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QCD

Quantum Chromodynamics is the theory of strong nuclear interactions.

A fur

gluor

damental field theory in hand since the early 1970s, but quarks and
s (degrees of freedom In the theory) cannot be observed directly In
experiments (color confinement)

To study and understand fundamental
aspects of QCD in terms of degrees of

-~ freedom we can start from the simplest
& stable QCD bound state: the proton




Unvelling the proton sfructure by scattering parficles
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Unvelling the proton sfructure by scattering parficles
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Unvelling the proton sfructure by scattering parficles
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What have we learned in terms of this picture by now?e

e Up and down quark “valence” distributions peaked ~1/3
® | ots of sea quark-antiguark pairs and even more gluons!

HERA I+II inclusive, jets, charm PDF Fit
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J[You believe you understood something
... how let’s add the spin




How much do we know about (proton) spine

A proton has a total spin +1/2 along some axis.
Most naively, you would expect it to contain two
quarks with spin +1/2 and one with spin -1/2.
1/2+1/2-1/2=+1/2

11



How much do we know about (proton) spine

A proton has a total spin +1/2 along some axis.
Most naively, you would expect it to contain two
quarks with spin +1/2 and one with spin -1/2.

1/2+1/2-1/2=+1/2

e —

Surprising data from late 1980’s!
Only ~12% of proton’s spin carried by quarks’ spins!
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How much do we know about (proton) spine

gluon angular
Total quark spin spin momentum

Hence ~30% of the proton spin is carried by the

spin of the quarks, the remaining spin must e _h E_SZ + Sz + ELZ

carried by gluons or orbital angular momentum
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How 1O account for thise

Pl @
x.P,
1 Hard Scatte
S
, szz ...........................................
\ © A Jgo—>
A < 59898

G(pp >1X )oc qr(xl )® g(x2 )® o158 (§)®D;Z : (2)

Particle production rates can be calculated using pQCD from:

—Parton distribution functions (from experiment)
—pQCD partonic scattering rates (from theory)
—Fragmentation functions (from experiment)
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We want a description - at Leading Order - that 7/
8

INcludes spin-spin and spin-momentum correlations

Unpolarized fn =@
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We want a description - at Leading Order - that aj/

INcludes spin-spin and spin-momentum correlations

Worm-gear
(Kotzinian-Mulders)

Transversity

Unpolarized

Spin-spin correlations]

_ Sivers
Spin-momentum

correlations

h.';T

Pretzelosity

| Worm-gear | 6 6
h1L=°—> - °—> hyp = -

Boer-Mulders
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Transverse Momentum Distribution Functions (TMDs)

PDFs involving transversely polarised quarks are chiral-odd:
can only be observed experimentally in conjunction with a second chiral-odd function

— ollins TEP
: Fragmentation , | (1993)161
Jet axi > Jot
S x1Pl 0
. Proton : :
: Structure Ao-ij
xzflz .................. Y
Hard Scattering Jer
Process
PZ : 1 > _ Nt

s - N~ =N .
polarised ey e NN Pf pQcD . ;Olhns FF
Obec.l.s .............................................................. A * :

transversity
distributions
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f, =@
Boer-Mulders s, =@ - @

1
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From J.-C. Peng

Unpolarized

Folarized
target

Folarzied
beam and

target

S, and S Target Polarizations; Ae: Beam Polarization
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Hadron fomography

Transverse momentum

rse position
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Now we heed polarised protons
meaning
we need highly polarised H atoms

N. Bohr

.‘1_'.'- ~




| ++(C a polarised target at

spin

polarised target
(beam-gas) cbeam-beam

collisions

The LHC beams cannot be
polarised
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| ++(C a polarised target aft

spin

Luminosity
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A unigue project ifselt and a great playgrouna
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Technical Design Report

e Storage cell installed on 08/2020 e GFS installed on 03/202 7
Boosts the density by 8 — 35 X wrt SMOG e Can be filled with: He. Ne. Ar
Negligible impact on the beam lifetime: « Under evaluation: o
~ 2000 days , g2t~ 500 h H,. D, N,, 0,.Kr, Xe (e.g. can be é_* '!”"f =
* Temperature probes up and running njected at the end of a Run) Y ﬁi" wb‘%;ww /( f' H[ e
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1: beam, 2: target
Large CM boost : large x, values (xz < 0) and small x,

pp/pA collisions, 7 TeV beam:

d Vs = /2myE, = 115 GeV
0.45 -7 TeV .

2V €3 = =30 S yeps 0

' AA collisions, 2.76 TeV beam:
. . Svy = 72 GeV
2.76 TeV Viab =43 = Yeus =0
107, e SRR T S I R Unique OCD laboratory at | HC:
- 8.16 TeV pPh Other Collision Systerns
. I THCH U LHCH 110 GeV
10° m ATILAS/CMS B TIERA
[ ALICE e [arge-x content of g, g and heavy quarks in
nucleons and nuclel

10°: ALICE Muon

e Spin distributions of gluons inside unpolarised

‘:3':10‘;l and polarised nucleons
i. e Heavy lon FT collisions at an energy in between
= 107 SPS and RHIC
- 4~ e Broad and poorly explored kinematic range
10‘3; e High luminosity, high resolution detectors:
; access to a large variety of probes incl. exotic
101;  Several unpolarised gas targets
§ e Polarised gas targets: II', D!
B TS

N E————————_,.
10—+ 1Q3 10~2 10—+ o5 10

z



SMOG?2 performances ... similar to LHCspin

[ LHCB-FIGURE-2022-002]

g 0000 LHCb Upgrade simulation - L3 S - LHCh Une Ii imulation o _

» beam-beam and beam-gas E s - b Upgrade al 1 £ ok LHCb Upgrade simulalion =
interaction regions are well ?;3 TE beam beam collisions = "’é :J:!- stand-alonc pHc -
detached (0'7 =0.1—-1 llll]l) O 20000 = beam gas colhisions = - 015 ——— stand-alone PP _

< — - i .
. . o —n F - D - . overlapped pp+pHe -

» Negligible increase of multiplicity 15000 1 E L. ppect Ppp _

S r overlapped pp+p Ar -

* 1 —3%throughput decrease when 10000 | 4 = [ -

adding beam-gas to the LHCb 5000 - q £ 06 .
' - . - - A e -
event reconstruction sequence oF = = o | | e, _
=200 0 200 () 1000 2000 3000 4000
Simulated PVz [mm] Number of hits in the VELO detector
— pp+pHe Rec.ble distr +pAr — — pHe N N , , —
" 7 T § i —w LECY Ui doninion
° - LHCb Upgrade simulation . £ 25— He Recbledistr. U5 Gevie Lashh =
g 1 :_ ..;—..-n—---r T W —: g- 08 ;— I | * ' i} —;
o 5 o5 [ ] § u§ + =
e Full reconstruction efficiency = - ]l - = 02 |
(PV & tracks) retained in the g 06_ 1o 0" 3 -
beam-gas region S 04 1 3 et - | -
. - . E 10—1 N 1 + —
0 _ : ! —1 [y, | ’g W10 ¢ — i
~400 ~200 0 200 5 " _a00 200 0 T a0
Z [mm] PVz [mm]

* LHCb will be the only experiment able to run inzé:ollider and fixed-target mode simultaneously!



LHCspin experimental sefup

P
J Diccociator e Start from the well established HERMES
setup @ DESY...
\ e ... to create the next generation of fixed
- target polarisation techniques!
Sexwpole 1N VN
system &
.: :- Atomic Beam Source (ABS)
* — produces polarized atomic
SFT I]: :[. beams

MFT I ==
Sextupole [l 'R
system :
W
T Target Gas Analyzer (TGA)
T - measures atomic and
+ molecular composition | _ ,
Chppe Breit—Rabi Polarimeter (BRP)
y — measures nuclear polarnzation
Target Cell ‘ ‘ %MA
* ‘._,,-"I‘i- ! dd-- 'v_ . .
% N 1 it i———— "--Wi--[fi“:.ff-“J - | QMA
y b Shu =mm B
LHC beam SFT  MFT  Sextupole Chopper
system

[NIMA 540 (2005) 68-101]
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HERMES PGT

Space available in front of LHCb

~ERN LHC P(@
r-
Ld Y




PGT implementation into LHCb

e Cylindrical target cellwithL=20cm and D=1 cm 1.4

e | HCb simulations show broader kinematic acceptance & higher efﬁcuency 1.2
at the same position of the SMOG2 cell

VELO

vessel 03
. 0.2—
=, PGT cell

29

JI¥ — nw'n €,..(PV) vs cell position

--------- Meconstruction efficiency
s R@ti0 With SMOG2 region ([-560.-360] mm)

I|III|I|,x'|II

- —————

1 e [-600.-100] mm

B0 ey 05070y 5% 5000, 506 0, 00, P

‘Oo 0,20
7 20f ' 10p, 7 i
N T e e VL B LD

&) JAF — u'uPV X track reconstruction efficiency

- e [-560 -360] 1111

= [-R70 -470] mm
= o oo [-800 -G00] mm

3.5 4 45 5
Jpsi TRHULy




PGT implementation into LHCb

e |nject both polarised and unpolarised gases
via ABS and UGFS i

MAGNET INFO FOR THE CELL ACCESS

FEED THROUGH SERVICES

~EED THROUGHS:

- ABSx1

- BRPx1

- Uplsx1

- Motorsx2

- Thermal sensorsx 1

1 ikt A { i ‘4M..¢m=
b N B
h"“gﬂaﬁﬁ,. T

. »lm.‘lwl! AL
7 | MR

coils

- MAGNET IN TWO SEPARATED COILS

- CSHAPE YOKE OR WITH A SIDE
REMOVABLE PLATE

dalaecea los: D
L5500+

LAJIOMELN

e Compact dipole magnet — static transverse field

LANOMNELN

e Superconductive coils + iron yoke configuration fits the
space constraints

- L. 2TOME

- 10XOE+D

e B =300 mT with polarity inversion

= RMIWFEI

e AB/B=10%, suitable to avoid beam-induced
depolarisation [PoS (SPIN2018)]

M S.00(0E(1

= 4MIIMFI

N' 2001
JAUANA2Z

e Possibility to switch to a solenoid and provide
longitudinal polarisation (e.g. In Run 5)
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PGT implementation into LHCb

ABS & BRP IN VERTICAL LAYOUT — SIDE VIEW « Reduce the size of both ABS and BRP to fit

| Into the available space in the LHCb cavern: a
Atomic Beam Source challenging R&D!

e No need for additional detectors to LHCb: only
a modification of the VELO flange Is required

e P~85% achieved at HERMES

Injected Intensity of H-atoms:
6.5 % 101° 7!

Achievable Luminosity (HL-LHC):

2 1

), g
~ 8% 1072 cm? s

e Alternative solution is being investigated: a jet target
provides lower density but higher polarisation degree

Breit-Rabi polarimeter

V| Carassiti - INFN Ferrara
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Some of the main requirements: openable cell

The fransverse size of the LHC beam aft injection (450 GeV) is much
larger than at the lumirun (7 TeV)

. openable
- storage cell |

ELECTRICAL CONTINUITY
BETWEEN CELL AND RF FOIL

FLOATING HALF CELL SUPPORT
CONNECTED TO THE RF FOIL
FRAME

STORAGE CELL _
SUSPENSIONS

GAS FEED TUBEIN
THE CELLCENTER

CONICAL TRANSITION

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

32 FRAME




Some of the main requirements: low Secondary Electron Yield

3

non coated

~aluminum_ CuBe (flexible)

J ) \

When primary incident particles hit
a surface induce the emission of

secondary particles creating 4 i
beam instability and background SN

o’ H
high SEY
Fig. 2. Ternary phase diagram of bonding 1n amorphous carbon-hydrogen alloys.

33 J. Robertson/Materials Science and Engineering R 37 (2002) 129-281



Some of the main requirements: low atomic recombination

H1

O\ stick to the surface

P,=05P,

P )

/

.
T TS T

Avolid depolarisation avoids
Materials used

ng s

orev

lcking of particles with a proper coating

lously are not suitable at LHC

SEY behaviour (copper and ice)
measured at the ARYA laboratory
at INFN-Frascati laboratory

Copper: SEY ok, depol hot-OK
lce : SEY ok, depol ok ... very
difficult to have

- S
- S
- S
il
-8

S
- S
300

EY for cl
EY @ 1L
EY @ 5L
EY @ 10
EY @ 20
EY @
EY @ 80
40

EEEEEEEEEEE gy (eV)
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World best results reached
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LHCspin event rates

e First look at expected statistics (order of
magnitude) in terms of a spin asymmetry:

Ay =
N" p Nt NI

1 NT - N

e Projected uncertainty on TSSA with different
polarisation degrees

weeks of data-taking (1w=84h)

0.0 0.5 1.0 1.5 2,0 2.5 3.0 3.5 4,0
Polarisation degree:
0.035 - — P=1,00%000 [14
— P=0,8%0,08
0,030 - —— P=06x006 |12
- i =
s LHCspin gas: H =i i
8=372e+13 cm™? I
2 0.020 - Based on pHe SMOG results | g g F
3 ®
<
0.015 - - 0,6 3
3
0,010 - - 0.4
0.005 - - 0.2
0 20000 ~"40000 60000 00 100000

Jlw-u* u~ yield / polarity

e Precise spin asymmetry on J/y — u*u~ for pH' collisions in
Just a few weeks with Run 3 luminosity!

e Statistics further enhanced by a factor ~ 3 -5 in Upgrade |l

weeks of data-taking / polarity (lw=84h)

0.0 0.1 0.2 0.3 0.4
Polarisation degree:
0.035 - — P=100%+000 [14
- P =0,8 % 0,08
0.030 - — P=06x006 |47
3
0,025 - - 1.0
LHCspin gas: H 2
6=372e+ 13 cm™2 [
£ 0,020 - Based on pHe SMOG results | 5 g <
3 @
=
<
0:015 7 - 016 gz
0,010 A - 0.4
0.005 = ~ 012

0 10000 ' 30000 40000 —_ 50000 60000
D%»K~n* yield / polarity
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TMDs

¢ 3D momentum "tomography" of hadrons:

Repl. 105 (Q%=1 GeV?)

005
| p(GeV?)
} 14
I 12
™-.0.20
| 1.0 10
‘[ ] 05 .
] -
0.0 ky (Ge\/ )
4
-C.5 2
0
+ —1 '0

courtesy of 10
A. Bacchetta N, e

e To0 access the transverse motion of partons inside a polarised nucleon:

measure TMDs via TSSAs at high x! (and low x,)

—

‘4N — ‘ R A‘ e q ]
P ol + 6! fl (xla '7‘] ) ®fl{ (302,]&72)
37

e Projections of polarised Drell-Yan data with 10 fb™"

01-' v ""I""I""I""l""l""I""I""-
:4<M <9GeV/c _11c .
0.05EdM =0 5 GeVie pp Vs=115GeV 4
; 1
O — [
e . M-
- m
o —0.05 =
S 12
T 0.1 =N
— - o
- =1 [©
—0.15__ - g
E7.,,=10(b" =
0.2 =
-cff. pol. P=0.8 -
—0.255- e o
0 O.l 0 7 0.3 04 0.5 O O 0 08 09
x1

e Verify the sign change of the Sivers TMD In
DY wrt SIDIS:

1q, ;2 19, 2
fi7 (x. k3)py = —fi7 (x, k7)sIDIs

» + 1sospin effect with polarised deuterium

 Sea-quark component accessed via W*
boson production, with AA, ~ 0.1 = 0.2
complementing RHIC [PRL 116 (2016) 132301]




o o ( 0 no
The gluon Sivers tunction dominant process at LHC oD

L]/, Y
ly unconsif Y

e &

4

£ Q

g

e PP' = Q0rX is the ideal observable to access gTMDs (ar(Q)<<Ma)
e Deep insight intfo the nucleon gluon dynamics

e Sheds light on spin-orbit correlations

e Sensifive to the totally unknown gluon Orbital Angular Momentum

ppT - J/P X JW — pnp-
0,15 - I | | | I |_'I' =T="J _ L ‘I | I | I I I | I - 0.07 —— [-560.-360] mm
= pr=2GeV "~ VYs=115GevV 1 |- [-600.-400] mm
01 — ~ . - Q 0.06]| - [-670 -470] mm
= s N N g == =800 -600] mun
0005 :_ \ T —_ o 005:_
B -1 |eo -
Z F = = = = mom e m L WD 14 0 0.04/—
< 0 5 = I u
_ 1 |e n
_ == 0.03—
0.05 |- / S () -
_ P - o~ [
O L7 1 13 0.02{—
01 F CGI L 4 Iz -
" e - PM _ - N = 0.01_—
_015 I T N TR T T DO [T T T T T T N T -
'O 4 'O°2 O 0‘2 0 4 c10.4 -0.35 -0.3 —O..25Mm -02 015 -0.1  -0.05 0 0.05
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TMDs

h q()q I\IT)®/’I'LC](XH _T)

o Plenty of observables with polarised DY: azimuthal asymmetries of the dilepton pair Ag‘,’i‘?q’ ~ 1
to probe TMDs [ k)@ (xz,ks‘T)
| 4q 7
e b, :transversity — difference in densities of quarks having T pol. t1 or t| in T pol. nucleon Asinqbs N fl (-’Clsl\ )®f (’f” )
o - vr [, ) @ [ (6, K
. fllT‘! . Sivers — dependence on py orientation wrt T pol. nucleon S\ M ]
1q,
e h'4:Boer-Mulders — dependence on p, orientation wrt T pol. quark in unp. nucleon ASInCetps) h (-x"]‘ i) ®h (x°’]‘ )
“cur ,
| xy, k? X3,
. h]iT‘f . pretzelosity — dependence on p, and 1. pol of both T pol. quark and nucleon /rl( L ‘1r) @ [ (X2
_ | e h,“f(xl,kf.,)@1{{<,r2,k:.,.
o f!:unpolarised TMD, always present at the denominator AZ’,’}‘-—*”‘%’ ~ - 5 :
f]q(xl ’ kTT) ®*f|q‘\(27 k‘z-T)
9 o J/¥ J/'¥ channel
0.14 0.16 0.18 0.2 0.22 0.21 0.26 0.28
[ 0o6 ' .o S T = 0.8
/ } ACos2ég S B 2years(10fh )
- UvU - S Z o
,, 0.05- Acndsm - 00 & tyeu
e polarised Drell-Yan to access unpolarised TMDs of } (), - 04 [ A 4months
sea quarks and polarised TMDs in the valence region 7 0.04- : 0ok
. . s . I
e gluon-induced asymmetries: h]lg never measured, can a. — i 0l + ‘ + ) | ~
be accessed together with the f* TMD (also % : 0ok
unconstrained) in di-J/y and Y production g 0.02- - o 3
I EPOS+Pythia MC
[ArXiv:1807.00603] [PLB 784 (2018) 217-222] 0.01- IO fb_l 3 < yob 4— ~0.6 F pp Vs =115 GeV
0 L | L | | ) | L —08 I
1 5 6 7 8 9 0 0.5 1
My [GeV] ydi-J/w



A TSSA analysis at LHCspin

TSSAon J/¥W — u'n- TSSAon J¥ — p'u-
. — 2/ ndf 2516/6 | L - _ <2/ ndf 2.647 /6
g Ve N = 20132 events ° ai 0.08961+ 0.0127 2 02 N = 68624 events at 0.09262 + 0.009659
SN X, E[-0.70,-0.09] a2 0.01821+ 0.0207 S 15— X, €[-0.70,-0.09] a2 0.01614 = 0.009991
o - [ w - —
< - p_ ¢ [0,1500] MoV < - p. ¢ [1500,6000] McV
0.1 0.1[
0.05[ 0.05]
o T o &7 T~ 7T T
-0.05 -0.05]
—0.1— 0.1~
- e Total - e Toal
~0.15— == = 4 sin(®) _0.15— = = = asin(d)
u = = = &,5in(2®) u = = = asin(2d)
—0-2 B | 1 | | | I | | | 1 | 1 | I | | 1 | 1 | 1 I | 1 | | I | | 1 _0-2 _I | | I | 1 | I 1 | | I | 1 | I | | 1 I 1 | | | | | | | |
3 _2 Y 0 I 2 3 _3 2 1 0 1 2 3
¢ ¢

JIW — u*pn- fit results for parameter ai

g 018 — r
 Full LHCb simulations — emulate the target polarisation by assigning a § 018E  Crvzrmeotsioenmm Pr € [0.1500T Me?
1 | tag according to a model. In this example: 10% asymmetry sin ¢, 2% A s
on sin 2¢p with mild x., p dependence [JHEP 12 (2020) 010] 0.12F "
e Fit the polarised data with the sum of two Fourier amplitudes C"1:_ . + }
0.08—
e Within this statistics ( ~ 3 months of data-taking): 0.06F-
Ay~ 011001 with4 xzx2 p,x8 p binson /¥ — utp~ 004
e Work ongoing on other channels 0.02 1
40 _0.02E
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Polarised Heavy-lon collisions

e Interesting topic joining heavy ions and polarisation: probing the

dynamics of small systems

e Ultra-relativistic collisions of heavy nuclei (Pb) on transversely

polarised deuterons (D)

« Deformation of D' is reflected in the orientation of the generated

fireball in the transverse plane

Pb-beam

v2{®p}<0 v2{Dp}>0
Pol-D Pol-D
prolate oblate

D polarised along @, ,
perpendicular to the beam
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« Quantified by the ellipticity, e, wrt @,

e (an be easily performed on minimum bias data!

2218 16 14 12 10 9 8 7 6 5 4
I
0.08

WTT T T T 1 I | I |

Sibpt

0.06

0.04

0.02

-0.02

_0.04

o1 02 03 04 05 06 07 08
centrality

[PRC 101 (2020) 024901]




Additional Physics Motivations ...

we can measure already with SMOG?2
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Heavy-lon collisions

e | HC delivers proton beam at 7 TeV and lead beam at 2.76 TeV, while the storage cells technology allows for an easy target change

e Great opportunities to probe nuclear matter over a new rapidity domain at

e Hints for deconfinement at this energy: FT

LHC

@ 5.02 TeV

Temperature T [MeV]

3

e < 3 :'.
e" L <X 7 .
° e p
& | -' .
. © _® » Neutron ars |

collisions to explore the transition region

1 , .
Nuclei Net Baryon Density

s =72 GeV

e Complement the RHIC Beam
Energy Scan (BES) with a y scan

;150-|l--l|-u--|-l-ll_
Q 62.4 GeV 27 GeV i
0<y<05 0<y<05 19.6 GeV 1
2 0<y<05

| S -
— 140 %#{% =

0<y50£
72°eV 7.7 GeV
130 zi,:os i’fx’« /1
T ]
72 GeV v
120 -0+ dN/dy scan = K,p. A pink b —_
® |Integratedy =, K,p. A i
D "BES" 0<y<0.5 . K, p, A (a) -
110 ]

| S EE Rt e A b Ukl it Thbi Lot Atk Gl tl Wity o |
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[PRC 98 (2018) 034905] Ll [MeV]
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T - 1/(r)
450 Mev [~ | Y(1S)
L | %(1P)
240 mev [l J/w(1S)
200 MeV %(1P)

e Suppression of ¢¢ bound states as
QGP thermometer

e States with different binding energy
— different dissociation
temperature

e | HCspin to access unique/heavy
probes [IJMPA 28 (2013) 1340012]




Astroparticle

e p production on ple collisions, first measurement from SMOG helped the e heavy-flavour hadroproduction
iInterpretation of DM annihilation [PRL 121 (2018) 222001] measurements needed to improve the

prompt ¢, flux prediction at high energy

[JCAP09 (2015) 023] [ArXiv:1906.07119] PROSA (v +anti-vy) flux
10 83— — —
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Ti 0%} "_w
104} T o
a HE 1 gw*‘
s 5 # | AMS 02 (gu) D
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g = —2| 'lotal uncertainties
10-5 / p  Fducial | Em. 10 j") - lotal uncertai t. .
’/,f Uncertainty from: s  Cross-sections - 107 :
Propagation | 4 = scale + Mgnarm + PDF uncertainty M |-
W Primary slopes "~ e Main uncertainty still due O total scale uncertainty :
Solar modulation | - to Cross sections! TR, total PDF uncertainty mmms |-
10° ' — N - inty (XX
0 1 5 10 50 100 10 L e 20t8 Mchary Uncertainty <X |
Kinetic energy T' [GeV | 103 10 10° 10° 107 108
E (GeV)
e Inputs for UHECR flux composition with plle, pO, pN data
| ) @ —
e %0 beam foreseen for Run 3, would reproduce the actual processes:
H O O

e %O4+p—-sp+Xand %0O+*1e - p+X [CERN-LPCC-2018-07]
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