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Kinematic conditions for fixed-target collisions at LHC
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Kinematic conditions for fixed-target collisions at LHC

| HC < lead ions

protons, deuterons

( protons protons, deuterons
D—_— (——‘I“ .
\/S Lab system
VSyny = 115 GeV [ — > NN 60} y
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o A E E‘\\ 1\ } CM strongly boosted in the lab system!
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VSN = 72 GeV 2<Yiucp <5 = 3=yYym=0

Assuming pA collisions with £, = 7 TeV' = /syy = 115 GeV
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Kinematic conditions for fixed-target collisions at LHC

( protons protons, deuterons
PN _f b
\/S Lab system
JSwn = 115 GeV —VIWN 60 | = T
Zmp X X5

Lﬁs C < |ead ions

pIin protons, deuterons

‘\ CM strongly boosted in the lab system!
'%‘ —> <———f

VS = 72 GeV 2<YHcp =5 = -3=yYym=0

 Bkw CM region is at reach of a forward spectrometer
with reaction products at measurable forward angles

* LHCb ideal detector to host a fixed target at the LHC!

Assuming pA collisions with £, = 7 TeV' = /syy = 115 GeV

°>—°

CM system
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Kinematic conditions for fixed-target collisions at LHC

In the fixed-target configuration LHCb allows to cover

: - : ~ _ - v
mid-to-large x at intermediate Q> and negative xy Assuming pA collisions with £, ~ 7 TeV sy ~ 115 Ge
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Kinematic conditions for fixed-target collisions at LHC

In the fixed-target configuration LHCb allows to cover

mid-to-large x at intermediate Q% and negative xy Assuming pA collisions with k), ~ 7 TeV VSwy = 115 GeV
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VSNN

* Partial overlap with RHIC kinematics

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

* EIC will mainly focus at small-x and large Q?
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Kinematic conditions for fixed-target collisions at LHC

In the fixed-target configuration LHCb allows to cover
mid-to-large x at intermediate Q% and negative xy

;

and P, < 10 GeV/c
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* Partial overlap with RHIC kinematics
« 12 GeV Jlab probes large-x at small Q2

* EIC will mainly focus at small-x and large Q?
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The physics goals of LHCspin

« Access the structure of nucleons in a poorly explored kinematic domain (large-x at intermediate Q?)
 Measure experimental observables sensitive to quarks and gluons TMDs and GPDs

e Complement present and future SIDIS results (COMPASS/AMBER, Jlab, EIC)

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

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

Access the structure of nucleons in a poorly explored kinematic domain (large-x at intermediate Q?)
Measure experimental observables sensitive to quarks and gluons TMDs and GPDs

Complement present and future SIDIS results (COMPASS/AMBER, Jlab, EIC)

Test non-trivial process dependence of quarks and gluons TMDs

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

TMDs
surviving
integration
over kr.
“Collinear
analysis”
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f1
number
density
g1 hit,
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| B §
a5 ol
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worm-gear transversity | pretzelosity
O® 3 @ - @ @ ) @ @ . @

Courtesy C. Ried|

Quark TMDs:

» significant experimental progress in the last 15 years!

* many phenomenological extractions available from global analyses
* now entering the precision era

* main results from SIDIS (HERMES, COMPASS, JLAB, = EIC)
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The physics goals of LHCspin

Access the structure of nucleons in a poorly explored kinematic domain (large-x at intermediate Q?)
Measure experimental observables sensitive to quarks and gluons TMDs and GPDs

Complement present and future SIDIS results (COMPASS/AMBER, Jlab, EIC)

Test non-trivial process dependence of quarks and gluons TMDs

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

TMDs
surviving
integration
over Kkr.
“Collinear
analysis”

U L T
f1
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©
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2| @ -
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Courtesy C. Ried|

Quark TMDs:

significant experimental progress in the last 15 years!
many phenomenological extractions available from global analyses
now entering the precision era

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

Inclusive hadron production and Drell-Yan in (polarized)
hadronic collisions offer complementary approaches
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Probing quark TMDs in polarized pp collisions: inclusive hadron production

Polarized inclusive hard scatterir Main observables in pol. hadron collisions:
\ -~ Sp Left Single Transverse Spin Asymmetries (STSAs)
O @ |
' ¥ ~ 2 10" 1N} -N;
S X Right N Po'+ot PN+ N}
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Probing quark TMDs in polarized pp collisions: inclusive hadron production

« Very large asymmetries persistent with energy, up to /s = 200 GeV !

Ay (%)

Polarized inclusive hard scatterir
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Main observables in pol. hadron collisions:

Single Transverse Spin Asymmetries (STSAs)
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Reproduced by various experiments over 40 years!
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LO collinear pQCD predicts Ay~0(10~*) but asymmetries as large as 40% have been measured!
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Probing quark TMDs in polarized pp collisions: inclusive hadron production

1. Collinear twist-3 approach (1 hard scale): 2.Non-collinear leading twist approach (2 scales):
(Efremov-Taryaev, Qiu-Sterman, Kanazawa-Koike) (Anselmino, D’Alesio et al. )
SSA arises from 3-parton (qgq, ggg) correlation function SSAs arise mainly from Sivers effect
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Probing quark TMDs in polarized pp collisions: inclusive hadron production

1. Collinear twist-3 approach (1 hard scale): 2.Non-collinear leading twist approach (2 scales):
(Efremov-Taryaev, Qiu-Sterman, Kanazawa-Koike) (Anselmino, D’Alesio et al. )
SSA arises from 3-parton (qgq, ggg) correlation function SSAs arise mainly from Sivers effect
Kanazawa et al. arXiv:1502.04021v3 0 Anselmino et al. arXiv:1504.03791v2)
3 I T I T I T l+ T ’ E ' ' I ' I ) ' ) ' ' I ' I n"" I i
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0o L lr=3Gev o= or b §
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<‘:z <Z 0 f e TS
-0.05 —
01 |
. Vs=115GeV p;=3 GeV
015 | SIDIS 2 - DSS
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Probing quark TMDs in polarized pp collisions: inclusive hadron production

1. Collinear twist-3 approach (1 hard scale): 2.Non-collinear leading twist approach (2 scales):
(Efremov-Taryaev, Qiu-Sterman, Kanazawa-Koike) (Anselmino, D’Alesio et al. )
SSA arises from 3-parton (qgq, ggg) correlation function SSAs arise mainly from Sivers effect
Kanazawa et al. arXiv:1502.04021v3 0 Anselmino et al. arXiv:1504.03791v2)
3 I i I J I ! l+ T ’ E ' ' I ' I ' I ) ' ' I ' I n"" I i
| VS =115 GeV T - — 1 0.15 pp' > m+ X Ty e :
0o L lr=3Gev o= or b §
0.05 —
< < 0f
-0.05 —
01f |
. Vs=115GeV p;=3 GeV
015 | SIDIS 2 - DSS
] [ | | _0_211_,_,‘,‘1.1_,‘,‘
-3 -2 -1 0 1 3 25 2 15 -1 -05 0 0.5 1
y y
 Asymmetries above 10 % - strong signature!! y=5 (6~1°)
Lab system = Yoy ®
* The effect increases toward more negative CM rapidity — e x; / X,
X )
* Nicely matches LHCb acceptance with fixed target! y =2 (6~15%)
= Yem = —3

CM system
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Probing quark TMDs in polarized pp collisions: Drell-Yan

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~
— sk . — -
2. 1 - * dominant:  G(xpeqm) + q(xtarget) - ptu
< — -
S giL hiLL * suppressed: Q(xbeam) + q(xtarget) - .u+.u
Q [ ]
= L | gir | b1, B beam sea quarks probed at small x

* target valence quarks probed at large x
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Probing quark TMDs in polarized pp collisions: Drell-Yan

quark pol. Transv. polarized Drell-Yan
U i T
g i h,i
o
3 giL hiLL
g | A
= Jiz | gir | Ba, B3

* Sensitive to quark TMDs through TSSAs

T _ l -] -1q 19 q
A%Y _ lO-DY Opy As(inTgbg /1 ®f1T sin(2¢=¢s) N hl Q hl
o J q -1+ UT q — q e
PO'gY +O'$Y i ®J; i ®f,

(¢: azimuthal orientation of lepton pair in dilepton CM )

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

suppressed: Q(xbeam) + C_I(xtarget) - .u+.u_
beam sea quarks probed at small x

dominant:

target valence quarks probed at large x

L. L. Pappalardo
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Probing quark TMDs in polarized pp collisions: Drell-Yan

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~
— il . — -
2. 1 - * dominant:  G(xpeqm) + q(xtarget) - ptu
< — -
g giL hiLL * suppressed: q(xbeam) + q(xtarget) - .u+.u
Q [ ]
= fi | gur | ba, B beam sea quarks probed at small x

* target valence quarks probed at large x

* Sensitive to quark TMDs through TSSAs

T _ 44 , 1 & £ 1q q 0l g e
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DY DY 1 1 1 /1 o — [ N
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ERIS
(o)}
4 1O
1
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073_11111111111111|11111111111111151111111111111_
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x!
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https://arxiv.org/abs/1807.00603

Probing quark TMDs in polarized pp collisions: Drell-Yan

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~
é Ja hy o dominant:  §(Xpeam) + q(Xtarger) = HTUT
E gir | hiy * suppressed: q(Xpeam) + G(¥rarger) = K1
é’ fi | gur | ba, B * beam sea quarks probed at small x

* target valence quarks probed at large x

* Sensitive to quark TMDs through TSSAs

T _ J, ) “1 ‘J_(I _Lq q O.l_l LA L L L L L L L L L L L L L 7]

py _ 1 0py — Opy asings S St sin(29-¢s) M~ @y E 4<M,, <9 GeV/c? ~—_115 -
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N p O'gy + O'z%y / fleft” vt Fef 005" dM =05 GeVie* E

[£0900°L08T:AIXJE]

-
(¢: azimuthal orientation of lepton pair in dilepton CM ) 3“:"“
. —0.05F
oz C
e Extraction of gTMDs does not require knowledge of FF < -0.1F
* Verify sign change of Sivers function wrt SIDIS ~0.15F R E
fl | — — _02F 7 =10 =
J1T\py — J1TISIDIS Ceff. pol. P =0.8 .
_O‘)S_llllllllllllllIlllllllllllllll!lllllllllllll_
=0 0.1 02 03 04 05 06 07 08 09

» Test flavour sensitivity using both H and D targets \
X
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gluon TMDs

gluon pol.

U | Circularly | Linearly
~= g Lg
3 . .
s Ul fi hy
= L

g g
3 L 911 hiL
Q

v L g G L
3 g g 9 1,19
2 | T|fir ir hi, har

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

gluon pol.

U | Circularly | Linearly
~= g Lg
0
s Ul fi hy
(=)

5 g Ly
3 L 911 hiL
Q

v L g G L
= 9 g g L9
2 | T| fir ir hi, hir

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

Gluon correlator depends on 2 path-dependent gauge links, different for ISI and FSI:

“Future pointing” <. . .S “Pastpointing”
Wilson line ("+) _ | Wilson line (“—")
FSI(SIDIS) ——— = ’5_ """""""""""""" ISI{DY))

L. L. Pappalardo
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gluon TMDs

gluon pol.
U | Circularly | Linearly

= g Lg
g fi hy
& g 1y
§ glL hlL « T Eri
B L g 1o plo Ft.Jture Pomtmg i -~
= 1T, | 91T v, Nyp Wilson line (“+”) | _

\ FSI(SIDIS) ————

Lglept—e' QQX] 9 1 g[pt poyy X] 9 _
[+, +] < — fl"]‘ (Tepr) = _fl"]’ (IapT) < > [~

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

Gluon correlator depends on 2 path-dependent gauge links, different for ISI and FSI:

s 51!_ “Past pointing”

Wilson line (“—")

< S — ISF(DY))

Sign-change relation expected for
the other T-odd gTMDs h‘;’ and hh‘?!

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 |V fi by Gluon correlator depends on 2 path-dependent gauge links, different for ISI and FSI:
§ s gi]L h_Lg “« soar o N &ri &r “« T
B T| Lo g 19 pls Ft.Jture Pomflm% ' _ - < > wall - I.>ast p?mtlrg”
= ¥, Jir 1y M Wilson line (“+”) _ Wilson line (“—")
\ FSI(SIDIS) e == $ro " ISI'(DY))
Lglept—e' QR X Lg[ptpsyy X __ 1 Sign-change relation expected for
[+ +]—1> fir | ]( r) =—Jir 4 ](l Pr) < > [ g Lg
the other T-odd gTMDs h{ 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!
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gluon TMDs

gluon pol.

U | Circularly | Linearly Theory framework well consolidated ...but experimental access still extremely limited!
'—; g J_g . .
2|V fi hy Gluon correlator depends on 2 path-dependent gauge links, different for ISI and FSI:
= &
8 L gi]L h ] « T &rt &r « TR
2 (1)rze] o [ntni pareportng ey e Pt pointing’
= 1, Jir Vs Wilson line (“+”) _ : Wilson line (“—")

\ FSI(SIDIS) " e < ’5_ """""""""""""" ISI(DY))

Sign-change relation expected for
the other T-odd gTMDs hg and hlgI

ig[f’pT—w QRX]| (z,p ) _fig[p p+yyX] (

[+, +]—> fi z,p2) ~—> [ —

 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 of £, and hllg: [+ +] = [— =] Weizsacker-Williams (WW) ; [+ —] =[—+] DiPole (DP)

e 2indep. GSF: e Lol ag type” = antisymm. colour structure ; flngH’_] “d-type” - symm. colour structure
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Probing gluon TMDs in polarized pp collisions

R ¢ & revryy——oO0
In high-energy hadron collisions, heavy quarks are dominantly produced through gg fusion: . 99;3"”” : 4 _
> » g e r———0

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

L. L. Pappalardo COMPASS-LHCspin-AMBER Workshop - CERN - May 22 2024
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Probing gluon TMDs in polarized pp collisions

R ¢ & revryy——oO0
In high-energy hadron collisions, heavy quarks are dominantly produced through gg fusion: . 99;3"”” : 4 _
> » g e r———0

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

* Inclusive quarkonia production in (un)polarized pp ZZ;{(‘Z’O
interaction (pp® = [QQ]X) turns out to be an ideal k) 91 e I/, ...
observable to access gTMDs (assuming TMD M V% Y (nS)
factorization) b &

(4——\\“\ g2 X
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Probing gluon TMDs in polarized pp collisions

£, ¢ & rersry——oO0
In high-energy hadron collisions, heavy quarks are dominantly produced through gg fusion: . 59;3””” : 4 _
£ gt ——20

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

Ne) Xcos -
Nb) Xbo) -

' J/b. Y, ..
Y (nS)

* Inclusive quarkonia production in (un)polarized pp
interaction (pp® = [QQ]X) turns out to be an ideal
observable to access gTMDs (assuming TMD
factorization) v S

* TMD factorization requires qr(Q) < My. Can look at f"c\?\ 92 Y
associate quarkonia production, where only the relative
gr needs to be small, e.g.: pp® = J/Y +]/Y +X
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Probing gluon TMDs in polarized pp collisions
N ¢ & revery———o~Q0

JUBUUU'U 7 )
o g ——20

»n )

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

* Inclusive quarkonia production in (un)polarized pp ZZ;{(‘;"O
interaction (pp® = [QQ]X) turns out to be an ideal QJ% 91 6 I/, ...
observable to access gTMDs (assuming TMD e Va Y(nS)
factorization) b &

= NN
* TMD factorization requires qr(Q) < My. Can look at A "2 92 S X

associate quarkonia production, where only the relative
gr needs to be small, e.g.: pp® = J/Y +]/Y +X

JHEP 03 (2024) 088
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Probing gluon TMDs in polarized pp collisions
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In high-energy hadron collisions, heavy quarks are dominantly produced through gg fusion: B i 4 B
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» The most efficient way to access the gluon dynamics inside the proton at LHC is to measure heavy-quark observables

* Inclusive quarkonia production in (un)polarized pp ZZ;{(‘;"O
interaction (pp® = [QQ]X) turns out to be an ideal Q/zﬁ 91 6 I/, ...
observable to access gTMDs (assuming TMD e Va Y(nS)
factorization) b &
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* TMD factorization requires qr(Q) < M. Can look at @ X
associate quarkonia production, where only the relative
gr needs to be small, e.g.: pp® = J/Y +]/Y +X GE < T eim, o
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Probing gluon TMDs in polarized pp collisions
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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

* Inclusive quarkonia production in (un)polarized pp ZZ;{(‘;"O
interaction (pp® = [QQ]X) turns out to be an ideal Q“ 91 6 J/. ...
observable to access gTMDs (assuming TMD e Va Y(nS)
factorization) b &
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* TMD factorization requires qr(Q) < M. Can look at @ X
associate quarkonia production, where only the relative
gr needs to be small, e.g.: pp® = J/Y +]/Y +X GE < T eim, o

— o<myy<a GeV/e?
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O ...but very challenging at fixed-target kinematics!
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Probing gluon TMDs in polarized pp collisions: inclusive ] /1

gluon pol.

U | Circularly | Linearly
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e |U| A hy
& 1

g g
g | L 911 hit
Q

il Aoy
3 g g 9 plg
2 | T|fir ir hi, hap

Sheds light on spin-orbit correlations of unpol. gluons inside a transv. pol. proton
sensitive to color exchange among IS and FS and to gluon OAM

can be accessed through TSSAs in inclusive heavy meson production
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Probing gluon TMDs in polarized pp collisions: inclusive ] /1

gluon pol.

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

U | Circularly | Linearly

* sensitive to color exchange among IS and FS and to gluon OAM
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2 |V A hy e can be accessed through TSSAs in inclusive heavy meson production
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Probing gluon TMDs in polarized pp collisions: inclusive ] /1
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gluon TMDs: a synergic attack

Gluon TMDs are difficult to measure. A synergic effort from complementary approaches is necessary.

[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—ejijpX | pp—>HX | pp—=>T7X
g[+7+] T
flg — (WW) | x | X a . v v Can be measured at RHIC & LHC
fi (DP) vV |V v v X X (including LHCb+SMOG2/LHCspin)
pp =X | pPAo~ it X | ep— e QOX | pp—mes X | pp— J/by X Can be meas_ured at RHIC and
ep—ejijiX | pp— HX pp— T v X LHCb+LHCsp|n
hi ¢ (ww) v X V v v
hi ¢ (Dp) X X X X
DY | SIDIS | p" A= hX | pPA—=~v®jetX | plp—o y7 X ept e QQX
p'p— J/vyX | ep' »€ X
p'p— JWJWX
e ww) | x X % X v v
T Top) [ v N Y X x
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Gluon GPDs and UPC

GPD | U | L T
U | H Er
L H Er
T | E| E | Hp, Hy

3D maps of parton densities in coordinate space
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Gluon GPDs and UPC

GPD | U | L T
U | H Er
L H Er
T | E| E | Hp, Hy

3D maps of parton densities in coordinate space

Can be accessed at LHC in Ultra-Peripheral collisions (UPC) where a quasi-real
photon is emitted by the relativistic beam particle.
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Gluon GPDs and UPC

GPD | U | L T
U | H Er
L H Er
T | E| E | Hp, Hy

3D maps of parton densities in coordinate space

Can be accessed at LHC in Ultra-Peripheral collisions (UPC) where a quasi-real
photon is emitted by the relativistic beam particle.

At LHC energies, these photons are energetic enough to trigger the
production of hard dileptons and charmonia and bottomonia.
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Gluon GPDs and UPC

Can be accessed at LHC in Ultra-Peripheral collisions (UPC) where a quasi-real
GPD | U | L T photon is emitted by the relativistic beam particle.

U H Er

At LHC energies, these photons are energetic enough to trigger the
L H Er production of hard dileptons and charmonia and bottomonia.

~

T | E| E | Hp, Hy

- Impact parameter larger than sum of radii
- Process dominated by EM interaction

Gluon distributions probed by pomeron exchange

3D maps of parton densities in coordinate space
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Gluon GPDs and UPC

Can be accessed at LHC in Ultra-Peripheral collisions (UPC) where a quasi-real
GPD | U | L T photon is emitted by the relativistic beam particle.

U H Er

At LHC energies, these photons are energetic enough to trigger the
L H Er production of hard dileptons and charmonia and bottomonia.

~

T | E| E | Hp, Hy

- Impact parameter larger than sum of radii
- Process dominated by EM interaction

Gluon distributions probed by pomeron exchange

3D maps of parton densities in coordinate space
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Vil A A A A
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by 1

A A A A*

Coherent UPC: Incoherent UPC:
pomeron emitted pomeron emitted
by entire nucleus by single nucleon

Exlcusive quarkonia production in UPC provides sensitivity to gluon GPDs [PRD 85 (2012), 051502]
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Recent LHCb UPC results
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Recent LHCb UPC results in PbPb [JHEP 2023, 146 (2023)]
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Recent LHCb UPC results in PbPb [JHEP 2023, 146 (2023)]
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Recent LHCb UPC results in PbPb [JHEP 2023, 146 (2023)]
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Many other ongoing UPC analyses at
LHCb based on collider PbPb data
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Gluon GPDs and UPC

UPC can be studied also in fixed-target mode at LHCb using the LHC beams at energies up to ,/S,,, = 40 GeV.
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Gluon GPDs and UPC

UPC can be studied also in fixed-target mode at LHCb using the LHC beams at energies up to ,/S,,, = 40 GeV.

STARlight (p, Pb)-Ar {5, =(110, 69)GeV STARlight (p, Pb)-Ar |5,y =(110, 69)GeV STARlight (p, Pb)-Ar s, =(110, 69)GeV
— Fr -1 1 T 14 — L L ) B — L L B |
= Nl ) B = . < r . ]
% 10 § o° —_) fla81 E % 105 o — 1w % 1021 Jp — ot o
o 3 H —p Ar 7 (D : (5 = SR
S 108 ~-p-ArLHCb = ‘ = E
3 2 —Pb-Ar i £ £ o3k
— 50 - Pb-Ar LHCb — — £
o 10%k o B o E
S E T 10 S r
g F 2 S 107k
© o © ° :
1072 i
e 105 e
1E E.:
10°° &
107" - 10 7 ] 10*6?
0 0.2 0.4 06 0 02 04 0

0 0.2 0.4 0.

6 08 1 08 1
pT(n+n) (GeV) pT(n+n) (GeV)

With LHCspin photo-production of J /1 in polarized UPC of proton (or lead) beams with
H" target can be studied, providing constraints to the essentially unknown gluon GPD E,

which plays a crucial role in the Ji sum rule:

J9 — %/01 dx(Hg(x,g, 0) —|—E9(x,§,0))

pr distributions for the exclusive

vector meson ( p% w, J/Y )
photoproduction in:

- PAr (v/syny = 110 GeV)
- PbAr (\/SNN = 69 GEV)
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Constrainig gluon GPDs in polarized UPC

Using the STARLIGHT MC generator, the AFTER collaboration has studied the J /Y — uu differential photo-production cross
section for polarized UPC at LHCb fixed-target kinematics (LHCspin conditions)
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Constrainig gluon GPDs in polarized UPC

Using the STARLIGHT MC generator, the AFTER collaboration has studied the J /Y — uu differential photo-production cross
section for polarized UPC at LHCb fixed-target kinematics (LHCspin conditions)

PLB 793 (2019) 33-40

Ultra-Peripheral pH' collisions:

35 % 2<n, <5,p}>04 GeVic % ; E —— 2<n,<5,p!>04CeVic % - ‘/SNN = 115 GeV
oy - pH>04GeV
103% 7103;? 10° 710332 - 2 < T]‘u < 5
10 ELA Eld Assuming 10 fb~! corresponds to a yearly yield of ~ 2x10°
1o 1o 10 1o photo-produced J /i in the LHCb acceptance.
107” 10 L I BT —_—
p. (GeVic)
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https://www.sciencedirect.com/science/article/pii/S0370269319302308?via%3Dihub

Constrainig gluon GPDs in polarized UPC

Using the STARLIGHT MC generator, the AFTER collaboration has studied the J /Y — uu differential photo-production cross
section for polarized UPC at LHCb fixed-target kinematics (LHCspin conditions)

PLB 793 (2019) 33-40

Ultra-Peripheral pH' collisions:

T syn = 115 GeV
§ 2<nu<5,p:>0.4GeV/c % ; E 72<nu<5,p:>0.4GeV/c 3 % - NN —
& 10 ﬂo‘g S *1°‘§ - p# > 0.4 GeV
10°E 7103;? 10°E 710332 - 2 < T]‘u < 5
10 E LA Eld Assuming 10 fb~! corresponds to a yearly yield of ~ 2x10°
1o 1o 10 1o photo-produced J /i in the LHCb acceptance.
107” 10 L T I B 4
lab p. (GeVic)
g | IS o . . .
O R 3§ e Ultra-Peripheral PbH' collisions:
o | 1 - \Sww=72GeV
: B Wi - pp > 04GeV
g g = 2 < n# < 5
=10 . — .
Assuming 0.1 pb~! corresponds to a yearly yield of ~ 103
photo-produced J /1y in the LHCb acceptance (challenging).
0 e a2

P, (GeVlc)
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Constrainig gluon GPDs in polarized UPC

Considering UPC between nuclei A and B, with the B nucleus (proton)
terms of the photonic STSA AL,

O_hAhi; _ O.hAhT fdkdn/\ Ay O_)/hB
AN =
3
ohahy o hahl fclk [d;?(,yh d;kgo.yh,q]

where An incorporates the GPDs H9 and E9 through their
gluonic CFFs H'9 and £9, and is pretty large at moderate W,

polarized, the hadronic STSA Ay can be expressed in

45
40
35
30
25
20
15
10

9

0

Asymmetry [in %]

5 10 15 20 25 30 35 40
W, [GeV]
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Constrainig gluon GPDs in polarized UPC

Considering UPC between nuclei A and B, with the B nucleus (proton) polarized, the hadronic STSA Ay can be expressed in
terms of the photonic STSA AL,

45
40
ohahy _ ghah} [ dkdna AY v = 35
AN = g £ 30
o5 + s dk[Baovro + royi] £ 5%
where A% incorporates the GPDs HY and EY through their < 12
gluonic CFFs H'9 and £9, and is pretty large at moderate W, 0
10 15 20 25 30 35 40
PLB 793 (2019) 33-40 Wip 1GeV]
< 04§ & T .
0.3 | : ¢ 085 Extraction based on models for the GPD
?)'21} * ' : 061 HY (Goloskokov-Kroll) and E9 (PRD 85,
oF G I H ﬁ H H 051502 (2012))
01 of |
_gi o oo s oyt 02 LG, P i 72 Gov, L= 100001+ p iy £ X AFTER model-dependent predictions
oaf 04<s]! <00 cave o 20<4"<;iio>6°:j,iv’° Fofon e e SR o o2 very promising for pH' UPC
05 ossircosome  pH! UPC osf voercoseve  PhHT UPC
00535 S03 025 0z 015 04 005 0 g3 *52*5* ~03 015 01 005 0
F Xg
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SSAs in polarized UPC

Measurement of Ay single-spin asymmetries for hadron production in PbH' UPC (Ppr — hPbX) is also possible

» Two mechanisms can contribute:
- TMD approach: process dominated by Sivers function
- collinear twist-3 approach: process dominated by twist-3 fragmentation functions

L. L. Pappalardo COMPASS-LHCspin-AMBER Workshop - CERN - May 22 2024

51



SSAs in polarized UPC

Measurement of Ay single-spin asymmetries for hadron production in PbH' UPC (Ppr — hPbX) is also possible

» Two mechanisms can contribute:
- TMD approach: process dominated by Sivers function
- collinear twist-3 approach: process dominated by twist-3 fragmentation functions

> Phoenix has recently measured large transverse SSAs in forward neutron production in Alp" and Aup' UPC at
\VSNN — 200 GeV

J. Phys.: Conf. Ser. 736 012017 A
=z *
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L [ ]
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0-25 Vs= 200 GeV
- X¢>0.5 ®
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0.05-
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SSAs in polarized UPC

Measurement of Ay single-spin asymmetries for hadron production in PbH' UPC (Ppr — hPbX) is also possible

» Two mechanisms can contribute:
- TMD approach: process dominated by Sivers function
- collinear twist-3 approach: process dominated by twist-3 fragmentation functions

> Phoenix has recently measured large transverse SSAs in forward neutron production in Alp" and Aup' UPC at
\VSNN — 200 GeV

J. Phys.: Conf. Ser. 736 012017 A
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Merging spin physics with heavy-ion physics

e probe collective phenomena in heavy-light systems by exploiting lead ions pol. deuteron
ultra-relativistic collisions of heavy nuclei with trasv. pol.
deuterons A i; E‘\,
| | | | e A— «—
* polarized light target nuclei offer a unique opportunity to control 4" Ay Syy = 72 GeV
the orientation of the formed fireball by measuring the elliptic .

flow relative to the polarization axis (ellipticity).

L. L. Pappalardo COMPASS-LHCspin-AMBER Workshop - CERN - May 22 2024

54



Merging spin physics with heavy-ion physics

 probe collective phenomena in heavy-light systems by exploiting lead ions pol. deuteron
ultra-relativistic collisions of heavy nuclei with trasv. pol.
deuterons ,’m\,
e A — —

* polarized light target nuclei offer a unique opportunity to control 4
the orientation of the formed fireball by measuring the elliptic
flow relative to the polarization axis (ellipticity).

unpolarized d+A

v2{®p}=0

Unpol. deuterons: the
fireball is azimuthally
symmetric and v, = 0.

.

~ VSNN = 72 GeV
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Merging spin physics with heavy-ion physics

e probe collective phenomena in heavy-light systems by exploiting lead ions pol. deuteron

ultra-relativistic collisions of heavy nuclei with trasv. pol. m‘
r -~

deuterons ,1

o | | | e A— «—

e polarized light target nuclei offer a unique opportunity to control 4 M \/Syy = 72 GeV
the orientation of the formed fireball by measuring the elliptic .

flow relative to the polarization axis (ellipticity).

unpolarized d+A

v2{®p}=0

Unpol. deuterons: the
fireball is azimuthally

symmetric and v, = 0.

dt+A dt+A

Ja=%1

y

v2{®p}<0 v2{®p}>0
js = £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 by exploiting lead ions pol. deuteron

ultra-relativistic collisions of heavy nuclei with trasv. pol.
deuterons ,’mw
o  A— —
* polarized light target nuclei offer a unique opportunity to control 4 A \Syy = 72 GeV
the orientation of the formed fireball by measuring the elliptic ..

flow relative to the polarization axis (ellipticity).

Predictions for LHC FT kinematics

unpolarized d+A “ df+A df+A . 221816 14 12 109 8 7 6 5 4 3
N - =0 20,08 >
Ja J3 g 28pp + d', |5, =72GeV A
w =
X X X 30.06 8
S o
§_0.04 8
= | S
y y 0.02} §
v2{®p}=0 v2{®p}<0 v2{®p}>0 0 = S
- =
. . , . . . -
Unpol. deuterons: the J3 = 1 — prolate fireball J3 =0 — oblate fireball ha: gm——"""
R
fireball is azimuthally stretched along the pol. corresponds to v > 0 _0.04f -
symmetricand v, ~ 0. axis, corresponds to v < 0 B T R T R Y S Y- TR ¥ Y

centrality

LL Pappalardo COMPASS-LHCspin-AMBER Workshop - CERN - May 22 2024 57 I


https://arxiv.org/abs/1906.09045

Main reactions or interest (..an incomplete wishlist)

> pp (pd) » utu” (ete”)
» pp'(pd") » utu= (e*e”)

> pp' (pd") > (K)+X

> pp'(pd') = ne (xep) + X
» pp' (pd) =]/ +X

> ppl(pdH) > Y+ X

» pp'(pd) = J/p+] /Y + X
> pp'(pd) = J/Y+y+X
> pp'(pd) > Y+y+X

> A+p' > A+p' +]/Y

w unpol DY: unpolarized TMDs of valence and sea quarks
w pol. DY: polarized TMDs of valence and sea quarks

w inclusive production of light hadrons: polarized TMDs of valence and sea quarks

> = inclusive production of quarkonia: pol. and unpol. gluon TMDS

7

w- exclusive charmonia production in polarized UPC: gluon GPDs

» pA,PbA (A = He,Ne,Ar,Kr,...)  w Nuclear matter effects, QGP, etc

L. L. Pappalardo
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Conclusions

» A polarized fixed target at LHCb will open the way to a broad and ambitious 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.

» Comparison with results from present and future SIDIS experiments will shed light on the process-
dependence of T-odd TMDs

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

» A polarized fixed target at LHCb will open the way to a broad and ambitious 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.

» Comparison with results from present and future SIDIS experiments will shed light on the process-
dependence of T-odd TMDs

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

» See Marco’s talk for simulation of physics channels and expected performance
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Backup
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Kinematic conditions for fixed-target collisions at LHC
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BHPS with CTEQ6.5
C,C at u = 2GeV

10~3

10~ % 10~ 1

Significant contributions of IC expected at large x
First search performed with SMOG [PRL 122 (2019)]

New intriguing LHCb results with pp collisions at
large rapidity [arXiv:2109.08084]

Still to be investigated!

c
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Accessing quark TMDs in polarized pp collisions: inclusive hadron production

(" Collinear (twist-3) approach: (Efremov-Taryaev, Qiu-Sterman, Kanazawa-Koike) )
* based on collinear QCD factorization (1 hard scale: works for pr, Q@ > Agcp)
* exchange of a gluon between the active parton and the color field of the IS or FS hadron
* gluon exchange generates the interference between different partonic scattering amplitudes
* thisinterference, described by a 3-parton (e.g. qgd, ggg) correlation function, generates the SSA
* interestingly, the Qiu-Sterman correlator T ¢ (x, x) can be related at tree level to the 15! transverse moment of the Sivers function:
2
1(1) _ ki 1 g
IO = [ @2k, 5 O kD) Ty 00
» the Sivers function can arise from a combination of several Qiu-Sterman functions, but other twist-3 objects can contribute to Ay )
Non-collinear (leading-twist) approach: (Anselmino, D’Alesio et al. ) h
* involves TMD PDFs and FFs
e works in the limit p; < Q (2 energy scales), but is not supported by TMD factorization
* can be considered as an effective model description (Generalized Parton Model)
» SSAs arise mainly from Sivers effects y

> The two approaches correspond exactly in the overlap region Agcp < pr < Q (proved for SSAs in Drell-Yan: Ji, Qiu, Vogelsang, Yuan,

PRL, 2006)
» ..but very little is presently known about tri-gluon correlation functions and gluon TMDs.
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Accessing quark TMDs in polarized pp collisions: Drell-Yan

quark pol. Unpolarized Drell-Yan * Theoretically cleanest hard h-h scattering process
u | L T  LHCb has excellent u-ID & reconstruction for u*u~
é Ja hy o dominant:  §(Xpeam) + q(Xtarger) = HTUT
E gir | hiy * suppressed: q(Xpeam) + G(¥rarger) = K1
ié fi | gur | e, B * beam sea quarks probed at small x

* target valence quarks probed at large x

Sensitive to unpol. and BM TMDs for qr < M, -

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

e * Llattice QCD: 5(x) # s (x)
- [arXiv:1809.04975]

q 1,9 1,
daby o f1®f" + cos2¢ h; ' ®h
* proton sea more complex

e TTIIIIIII]IIIIIIIII llllllllllllllllllll

I T o o T e T S o W M éi
aef- (SR HRALSU GaVio 12 I than originally thought!
— i d at 800 GeV/c ] 8 09 [ systematicuncertainty [ SASRG . . .
= 02F = 7[R T NuSea/EBGs * intrinsic heavy quarks?
® 15 _ I _ N 08 === (T18, NLO, SeaQuest kinematics
—'L:i . _ é 07 Y\ CT18, NLO, NuSea kinematics ° St||| a Iot to be understood
! l -5 0.6 '0{1'H'o.lz""o.s""otz"
o i i 1o X
il B D o i i G s it 0 e e AN i o e e s ] 8
e H & D targets allow to study the antiguark content of the nucleon
: E&866 @ FNAL 8 _ y a
T R T T « SeaQuest (E906): d(x) > u(x) = sea is not flavour symmetric!
P, (GeV/c)
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Ne) Xcos -

Probing gluon TMDs in polarized pp collisions Q. @ [

Y(ns)
Two main production mechanisms with different description of the hadronization: > ~ X
* Colour-Octet Model: all colours and J¥¢ assignments are possible for the intermediate QQ state.

* Colour-Singlet Model: intermediate QQ state is colourless and has the same J¥¢ of final-state quarkonium

Only quarkonia states produced in a color singlet state can provide clean access to gTMDs

* C-even quarkonia states (JF'¢ = 0X*: 5., X0, M, Xbo, ---) €can be formed in gluon-gluon in a color singlet state

* C-odd quarkonia states (e.g. J /Y,y (2S),Y(nS)) can be formed in gluon-gluon fusion only in a color octet state

* Landau-Yang theorem: production of C-odd quarkonia states in a color singlet state requires a third gluon, which:
- causes a non-trivial TMD interpretation

- dilutes the TMD information (e.g. the gluon Sivers function could be much larger than can be extracted from inclusive
J /W production). This could explain the very small asymmetries measured by PHENIX.

» Best channel would be inclusive 1. production (although the few existing results rely on J /1 production)

[D. Boer: Few-body Systems 58, 32 (2017)]  [Boer, Pisano: arXiv:1208.3642v2] W. Beenakker, arXiv:1508.07115
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Motivations for n. - pp channel

Charmonium Bottomonium
o 2N ]
2M, 10.50 (’2D) Y]
I j’- =] ::
367 [ %,(2P) I
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Probing the gTMDs gluon pol.

U | Circularly | Linearly
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Predictions based on CSM + TMD evolution for x1~x2~10‘3 at forward rapidity [EPJ C 80, 87 (2020)] - Azimuthal amplitudes ~ 5%!!
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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

Expected luminosity

 The LHC beam runs through the target cell and experiences an Areal density: 0 =7 pyL

3
* Volume density: p, = I,/(2C; + C;) where: C = 3-81JT1(5) 2 (L)

L+1.33D \s

Ip =65-10%s™!  C:=13.901/s po=4.68-102/cm3 wmmp | O=3.7 -1013/cm?

Ny puncnh = 2.2 10
Npunch = 2760 ) | [peqm =6.8-1018 571

frop = 11245 Hz

L(T.o;; =300K) =1Ippqm -0 =2.5-1032 cm™?s™1

> The pressure in the LHC beam pipe outside the target region would be ~10~"mbar, one order of magnitude lower than
the maximum pressure allowed by LHC

» Parallel operation will cause marginal reduction of beam half-life!
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