 (HL-LHC)!!
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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)
Compatible with SMOG2 setup

L. L. Pappalardo
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The plan for the upcoming years

Necessary pre-requisites for approval of the project at LHCb (Runb5)
* R&D campaign for the apparatus towards the final setup for LHCb

* feasibility studies in a dedicated exp. area served by LHC beams
e Develop and test a RHIC-like absolute polarimeter

- —
-
-

-

A
IR6 (beam &3
_ <
extraction) \

\
\
1
IR3 (momentum IR7 (betatron ,'.
collimation) collimation) "
]
]

IR2 (ALICE, IR8 (LHCb,
L \injection B1) injection B2) ”

i . 4
W IR1(ATLAS)
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The plan for the upcoming years

Necessary pre-requisites for approval of the project at LHCb (Runb5)

* R&D campaign for the apparatus towards the final setup for LHCb

* feasibility studies in a dedicated exp. area served by LHC beams
e Develop and test a RHIC-like absolute polarimeter

-
-

IR5 (cﬁ§)"‘\
\\

IR4 (RF) IR6 (beam “®

extraction)

IR3 (momentum IR7 (betatron
collimation) collimation)

-
L[]

IR2 (ALICE, IR8 (LHCb,
injection B1) injection B2)

"I IR1 (ATLAS)

JBGV.G7L4
JBGV.H?I‘.‘:‘ 5

IR4 is the ideal place for our R&D:
* Lots of free space for our instrumentation
* Rails, cables and racks already available in-situ

L. L. Pappalardo
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The plan for the upcoming years

ABS and BR-polarimeter have already been
moved to Ferrara for first tests and optimization
prior to full installation at IR4.

MAGNET -

1 meter

-~ ABS DISSOCIATOR

. T ABSMAGNETS AND FREQUENCY
TRANSITIONS LINE

— VACUUM CHAMBER

.~ RECOIL DETECTOR

— BRP
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The plan for the upcoming years

LS3 (2027-30):

* Installation at IR4 of existing setup (ABS + BR polarimeter)

* Implementation of a RHIC-like absolute polarimeter: exploits
Coulomb-Nuclear Interference in beam-target scattering to

measure of molecular polarization (to be calibrated with the BRP)
* Possibility to implement a minimal spectrometer

Tracking Iron Muon
stations wall station
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The plan for the upcoming years

LS3 (2027-30):

* Installation at IR4 of existing setup (ABS + BR polarimeter)

* Implementation of a RHIC-like absolute polarimeter: exploits
Coulomb-Nuclear Interference in beam-target scattering to
measure of molecular polarization (to be calibrated with the BRP)

* Possibility to implement a minimal spectrometer

Tracking Iron Muon

stations wall station
=] 0 o L | J

Run4 (2030-33):

* In-beam polarimetry studies

» proof-of-principle prototype experiment: first pol. meas. at
the LHC (SSAs in inclusive light hadron production)
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The plan for the upcoming years

LS3 (2027-30):

* Installation at IR4 of existing setup (ABS + BR polarimeter)

* Implementation of a RHIC-like absolute polarimeter (exploits
Coulomb-Nuclear Interference in beam-target scattering) to

measure of molecular polarization (to be calibrated with the BRP)
* Possibility to implement a minimal spectrometer

atomic beam
SOUTCE

recoil detector_ .;;‘74"

teft 1Ml

scattered
proton

Tracking Iron Muon
stations wall station

recoil detector

) I right
recoil ][
— proton - 1 ‘ 1 N H
e ‘ ‘
1= i -5 b

proon

bamé

3

Q)

oQ

=]

& ®
p‘”’}j_{” }

=

Breit - Rak T =
polaricnetet Ll — -

Run4 (2030-33):
* In-beam polarimetry studies

» proof-of-principle prototype experiment: first pol. meas. at
the LHC (SSAs in inclusive light hadron production)
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)
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Timeline of the project

2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038
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[ Long Shutdown 3 (LS3) Run 4 LS4 Runs
L [T il

Y
First tests and

—

\

characterization ; " | The setup @ Ferrara g5
in Ferrara | T
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Timeline of the project

2025 - 2026 2027 2028 2029
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Long Shutdown 3 (LS3)

2031 2032
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Run 4

- '\
Y Y
First tests and Installation at IR4 (LHC):
characterization - ABS + Breit-Rabi polarimeter
in Ferrara - Absolute polarimeter

- minimal spectrometer ?

| Implementation @ IR4
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Timeline of the project

2025 - 2026 2027 2028 2029 2031
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Y Y Y
First tests and Installation at IR4 (LHC): - Polarimetry measurements
characterization - ABS + Breit-Rabi polarimeter - First physics measurements (SSAs)?
in Ferrara - Absolute polarimeter
- minimal spectrometer ? ——

Absolute
polarimeter

Basic spectrometer at IR4

Muon
station

Tracking Iron
stations wall
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Timeline of the project

2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038
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“ ? scattered
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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 to study 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.

» The approval process of the first phase (R&D at IR4) is in progress.
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Backup

L. L. Pappalardo
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Absolute polarimetry

Under Coulomb-Nuclear Interference (CNI) conditions one can measure L-R asymmetries in elastic pHT scattering:

-1 t/t,)3/2 8mnV3agy|ZZ'
AN(t) :Mp \/?te (/ e) . EMl |

t, =
2 e
mp 3(t/te) + 1 O-tot(S) Al m."”?:u
AN +0.04 recoil detector_ .-.—_-T:-'TT‘I'
left 'ﬁ-"; ‘ ’ scattered
U\ ‘ ‘i ‘ Q ' proton
Cp PP » Technique used for polarimetry at [ PO =™ el detector
oo . . 15" recoi ]| right
RHIC with p-C scattering . = il W
proton e TR
(A. Poblaguev et al., PoS PSTP 2017 (2018) 022) beam é : M . 71 il
| | | | csrstdber - ol | L o 'l'-;:..i-"lf-.
0.005 001 0015 002 — & ﬁl/'
—t (GeV/c)? é
Analyzing power is maximal (4-5%) fort = ¢, R g 417
polanimelter
For a 7 TeV proton beam:

Otor = 47 mb

* proton recoil energies: 1.7 — 4.6 MeV » Find more here: https://www.maths.tcd.ie/~nhb/talks/2019 07_16_nhb.pdf

* proton recoil angles 87° < 64, < 89°
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Physics measurements at IR4

Even though the focus will be on polarimetry and beam interactions, we performed preliminary calculations to
determine if a simple detector could meet our needs

700

:T: .'i\l-

op 8o 1
»  JNsi03z-Bl- L'
momentum
Jy —

500

400

300

200

pH @ /s = 115 GeV

P P B -
100 120 140 180 180 200
Plu) [GeV]

apfp (%)

12 4

Momentum resolution vs spectrometer length
T T T

-—- g=1mm 8l =1Tm

=== g=]1mm Bl =3Tm

p=10.0 GeV
e=1lmmBl=2Tm

o=2mm B=1Tm

c=m3imm Bl=1Tm

[
spectrometer length (m)

1

opening angle

Jy = putp”
pH @ /s = 115 GeV

we can achieve d resolution ép/p < 1% within
a few meters of lever arm (depending on
space constraints) for momenta up to a few
GeV and with N = 10 hit measurements

with 8p/p ~ 1% we have ém ~ 40 MeV,
excellent for any other measurement

it is even possible to have a ToF PID
@3¢ level forn— K
p ~ 1 GeV — o;0(100) ps

L. L. Pappalardo
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A synergic attack to gTMDs

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

DIS | DY | SIDIS | pA = yjet X | ep =€ QQX | pp—= nep X | pp— J/y X Can be measured at the EIC
ep—=>e X | ppo>HX | pp=>T~vX
9‘[+;+] T\AT
flg — (WW) | x | x ~ . v v v Can be measured at RHIC & LHC
— (DP . .
Ji OP) | VIV ] V v x . x (including LHCb+SMOG2)
pp— 77X | pA=s jet X | ep—= e QOX | pp—nes X | pp— Jjby X Can be measured at RHIC and
ep—=e€jijiX | pp—=HX pp — Ty X LHCb+LHCspin
hy O (ww) Vv X i Vv v
h ¢ (Dp) X v X X X
DY | SIDIS | p' A= hX | p'A—=~yWjet X | pTp = 4yv X epl 2 e'QQX
p'p— JuyX ep' € jijaX
p'p— J/YJ/pX
e oww) | x x x x Vv .
1J_Tg ] (DP) v Vv v v * X
L. L. Pappalardo
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gluon TMDs

gluon pol.

U | Circularly | Linearly Theory framework well consolidated ...but experimental access still extremely limited!
'_1 g J_q . .
e Ul fi hi Gluon correlator depends on 2 path-dependent gauge links, different for ISl and FSI:
e
g | L 9ir hyf - e : -
E L e “Future pointing” g _ i I, “Past pointing”
z T ]-1?\ gir hi, hir Wilson line (“+”) _ Wilson line (“—”)

A

\ FSH(SIDIS) e - “ £’_ 1S DY)

1 glept—=e' QO X 9 Lglp" pyy X 2
[+, +]+—> fir [ | (z.pr) = —fir | | (x,p7) <

. [—, — Sign-change relation expected for
’ the other T-odd gTMDs h‘g and h#!

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

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

 2indep. GSF: flngH’H “f-type” - antisymm. colour structure ; flngH’_] “d-type” - symm. colour structure
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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 /i — u™u~ in fixed-target configuration (PYTHIAS + 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 ¢ 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 — T o — D — T o — D
p:—[lﬁ—(alﬁ—agm :E—i—ﬂ;}u) Siﬂqf?-l—(bl-l—ng m-l—bgu)sin%:]
2 Lmax PT mazx Lmax PT max

e Using these pseudo-data the TSSA is computed in the usual way:
4] NT - N?
N7 PNT 4N

and the uncertainties on N'® (Poisson) and P (systematic) propagated accordingly.
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A preliminary analysis tool for pseudo-data

e The data points are binned in xg and pr (2D binning), represented vs. ¢ and fitted with f = a4 sin ¢ + a, sin 2¢ where
the free parameters a4 and a, represent the amplitude of the corresponding azimuthal modulation

TSSA on JW — pp- TSSA on JA¥ — p*u-
L e o ocsmoreoorzr | § O weosseems S P il
5 osf : a2 oowe2s00207| £ g f a2 001614 + 0000001 * 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)
ozf VIO — there is no sensitivity for the sin 2¢ term
' ;
JW — pp- - fit results for parameter a1 JW — p*y- it results for parameter a1
e I S * The amplitudes a, are reported vs. xr in
P ol oo ol i bins of p (and vice-versa)
— —t+— { + — | * 1 1 * A mild kinematic dependence is observed
“F “F consistent with the model
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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

pr (MeV) TP a1 (AP =0%) | a1 (AP =5%) | a1 (AP =20%) | a1 (AP = 50%)
0,1500] -0.70,-0.09] | 0.090 + 0.013 0.089 = 0.013 0.087 =0.014 0.087 4 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 + 0.014 0.117 +0.014 0.114 +£0.017 0.113 + 0.030

1500,6000] | [-0.70,-0.09] | 0.093 £+ 0.010 0.092 4+ 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 % 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
* We expect AP = 10 — 15% for the storage cell hypothesis (and close to 0 for the jet target hypothesis )
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The LHCb detector

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

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

Side View ECAL HCAL M5
M
Magnet SciFi ~ RICH2
Tracker \

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

> Precise primary and secondary vertex reconstruction (VELO)

» During LS2 major hardware upgrade to cope with the factor of 5 increase in luminosity starting from the Run 3
[http://arxiv.org/abs/2305.10515]

Types of collisions (Collider mode):

protons lead ions lead ions lead ions
protons protons ﬂ /ﬂ m\
—— «—™ O—> —— TR et LA > e A
Vs = 13.6 TeV Jswn=82Tev & t"‘"r" Y < SA/Syy = 5TeV A& 3 chy
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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)
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https://arxiv.org/abs/hep-ph/0701220
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