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The LHCb detector

* Asingle-arm spectrometer designed
for the study of particles containing
c or b quarks

Forward acceptance: 2 <1n <5
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The LHCb detector

VELO (Vertex Locator)
- Vertex reconstruction
- IP resolution of 20 um
- 21 stations of Si strip det.
: - 2048 strips per sensor
" Nmswos o | - determines 7 and ¢ coord.

* Asingle-arm spectrometer designed
for the study of particles containing
c or b quarks

Forward acceptance: 2 <1n <5

Dipole magnet
(4Tm)

Tracking system
(Ap/p ~0.5 — 1%)
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The LHCb fixed-target system = Beamzony Alcoions

mmm  All collisions

L e o o o o o S
PA - without SMOG

2013
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LHCb preliminary 3

s

SMOG: System for Measuring Overlap with Gas:

« Low density noble gas injected in the VELO vessel (~10~"mbar)
* Gas pressure 2 orders of magnitude larger than LHC vacuum
* Beam-gas collision rate increased by 2 orders of magnitude ”
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SMOG system

L.L. Pappalardo - CPHI 2018 - Yerevan - September 24-28 2018 4



mmm Al collisions

The LHCb fixed-target system = Beamzony Alcoions

SMOG: System for Measuring Overlap with Gas: I A oD P
§ m‘E
« Low density noble gas injected in the VELO vessel (~10~"mbar) :
* Gas pressure 2 orders of magnitude larger than LHC vacuum
* Beam-gas collision rate increased by 2 orders of magnitude
* Conceived for precise luminosity determination (beam-gas imaging) ¢
£ [ oawmswos o LHCOpreiminay ]
...but SMOG gives also the unique opportunity to operate iU
an LHC experiment in a fixed target mode and to study 43 E
pA and AA collisions on various targets! R i
10° Beam Energy ok
2500 GeV
10 B 2000 Gev
: Bl 6500 Gev

protons (Pb) on target [10%3

107

102

| IIIII'ITII IIIII'ITI] IIIIITTII IIIIIH'II_

pNe
2015

pHe

PAr PAr PbAr pHe pHe pNe pNe
| 2016 | 2017

| Distribution of vertices overlaid on detector display. z-axis is scaled by
1:100 compared to transverse dimensions to see the beam angle.

.Beam | - Gas, Beam 2 - Gas.
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Types of collisions at LHCb

Collider mode

protons protons
Vs =13 TeV
e lead ions

~

JSny = 8.2 TeV &i@‘

lead ions lead ions

<
..
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Types of collisions at LHCb

Collider mode

protons protons
\Js =13 TeV
protons lead ions

~

SNN = 8.2 TeV

lead ions lead ions

>
- W

Fixed-target mode

protons gas (He, Ne, Ar)

—> < .

W/SNN - 115 GeV

lead ions gas (He, Ne, Ar)

@)(%\

-\

“ VSNN = 72 GeV
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Kinematic conditions for fixed-target collisions at LHC

S
E,=7TeV ) Y= % ~ 60 CM strongly boosted in the lab system!
1%
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Kinematic conditions for fixed-target collisions at LHC

S
E,=7TeV ) Y= % ~ 60 CM strongly boosted in the lab system!
1%

CM backward
rapidity region

LHCb acceptance
Ay = Viap — Ycm = 4.8 ) (2 < y, bp< 5) ) —3.0 s Vem S 0
~y a ~y
CM system
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Kinematic conditions for fixed-target collisions at LHC

S
E,=7TeV wmmp y= % ~ 60 CM strongly boosted in the lab system!
p

CM backward
rapidity region

LHCb acceptance
Ay = Yigp = Yeu = 4.8 = 25y, bp< 5) — =305 ym =0
< Viap S
0~1° (yem = 0)
». e IITTTTTT I T TR T 7% A |
X1 X2 ' ' . X1/ X2
= 6~15° (ycy = —3.0)

Lab system CM system

 Bkw CM region is at reach of a forward spectrometer
with reaction products at measurable forward angles
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Kinematic conditions for fixed-target collisions at LHC

E,=7TeV ) Y= T ~ 60 CM strongly boosted in the lab system!
1%

CM backward
rapidity region

LHCb acceptance
Ay = Viap — Ycm = 4.8 ) (2 < y, bp< 5) ) —3.0 s Vem S 0
~y a ~y

1\ 61 e ~0)
- ; .......... — .x1 -

~ §~15° (ycy = —3.0)
Lab system CM system

 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!
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Kinematic conditions for fixed-target collisions at LHC

1 X1 ET B 5 5
J’cmzzln(x—) m—) xz=ﬁe yem Er= [p2+m
2

- AFTER@LHC arXiv:1702.01546v1
4 Illllll T IIIIIII| T T T T T 11T
p-p \syy = 115 GeV
[] D meson
[_] charmonium
B meson
bottomonium
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» Sensitive to large x-Bjorken (x, — 1)

> Access to target-fragmentation region (x; - —1)
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Kinematic conditions for fixed-target collisions at LHC

1 /x E
Yem = Eln (x_1> ) Xy = \/—ge_yCM ET — ’p% + m?2
2

AFTER@LHC arXiv:1702.01546v1 SMOG \(_=110 GeV
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N - -+ : H ' : :

S b pp Sy = 115 GeV - “‘f | | '
~ ;
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» Sensitive to large x-Bjorken (x, — 1)

» Access to target-fragmentation region (x; - —1)
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First physics results with SMOG

> First measurement of p production in pHe collisions at \/syy = 110 GeV arXiv:1808.06127
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First physics results with SMOG

> First measurement of p production in pHe collisions at \/syy = 110 GeV arXiv:1808.06127
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Relevant for cosmic-rays/DM physics: predictions for p/p flux
ratio from spallation of primary cosmic rays on interstellar
medium (H and He) are presently limited by large uncertainties
on p production cross sections (especially from He)
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Unique analysis at LHC!
CERNCOURIER ey e @ 10P

Home | About | News | Features | Community | Viewpoint | Reviews | Archive | Past Issues

LHCb brings cosmic collisions down to Earth

Click here to find out more

F produce a certain number of antiprotons, and are currently
l one of the possible explanations for the small fraction of
” antiprotons (about one per 10,000 protons) observed in

i
=it

3 april 2017 COURIER
l In an effort to improve our understanding of cosmic rays, /P
% 1 | (| theLHC collaboration has generated hgh-energy *
[ | f'l j[’ collisions between protons and helium nuclei similar to O\
S e T ¥ | H those that take place when cosmic rays strike the . 4
— ] CERN Courier is evolvin
—ﬂ) - /L‘ ’ J "’ ‘ interstellar medium. Such collisions are expected to =4
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|
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First physics results with SMOG

> ]/ and D? production in pAr and pHe collisions LHCb-PAPER-2018-023 (in preparation)
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First physics results with SMOG

J/W¥ and D? production in pAr and pHe collisions LHCb-PAPER-2018-023 (in preparation)
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The LHCSpin project | HC

spin

The LHCSpin project aims to bring spin physics at the LHC through the
implementation of a polarized fixed target in the LHCb spectrometer.
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The LHCSpin project | +C
The project consists of two phases: SpIn
Phase |

Upgrade the present LHCb unpol. fixed-target system (SMOG) with the installation
of a storage cell in the LHC beam pipe upstream of the VELO tracker (- SMOG2)

Unpol target
(SMO0G2)
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The LHCSpin project | HC

The project consists of two phases: Spin
Phase |

Upgrade the present LHCb unpol. fixed-target system (SMOG) with the installation
of a storage cell in the LHC beam pipe upstream of the VELO tracker (- SMOG2)
Phase Il

Installation of a HERMES-like Polarized Gas Target system (PGT) in front of LHCb

Pol target
(PGT)

Unpol target
(SMO0G2)
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Why LHCSpin? | +H-C
v Unique kinematic conditions Spin
-E,=7TeV = Vs = 115 GeV (fills the gap between between SPS & RHIC)

- backward CM rapidity region (xp = —1)

- sensitive to poorly explored high x-Bjorken
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Why LHCSpin? | HC
v Unique kinematic conditions SPIn
-E,=7TeV = Vs = 115 GeV (fills the gap between between SPS & RHIC)
- backward CM rapidity region (xp = —1)
- sensitive to poorly explored high x-Bjorken
v" Wide range of possible reactions:
- polarized: pp’, pd'
- unpolarized: pA,PbA (A=H, D, He, N, Ne, Ar, Kr, Xe)
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Why LHCSpin? | HC
v Unique kinematic conditions SPIn
-E,=7TeV = Vs = 115 GeV (fills the gap between between SPS & RHIC)
- backward CM rapidity region (xp = —1)
- sensitive to poorly explored high x-Bjorken
v" Wide range of possible reactions:
- polarized: pp’, pd'
- unpolarized: pA,PbA (A=H, D, He, N, Ne, Ar, Kr, Xe)
v' Broad and ambitious physics program
- 3D nucleon structure (quark and gluon TMDs)
- fundamental tests of QCD (universality, factorization, etc)
- cold nuclear matter effects
- Intrinsic heavy quarks
- QGP formation
- ... and much more!
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Why LHCSpin? | HC
v Unique kinematic conditions SPIn
-E,=7TeV = Vs = 115 GeV (fills the gap between between SPS & RHIC)
- backward CM rapidity region (xp = —1)
- sensitive to poorly explored high x-Bjorken
v" Wide range of possible reactions:
- polarized: pp’, pd'
- unpolarized: pA,PbA (A=H, D, He, N, Ne, Ar, Kr, Xe)
v' Broad and ambitious physics program
- 3D nucleon structure (quark and gluon TMDs)
- fundamental tests of QCD (universality, factorization, etc)
- cold nuclear matter effects
- Intrinsic heavy quarks
- QGP formation
- ... and much more!
v Can run in parallel with normal collider mode

v Marginal impact on LHC beam and LHCb mainstream physics
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Why LHCSpin? | HC
v Unique kinematic conditions SPIn
-E,=7TeV = Vs = 115 GeV (fills the gap between between SPS & RHIC)
- backward CM rapidity region (xp —» —1)
- sensitive to poorly explored high x-Bjorken
v" Wide range of possible reactions:
- polarized: pp’, pd'
- unpolarized: pA,PbA (A=H, D, He, N, Ne, Ar, Kr, Xe)
v' Broad and ambitious physics program
- 3D nucleon structure (quark and gluon TMDs)
- fundamental tests of QCD (universality, factorization, etc)
- cold nuclear matter effects
- Intrinsic heavy quarks
- QGP formation
- ... and much more!
v Can run in parallel with normal collider mode
v Marginal impact on LHC beam and LHCb mainstream physics
v’ Polarized gas target technology well established (10 years @ HERMES)
v’ Very high performances (P~80 %)
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Phase I: SMOG?2
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The proposed SMOG2 setup

g Essential role in all measurements
~ withSMOG

Internal
side view
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The proposed SMOG2 setup

Internal
side view

g Essential role in all measurements
~ withSMOG

Target profile

ﬂ—
Bea ®
& v

@ 450 GeV @ 7000 GeV

UNPOLCELL OPEN POSITION - VIEW 1

UNPOL CELL CLOSED POSITION - VIEW 1

openable
storage cell

-
Y"
:
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SMOG2 vs. SMOG

v Increase of target density (luminosity) by up to 2 orders of magnitude using the same gas
load of SMOG (~10~7 mbar)

v’ Possibility to inject more gas species: H, D, He, N, Ne, Ar, Kr, Xe (SMOG: He, Ne, Ar)

v" More sophisticated Gas Feed System: will allow to measure the target density with much
higher precision

v" Well defined interaction region upstream of the IP@13 TeV (limited to cell length: 20 cm)
v' SMOG2 can (in principle) run in parallel with collider mode (well displaced IP)

v" Preliminary MC simulations show very similar reconstruction efficiencies w.r.t SMOG
despite IP is displaced w.r.t to VELO
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SMOG2 vs. SMOG

Storage cell | gas gas flow peak density areal density time per year int. lum.
assumptions | type (s71) (em™2) (em—2) (s) (pb~1)
He 1.1 x 10" 10*= 10% 3 x 10° 0.1
Ne 3.4 x10% 1012 103 3 x 10° 0.1
Ar 24 x10% 1012 101 2.5 x 108 80
Kr 8.5 x 10 5 x 101 5 x 1012 1.7 x 108 25
SMOG2SC |Xe 6.8x 10" 5 x 10! 5 x 102 1.7 x 10° 25
Ho 1.1 x10' 1012 103 5 x 108 150
D, 7.8x10% 1012 101 3 x 10° 10
0, 2.7x10% 1012 103 3 x 10° 0.1
No 3.4 x10% 1012 102 3 x 10° 0.1
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SMOG2 vs. SMOG

Storage cell | gas gas flow peak density areal density time per year int. lum.
assumptions | type (s71) (em™2) (em~2) (s) (pb~1)
He 1.1 x10™ 10%= 10% 3 x 10° 0.1
Ne 3.4 x10' 10*2 102 3 x 10° 0.1
[Ar 2.4 x 10" 10*2 10 2.5 x 10° 80
Kr 85 x 10" 5 x 101! 5 x 102 1.7 x 108 25
SMOG2SC | Xe 6.8 x 10" 5 x 101 5 x 10'2 1.7 x 10° 25
Hy 1.1 x10% 1012 104 5 x 108 150
D, 7.8x10% 1012 101 3 x 10° 10
0, 2.7x10% 1012 101 3 x 10° 0.1
No 34x10% 1012 101 3 x 10° 0.1
SMOG2 example pAr @115 GeV
Int. Lumi. 80/pb
Sys.error of J/¥ xsection ~3%
JIY yield 28 M
D° yield 280 M
A, vield 2.8 M
p yield 280 k
Y(1S) yield 24 k
DY u*u~ vyield 24 K
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Probing the gluon PDFs

Quark TMDs * Very significant progress in the
4 I
@ U L T last 15 years!
. * Many experiments involved:
U ; _
h Q ‘ @ HERMES, COMPASS, JLAB, RHIC,

L n Q) - hiy & - @ BELLE, BABAR,..

hy ===y | * First extractions from global
T |fiz -O»—-@* !]fT-@*—-@v : analyses

hyr —-@' . . .
11 * Now entering precision era!

5 0 =~ o 9 T
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Probing the gluon PDFs

@ Quark TMDs

& U L T

H U f1 Q hy e
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A Gluon TMDs
@ ‘ Unpol Circularly pol. | Linearly pol.
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Very significant progress in the
last 15 years!

Many experiments involved:
HERMES, COMPASS, JLAB, RHIC,
BELLE, BABAR,..

First extractions from global
analyses

Now entering precision era!

Theory framework consolidated

...but experimental access still
extremely limited!
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Probing the gluon PDFs

@ Quark TMDs
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Very significant progress in the
last 15 years!

Many experiments involved:
HERMES, COMPASS, JLAB, RHIC,
BELLE, BABAR,..

First extractions from global
analyses

Now entering precision era!

Theory framework consolidated

...but experimental access still
extremely limited!

LHCSpin can provide a significant
contribution to the field, already
from Phase | (unpol target)

Note: gluons with non-zero py
inside an unpolarized hadron can
be linearly polarized!
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Probing the gluon PDFs

Heavy quarks dominantly produced through gg interactions in high-energy hadron collisions:
?’}a}} ¢ & rysry——-0Q0 & 0
3”’9} ¢ g ——020 ¢ /\:3><5

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

Heavy quarks dominantly produced through gg interactions in high-energy hadron collisions:
?’»}3} ¢ & rysry——-0Q0 & 0
39”9} ¢ &) ——2=20 8 D<§

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

| JI'Y
Inclusive quarkonia production in pp Y
interaction turns out to be an ideal gluon-
sensitive observable! Q . \¥
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Probing the gluon PDFs

Heavy quarks dominantly produced through gg interactions in high-energy hadron collisions:
?:’93}} e & ryvvey——o2O0 & D<Q
39’?; ¢ g uut——>=0 ¢ 0

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

| - JI'Y
: . . J - fo . { WV
Inclusive quarkonia production in pp k | i Y
interaction turns out to be an ideal gluon- 7
sensitive observable! U . X
pp—Jivy X

Caveat: TMD factorization requires pr(Q) < Mj. At LHC one can look at @_

‘|
X

back-to-back production of quarkonia and isolated photon or associate F
quarkonia production, where only the relative pr has to be small: m
pp—=>J/U+y+X ppoY+y+X pp-oJ/U+]/P+X g 8

gluon TMD v
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Probing the gluon PDFs

As for quark TMDs, also the gluon TMD phenomenology is enriched by the process
dependence originating from ISI/FSI and encoded in the gauge links.

The gluon correlator depends on two path-dependent gauge links [D. Boer: arXiv:1611.06089]

v ! ([(5 ’ P) (12€T i(x T)- nv n
P kr) = [ S P Ty, [P (0)lng)P™ ()] 1P
ér §r
“Future pointing” -~  &—5——] <= —®  “past pointing”
Wilson line (“+”) Wilson line (“—")
. ‘ ....... T < > #..? ’ i
£ £
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Probing the gluon PDFs

As for quark TMDs, also the gluon TMD phenomenology is enriched by the process

dependence originating from ISI/FSI and encoded in the gauge links.

The gluon correlator depends on two path-dependent gauge links [D. Boer: arXiv:1611.06089]

v ! ([(5 ’ P) (12€T i(x T)- nv n
P kr) = [ S P Ty, [P (0)lng)P™ ()] 1P
ér &r!
“Future pointing” -~  &—5——] <= —®  “past pointing”
Wilson line (“+”) Wilson line (“—")
_ = e == » é
£~ &

Both flg and hllg are process dependent! Each of them can be of two types:
[+ +] =[——] Weizsacker-Williams (WW) [+ —] =[—+] DiPole (DP)

* can differ in magnitude and width (!)
* can be probed by different processes
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Probing the gluon PDFs

[D. Boer: arXiv:1611.06089]

DIS | DY | SIDIS | pA - vjet X | ep =€ QQX | pp—=nep X | pp— J/vy X
ep—ejijpX | pp—>HX | pp—>TyX
AT ww) | x| x v N N
fe7op) | v vV N X X X

X
X

pp =7 X | pPA= v jetX | ep—=eQQX | pp—=nep X | pp— J/by X
ep—=ejijeX | pp= HX pp —> Ty X
L 7

hi ¢t (ww) Vi i Vv v |
h ¢ (DP) X v X X X

X

Can be measured at the EIC

Can be measured at the LHC (and in particular at LHCb with SMOG?2)
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What about quark PDFs ?

Drell-Yan

* Clean process

* LHCb has excellent
reconstruction
capabilities for uu
channel!

» Dominant process: qQ(Xpeqm) + q(xtarget) - UU

* Butalso possible: q(xpegm) + c‘l(xtarget) - UU
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What about quark PDFs ?

2.25
5 | ® 500 por
Drell-Yan * Clean process I Py m ES66
) 1.75
* LHCb has excellent ! _‘;fslrz
reconstruction S N/ CTEQ4m
capabilities for uu 125+ 4 [] cTEQS
channel! =
0.75
) _ 0.5
» Dominant process: qQ(Xpeqm) + q(xtarget) - UU .
* Butalso possible: q(x + qlx -
P qd(Xpeam) q( target) HH O 0™ 01 02 03 04 05 06
_ X
 Allows to study the antiquark content of the nucleon! d(x) # ux)!!

e seais not flavour symmetric!

* hints that: S(x) # s (x)

* Brodsky et al. arXiv:1809.04975
* intrinsic sea quarks?
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What about quark PDFs ?

2.25
5 | ® 500 por
Drell-Yan * Clean process I Py m ES66
) 1.75
* LHCb has excellent ! _‘;fslrz
reconstruction S N/ CTEQ4m
capabilities for uu 125+ 4 [] cTEQS
channel! =
0.75
) _ 0.5
» Dominant process: qQ(Xpeqm) + q(xtarget) - UU .
* Butalso possible: q(x + qlx -
P qd(Xpeam) q( target) HH O 0™ 01 02 03 04 05 06
_ X
 Allows to study the antiquark content of the nucleon! d(x) # ux)!!

e seais not flavour symmetric!
hints that: S(x) # s (x)
Brodsky et al. arXiv:1809.04975
* intrinsic sea quarks?

* Provides sensitivity to unpolarized and BM TMDs up
to high x,

, 1,1
oUU X f] fl -+ COS 2(:) ]l] h]
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[R. D. Ball et al. Eur. Phys. J. C76 (2016) 383]

The high-x frontier

1 [ e e e e e e T '2 T T T T T T T
2 0 1 Xg(x,Q%) NNPDF3.0 ——= |
0.0 FAV/Uy(X,Q%) 10 3.0 |
Q°=2 GeV? MMHT14 —=
08 FNNPDF3.0 ===
CT14 —
0.7 1 MMHT14 —=
ABM12 0™
06 | _
05 3 (12) SUE) 3 N _ ;
~ 0.5 0.6 0.7 0.8 0.9
04} §

03 ¢
0.2
0.1 ¢

PDFs parametrizations

0.5
X

0.2 0.3 J0.4

from global fits

| (0.28) DSE1
-_—

(0.20) NJL, pQCD
A —
A —

predictions from
non-perturbative
models

Huge uncertainties at very large x

Quest fordataatx > 0.5
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The high-x frontier

1 ki R bl b | b M) Rbdal bk Rk bbb |

dy/uy (x,Q%)
Q°=2 GeV?

NNPDF3.0 =3
CT14
0.7 b MMHT14 —=
ABM12
06 1 CJ15

0.5 [&

0.9
0.8

04 ¢

03} T
02} '
01}

0 Il 1 Il 1

0.2 0.3 [0.4 0.5 0.6
X

PDFs parametrizations

from global fits

RRExEEx T

AR KA RS AR AR EERELE

4%

B33

oy
TR

;‘ = {r
'g«;ﬁr{w&éﬁ««
e

53

e e

1 (1/2) SU(B)
ase

| (0.28) DSE1
o) o

(0.20) NJL, pQCD
PN —

(0.18) DSE2

: (0) CQM

\

predictions from
non-perturbative
models

S

[R. D. Ball et al. Eur. Phys. J. C76 (2016) 383]

NNPDF3.0 =/ |
CT14 ——
MMHT14 —=3

10° -Xgl(X,d2)

0.4 0.5 0.6 0.7 0.8 0.9

* Huge uncertainties at very large x
Quest for dataat x > 0.5

q(X¢arg) With H and D at SMOG2

SMOG {s=110 GeV

107 -

PRI R RETrT IR |

10°  10* 10° 10% 10"
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The hlgh-x fr‘on'rier [R. D. Ball et al. Eur. Phys. J. C76 (2016) 383]

1 ki R bl b | b M) Rbdal bk Rk bbb |

2 10
0.9 Ldy/uy(x,Q%)
Q%=2 GeV?
08 I NNPDF3.0 ===
CT14
0.7 f MMHT14 —
ABM12
06 ¢ CJ15 10°
0.5 E (1/2) SU()
5 B SL LR
04 .
03 | (0.28) DSE predictions from .
| (0.20) UL, pQCD >‘ non-perturbative
0.2 - .18) DSE2 mOdels [ )
0.1 |
[ ]
0 ) CQM S

0.2 03 J0.4 0.5 06 0.7 0.8 0.9
X

PDFs parametrizations
from global fits

Fermi motion in the nucleus can allow to access the exotic
x > 1 region, where parton dynamics depends on the
interaction between the nucleons within the nucleus
(unexplored bridge between QCD and nuclear physics!)

_xgl(x,le)

107 ¢

NNPDF3.0 =/ |
CT14 ——
MMHT14 —=

0.5 0.6 0.7 0.8 0.9
X

Huge uncertainties at very large x
Quest for dataat x > 0.5

q(X¢arg) With H and D at SMOG2

SMOG {s=110 GeV

107

EERTTTT IR R AR

10°  10* 10° 10% 10"

X
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More physics reach with an unpolarized fixed target

* 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
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More physics reach with an unpolarized fixed target

* 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 cold nuclear matter effects
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More physics reach with an unpolarized fixed target

* 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 cold nuclear matter effects

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

LHC @ 5.02 TeV QCD Phase-Space -
P = Sequential suppression - screening
> 200? . RHIC 5
m
= Quarks and Gluons -
*; Critical point? a
E &
= .
€ 100} % Hadrons @°’.9,,% g
E ('::: 'L,QQ 64&/ E
@ LS 3 = _
/ ) & % Temperature (Energy density)
Color Super-
e LHC '/ Neutron sja‘rs conductor? CC states: J/qJ s X l.lJ,,...
ixed target 7/ . T . . .
& ? Nuclei Net Baryon Density Different binding energy, different dissociation temp.
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SMOG2

not only a
project itself

R&D

spin
Phase Il
fransversely

polarised H and
D target

. af %Cl\?]
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Phase II: polarized gas target

L.L. Pappalardo - CPHI 2018 - Yerevan - September 24-28 2018

51



STSAs in pp collisions

Main observables in pol. hadron collisions: Single Transverse Spin Asymmetries (STSAs)

y _1lo'—0o' 1Nj-Ny
" Po'+ol PN+ N}

Polarized inclusive hard scattering

Left

-

4 =) o}

W X Right

52
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STSAs in pp collisions

Main observables in pol. hadron collisions: Single Transverse Spin Asymmetries (STSAs)

Polarized inclusive hard scattering

Q

f\ >

gh

-1\-. vm

Right

Left

-~

_1lo'—0o' 1Nj-Ny
" Po'+ol PN+ N}

LO collinear pQCD predicts Ay ~0(10™%) but asymmetries as large as 40% have been measured!

pp' >+ X
PRL 36, 929 (1976) Q j: _ PRD 65, 092008 (2002* ::: g gtg ;gl, ig; 8223 + j: _ ::2:-"0“;2;01 (2008) <20,2 p+p_>7[0+x
ot ... 20F o. 20F P 20 ¢ 015/ @ PHENIX 193.1<<3.8 {5-62.4 GeV
o o® ® é. o . [ A E70470 (5-194 G{e_v }
- % STAR#® <ip=3.3, 5=200 GeV
_____________ o 0""""%"""- L S B 0""9_(5"""""- '_ﬁSTARn"X&?,E:ZOOGeV ,},
(e} ®) 01
- 20 o 20 °6 20} O i +
ANL BNL o) FNAL ~ 5 \5% RHIC o :
" Vs=4.9 GeV 0 s=6.6 GV} M s=19.4 Ge O Vs=62.4 éev oos|- 4 ﬁ ?
0204 06 08 1 0020406 08 1 02 04 06 08 1 00204 06 08 1 e ol
XF XF XF XF 0_ % *- MK
I K VR R Y S TR TR} Ay
Very large asymmetries persistent with energy ! N
Reproduced by various experiments over 40 years!

Large asymmetries up to /s = 500 GeV, where the applicability of pQCD issestablished.
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Physics potentiality with a polarized target @LHCb

Collinear (twist-3) approach: Non-collinear (leading twist) approach:
Kanazawa et al. arXiv:1502.04021v3 Anselmino et al. arXiv:1504.03791v2)
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Physics potentiality with a polarized target @LHCb

Collinear (twist-3) approach: Non-collinear (leading twist) approach:
Kanazawa et al. arXiv:1502.04021v3 Anselmino et al. arXiv:1504.03791v2)
ppT—>7t + X
03 T T T T T l+ T 0.2 r T
T r L
N L Sl o1s | .
= e C
02 T B 01F
0.05 [
> 01 - :
< | S | < 0 -
o e 0.05 |
-7 0.1 f
- . Vs=115GeV p;=3 GeV
01F 7 . 015 F SIDIS 2 - DSS
I . | , l , I . 02 E ! \ ) . \ : .
-3 -2 -1 0 1 83 25 2 145 -4 05 0 05 1
y y
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Physics potentiality with a polarized target @LHCb

Collinear (twist-3) approach:

Kanazawa et al. arXiv:1502.04021v3

03 T T T T T
L VS =115GeV
02 | IT = 3 GeV

T
+
n -

=

 Asymmetries above 10 %! Big signature!!

Non-collinear (leading twist) approach:
Anselmino et al. arXiv:1504.03791v2)

ppT—>7t + X

02 —

015 |
01f

0.05 [

-0.05 |
01

015 [

Vs=115GeV p;=3 GeV
SIDIS 2 - DSS

_02 L 1 1
-3 25

* The effect increases with more negative CM rapidity )

* Nicely matches LHCb acceptance with fixed target!

X2

-2 -15 -1 -0.5 0 05 1

y

0~1° (yem = 0)

~~ §~15° (yCM = —30)
Lab system
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Probing the polarized gluon PDFs

Inclusive pion production provides sensitivity to the quark PDFs, but a fixed polarized
target at LHC can also open the way to the extraction of polarized gluon PDFs through
heavy-flavour observables:

Polarized inclusive hard scattering @ Gluon TMDs
J/¥ G, Un;;ol Circularly pol. Linearllygpol.

Q - lPl H U f;l h’l
§ U aly g7 i
. Y d 1L

g
. 1T 91T 1g

s 5

| "2 X T
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Probing the polarized gluon PDFs

Inclusive pion production provides sensitivity to the quark PDFs, but a fixed polarized
target at LHC can also open the way to the extraction of polarized gluon PDFs through
heavy-flavour observables:

Polarized inclusive hard scattering @ Gluon TMDs

| 7/ G Un;;ol Circularly pol. LinearIJ}lgpoI.

K,/ f e‘ L A : 2 g hig

Y d L 91 hlL

g

1 r T lg h‘iT

o ng lg

c N > fy X n 7

One main achievement would be accessing the gluon Sivers function through STSAs:
* first hints by RHIC and COMPASS, but still basically unknown!

* shed light on spin-orbit correlations of gluons inside the proton

e sensitive to gluon orbital angular momentum!
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Probing the polarized gluon PDFs

Inclusive pion production provides sensitivity to the quark PDFs, but a fixed polarized
target at LHC can also open the way to the extraction of polarized gluon PDFs through
heavy-flavour observables:

Polarized inclusive hard scattering @ Gluon TMDs
7/ G Un;;ol Circularly pol. LinearIJ}lgpoI.

O — P H|U fi hy

Y d 1L

g
1 r T lg h‘iT
: ng lg

A

S fo X T

One main achievement would be accessing the gluon Sivers function through STSAs:
* first hints by RHIC and COMPASS, but still basically unknown!

* shed light on spin-orbit correlations of gluons inside the proton

e sensitive to gluon orbital angular momentum!

The measured STSAs can be related (GPM) to the convolution of the gluon Sivers function
for the target proton and the unpolarized gluon pdf for the beam proton:

16'—¢' 1N} -N;

— lg .
Ay = Fm“’ﬁm X [flT (X, kla)®fg(xbr klb)®d0'gg—>QQg] sin ¢pg + -+
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Process dependence of the GSF

Two independent gluon Sivers functions can be defined from the different combinations
of Wilson lines in the gluon correlator:

1ng *4] “f type” > antisymmetric colour structures

1ng[+"] “d-type” > symmetric colour structures

Can differ in magnitude and width (!)
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Process dependence of the GSF

Two independent gluon Sivers functions can be defined from the different combinations

of Wilson lines in the gluon correlator:
1ng [++] “f-type” — antisymmetric colour structures

1ng[+’_] “d-type” - symmetric colour structures
Can differ in magnitude and width (!)

Can be probed by different processes:
[D. Boer: arXiv:1611.06089, D. Boer et al. HEPJ 08 2016 001]

DY | SIDIS | p' A= hX | p'A—=~y®jet X | p'lp—s v X ept e QQX
p'p— J/uyX | ep we€ X
p'p— J/Y I/ X
ReHHoww) | x X X X v vV
20 Top) | v] v Vi Vi x X
Can be measured at the EIC Can be measured at the LHCb with a PGT
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Process dependence of the GSF

Two independent gluon Sivers functions can be defined from the different combinations
of Wilson lines in the gluon correlator:

1g[+,+]

T “f-type” - antisymmetric colour structures
1ng[+’_] “d-type” - symmetric colour structures

Can differ in magnitude and width (!)

Can be probed by different processes:
[D. Boer: arXiv:1611.06089, D. Boer et al. HEPJ 08 2016 001]

DY | SIDIS | p' A= hX | p'A—=~y®jet X | p'lp—s v X ept e QQX
p'p— J/vy X ep' =€ jijaX
pip—= Lo Lok
lg[+ T oww) | x X X X Vv
fit o] oP) [ v ] V N N 7 =
Can be measured at the EIC Can measured at the LHCb with a PGT
Lglept—e' QQX 9 Lglpt poyyX _
e @) =1 (@) s [5-]

Same sign-change relation expected for the other T-odd gTMDs h‘i] and h;’i !
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What about quark TMDs ?

Polarized Drell-Yan ) i ® AX
ey ® . CO0SZ
Sensitive to quark TMDs up to high xh: A L — L
2 UU q q
| ®J;
-q -19 L1q 1g 1q q
Asin¢>s o1 ®flT Asin(2¢)+¢5) N ]’11 ®h1T Asin(2¢>—(/>s) N h] ®h1
UT 1 q uT -q -q UT q q
fief 1 ®f | ®f
(¢: azimuthal orientation of lepton pair in dilepton CM )
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What about quark TMDs ?

Polarized Drell-Yan

Sensitive to quark TMDs up to high xgz

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

Projected precision

S'
L e :
I A
LY
.w 1 " 1 i 1 "
Projected precision
o o
2 B8
w
A
A
.“ 1
o
=

o
o

0.35 04 045 05 055 06 065 07 075
0.06 ¢

T2

L L
cos2¢ h ! ® h !
vu "~ q

L ®f

1 L L
Asingbs fq ®f : Asirl(2¢+¢>5) h q®h 1 Asm(2</> (/)S) h-Lq®hq
UT 4 o UT ~ UT PN
flef 1 ®f1 I ®f!

Lpp"' 10 fb'

T2 I
0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.05 006 007 008 009 0.1
006 —— 1 v 0.06 ——— e
c._,,_w - ! AT —e— AT —e— |
Avy” ‘ Lop~10fb1 v Lpp~10 fb v
Afnos g - 0.05 AROS _m A 0.05 - Asines _g -
4sin(”o‘os) N 1 A!Z:l:lr('ztﬁid’s) A A:H;E?dd:oy N e

=
=

o
(=]
(<]
1
1
Projected precision
o
&
T

6 7 8 9
My [GeV]

AFTER@LHC ©rXiv:1807.00603
and J.P.Lansberg, PBC CERN 2018
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The polarized target Setup
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A new design for a compact polarized gas target

Same principle of Hermes

Dissociator

U
I
Sextupole [N W

system ; '.-
-: : Atomic Beam Sour({*cABS) ,
. X — produces polarized i
SFI I ]. lr . beams
MFT I:z‘::‘“ .

Sextupole - -

system

1

H Target Gas Analyzgr (TGA)

" — measures atomic

" molecular composition

" - . "

T Chopper Breit—-Rabi Polarimetey (BRP)
— measures nuclear polariZato

Target Cell ‘ ‘ QMA
2 I ny

——‘3":-::::..”IZIIZ_-":::: ________ -] QMA

) | Beam Shutter I .
S

SFT MFT  Sextupole Chopper
system
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A new design for a compact polarized gas target

Same principle of Hermes

U
I
Sextupole [N W
v
L |
U |

st [Tl
MFT I§.

Sextupole - -

system
W
1
i
Target Gas Analy
T — measures
molecular composition
Chopper
Target Cell ‘
I
S . e
; | Beam Shutter
d

Dissociator

Atomic Beam Sour({

*4ABS)'

— produces polarized
beams

i ¢ =

zer (TGA)

alomi

* Cell dimensions:30cm x1 cm
* Injected intensity of H-atoms = 6.5 - 1016 s~1
 Areal density ~ 1.2 - 10** cm™2

1=6.5-10"H/s

feed tube
beam tube

I p beam

| L, | L,
Po

Breit—-Rabi Polarimetey (BRP)
— measures nuclear polariZato

II%L

----- TJQMA

SFT MFT  Sextupole Chopper
system
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A new design for a compact polarized gas target

Same principle of Hermes .

n

I. _ J Dissociator

|
[ 2 |
Sextupole -.' '.,-
system ; '.-
—3

siT |]i 5r|
MFT I .

Cell dimensions: 30 cm x 1 cm
* Injected intensity of H-atoms = 6.5 - 1016 s~
* Areal density ~ 1.2 - 10* cm ™2

I1=6.510H/s
feed tube
Dl | beam tube
I I I p beam
L, L,
Atomic Beam Sourc (ABS)
— produces polarized Volume Po
beams density |
-L 0 L, z
Target Gas Analyzg LHC
— measures atomic e
molecular composition beam

Breit—Rabi Polarimetey (BRP)
— measures nuclear polarizZatto

Chopper

| Beam Shutter

Sextupole Chopper
system

SFT  MFT

sample beam
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Expected performance for the PGT

* The LHC beam runs through the target cell and experiences an Areal density: 0 =7 p,L

L+1.33D \s

3
* Volume density: py = I,/(2C; + C;) where: C = 3-81,/T1(\f) - (i)

Ip=65-10%s"1 .. =13.901/s p,=4.68-10%/cm? wmmp | O=7.02 -10'%/cm?

Np/bunch = 1.15 - 10!
Npyunen = 2800 m | [peqm =3.6-1018 571
frev = 11245 Hz

L(Tzoy =300K) =1Ippqm-0 =2.5-1032 cm 251

L(T ..y = 100 K) = V3XL(T .o = 300K) = 4.4 - 1032 cm™%s~1
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Expected performance for the PGT

* The LHC beam runs through the target cell and experiences an Areal density: 0 =7 p,L

3
* Volume density: py = I,/(2C; + C;) where: C = 3-81,/T1(\f) - (i)

L+1.33D \s

Ip=65-10%s"1 .. =13.901/s p,=4.68-10%/cm? wmmp | O=7.02 -10'%/cm?

Np/bunch = 1.15 - 10!
Npyunen = 2800 m | [peqm =3.6-1018 571
frev = 11245 Hz

L(Tzoy =300K) =1Ippqm-0 =2.5-1032 cm 251

L(T ..y = 100 K) = V3XL(T .o = 300K) = 4.4 - 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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Time schedule of the project
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Time schedule of the project
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Conclusions

A fixed-target physics program is already ongoing at LHCb with SMOG

Our proposal for an upgrade of SMOG is in advanced stage of R&D and well endorsed
by the Collaboration. We expect a formal approval by LHCb/LHC/CERN by the end of
the year and full installation by 2020.

The expected performances of SMOG2 will allow to greatly expand the physics reach
of SMOG!

A polarized fixed target at LHC will provide unique kinematic conditions for a broad
and ambitious physics program!

The LHCSpin project is taken into serious consideration by the LHCb Collaboration and
LHC machine experts! A review process has been initiated.
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Conclusions

» A fixed-target physics program is already ongoing at LHCb with SMOG

» Our proposal for an upgrade of SMOG is in advanced stage of R&D and well endorsed
by the Collaboration. We expect a formal approval by LHCb/LHC/CERN by the end of
the year and full installation by 2020.

» The expected performances of SMOG2 will allow to greatly expand the physics reach
of SMOG!

» A polarized fixed target at LHC will provide unique kinematic conditions for a broad
and ambitious physics program!

» The LHCSpin project is taken into serious consideration by the LHCb Collaboration and
LHC machine experts! A review process has been initiated.

We are working to bring spin physics at the most powerful particle accelerator!

T

Anyone interested to contribute to this

fascinating challenge is more than welcome!! “ i -
"’ ~ il
‘\ &
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do/dp [ub ¢/GeV]

First physics results with SMOG

» First measurement of p production in pHe collisions at \/syy = 110 GeV
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Relevant for cosmic-rays/DM
physics: predictions for p/p flux
ratio from spallation of primary
cosmic rays on interstellar
medium (H and He) are presently
limited by uncertainties on p
production cross sections.
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> J/¢¥ and DO production in pAr and pHe collisions LHCb-PAPER-2018-023 (in preparation)
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The LHCSpin project

A growing motivated collaboration:

Christian Baumgarten
Vito Carassifi
Giuseppe Ciullo
Pasquale Di Nezza
Ralf Engels

Kirill Grigoryev

Paolo Lenisa

Emilie Maurice
Alexander Nass
Luciano Pappalardo
Frank Rathmann
Davide Reggiani
Marco Statera
Erhard Steffens
Michael Winn

(PSI Zurich)

(INFN and University of Ferrara)

(INFN and University of Ferrara)

(INFN Laboratori Nazionali di Frascati, LHCb)
(IKP - Forschungszentrum Jilich)
(IKP - Forschungszentrum Jilich)
(INFN and University of Ferrara)
(CNRS, Saclay, LHCb)

(IKP - Forschungszentrum Jilich)
(INFN and University of Ferrara, LHCb)
(IKP - Forschungszentrum Jilich)

(PSI Zurich)

(INFN and University of Milano)
(University of Erlangen-NUrnberg)
(CNRS, Saclay, LHCb)

spin

Other groups from EU and US have informally expressed their interest in the project!
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Probing the gluon PDFs

[Dunnen et al., PRL 112, 212001]
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STSAs in pp collisions

! Collinear (twist-3) approach: (Efremov-Taryaev, Qiu-Sterman, Kanazawa-Koike)
* based on collinear QCD factorization (1 hard scale: works for pz, @ > Ag¢p)
* SSAs arise from interference between partonic amplitudes (3-parton correlators) generated by

gluon exchange with IS or FS hadron )

(" Non-collinear (leading-twist) approach: (Anselmino, Boglione et al. ) )
e involves TMD PDFs and FFs

e works in the limit pr < 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 )

> The two approaches correspond exactly in the overlap region Aycp K pr < Q (proved for SSAs
in Drell-Yan: Ji, Qiu, Vogelsang, Yuan, PRL, 2006)

» ..very little is presently known about tri-gluon correlation functions and polarized gluon TMDs!
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Probing the GSF (from RHIC data)

First k, -moment of the
gluon Sivers function

o Phys. Rev. D 90, 012006 (2014) D'Alesio et al,, JHEP 1509 (2015) 119 (small positive)
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(projected results from AFTER@LHC arXiv:1702.01546v1)
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Main reactions or interest

pp®D s+ X D - xep+X) )

pp® = J/Y+ X

pp® > Y +X

pp®D =/ +]/p+X

ppD = /P +y + X

ppV > Y+y+X y

> = Pol and unpol gluon PDFs

YV V.V VYV V V

Y

w & unpolarized TMDs of valence

> pd fum+X (pd Te"+ X
Pe =1 K pd > eTe ) and sea quarks

> pp' o utu™+X (pp' > ete” +X)
> pd' sputu=+X (pd' - ete+X)
> pA,PbA (A = He,Ne, Ar,Kr, ...) } w Nuclear matter effects, QGP, etc

We warmly encourage our theory colleagues to propose new physics cases
and new reactions of interest for LHCSpin!

pp > utu +X (ppo>ete” +X) } momentum distrib. of sea quarks

} w TMMDs of valence and sea quarks
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