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AFTER@LHC Review

* General motivations and physics cases

 Comprehensive review of implementation options for a Fixed
Target program the LHC

* Detector requirements and expected performances

* Physics Projections
- High-x frontier for particle and astroparticle physics
- Spin physics
- Heavy-ion physics
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Why a fixed-target experiment at the LHC?

High luminosities — access to rare probes (heavy quarks)

High precision Heavy-lon program between SPS and RHIC
top energy

Access to high Feynman x_domain (|x_| = |p_|/p - 1)

Z maXx

Variety of atomic mass of the target,
Large kinematic coverage

Polarization of the target — spin physics at the LHC




Physics program -



High-x frontier

e Advance our understanding of high-x gluons, antiquark and heavy-
guark content in the nucleon & nucleus

« AFTER@LHC data - reduce uncertainties on PDFs, astrophysics

calculations
Energy spectrum of neutrino flux
- Uncert,
I“{E‘I.S* DM 1 00
ool - NLO QCD ’ \ §
o creeeereee. MRS & % -
é ’ \ g
w &
=
3 S
2 &
- )
1 W ks >
® (]
D ad
X wn
. . . . 2
e i 5 6 7 8 0
log,, E [GeV]

Gluon nuclear PDFs

— NETEQLS
— EPSO09
DSSZ

. Gluons for Q=10 GeV

1073 102

Phys. Rev. D 93, 085037 (2016)



mailto:AFTER@LHC

Constraining parton distribution functions
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Nucleon spin structure
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Image: Courtesy Brookhaven National Laboratory.




Nucleon spin structure
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quarks (~30%)

AY = Au+ Aut+ Ad+ Ad + As + As




Nucleon spin structure
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= Gluon Spin Gluon angular momentum gl uons ( 20/)
= Quark Spin Quark Angular Momentum

STAR, Phys. Rev. Lett. 115, 092002 (2015)




Nucleon spin structure
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Angular momentum
> quark and gluon dynamics




Transverse Momentum Dependent parton distributions

— proton “image” in transverse and longitudinal momentum
space (2+| dimensions).

X f1(X, k1, S1)
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The Spin Physics Program

= Gluon Spin Gluon angular momentum

3D mapping Of the parton «Quark Spin - Quark Angular Momentum
momentum:

* Missing contribution to the proton spin: Gluon and
Quark Orbital Angular Momentum L, and L,

p+p’ - (indirect) access to quark L. gluon L, and
gluon transverse-momentum dependent PDF

* Determination of the linearly polarized gluons in & g
unpolarized protons Wz

Phys. Rev. Lett. 112,212001




Heavy-ion collisions

AFTER@LHC

o
-
=
©
-
@
Q
5

|_

Heavy-ion collisions at
Vs, = 72 -115 GeV

. Atomic nuclei Neutron stars
Figure courtesy of Brookhaven National Laboratory

Baryon density
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Fixed-target collisions at LHC




Kinematics

* p+p or p+Awith a 7 TeV p on a fixed target

L]

156 Vs=\2my E ~115GeV
g Yous=02y =48

e A+A collisions with a 2.76 TeV Pb beam

g 72 GeV \E ~72GeV

g Yemus=02?y; 4, =4.3




Boost effect — access to backward physics

Hadron center-of-mass system Target rest frame
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backward physics = large-x, physics ( x, <0 — large x)




Detector requirements

* Wide rapidity coverage with PID and

vertexing capabilities L. Massacrier et al.,

o _ Adv.Hi.En.Phys. (2015) 986348
e Readout rate similar as LHC collider:
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Kinematic coverage: collider vs fixed target

-— | ""'\. T II | LI | 1 I- T ] LI I IH](_;IJ I T -{l 1 LI | , I LV AL

> : 7 /

2 10°E b b L AL ALICE detector

~= = . : =

L._?f - | | ]

10° ﬁ —
= i : =
- 3 A — -
- N\ . i -
B - _ _
LY ——QL

102

I IIIIIII|
| Illlllll

b5 \
1 1 | 1 I 1 I 1 1 L 1

10 8 -6 -4 -2

10
ALICE: Muon Det.: 25 <n® <4,
TPC: |nlab| <0.9 http://aliceinfo.cern.ch

(1) fixed target, Vs, = 115 GeV; (2) fixed target, Vs, = 72 GeV; for7 -0
(3) collider mode, Vs = 14 TeV; target




Kinematic coverage: collider vs fixed target

LHCDb detector

LHCb: 2 < nlab < 5 https://lhcb.web.cern.ch/lhch

(1) fixed target, Vs, = 115 GeV; (2) fixed target, Vs, = 72 GeV;
(3) collider mode, Vs = 14 TeV; (4) collider mode, Vs, = 5.5 TeV, (5),(6) Vs, = 8.8 TeV
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How to make fixed-target collisions with the LHC beams?

* Internal (solid or gas) target + existing detector
— gas target (unpolarized/polarized) and full LHC beam
- beam splitting by bent-crystal + internal (solid, pol.?) target
— Internal Wire/Foll target (directly in the beam halo)

 Beam extraction by bent-crystal
- new beam line + new experiment

Under study within the Physics Beyond Collider working group (https://pbc.web.cern.ch)
S. Redaelli et al. Proceedings of IPAC2018
Physics Beyond Collider Working Group meeting June 2018: https://indico.cern.ch/event/706741/
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BEAM SPLITTING vertex detector Forward detector / spectrometer

channeled halo to a solid target ! :
- LJId* i absorber
e MO 1 0] e

crystal-2 — —— . .......-- bowsinoan e

————— —
halo = —=-—__ I — ] __beam
crystal-1 sotiatarget | ([[[IIIIII | [ll}

with or without
second crystal

____________________________

unpolarized gas e :

STORAGE CELL He, Ne, Ar, ... H2, D2 | I
L L,,‘

Fa F)
L LW

siorageen [ 1

____________________________

Atomic Beam Source

POLARIZED TARGETS

Fa it

/ IO Lﬂ#
LV E— :
polarized gas@mn TN { Q\“““‘
C. Vallée, DESY, guiding magnetic field needed i

December 2017

____________________________



Gas target: storage cell

;Pnlarised gas beam

 Dedicated pumping system

* Polarized H" and D' injected In open-end sttty end the preservaiion
storage cell with polarization P ~80% N
(requires additional polarized gas
target)

d: |

* Possible polarized *He' or unpolarized L
heavy gas (Kr, Xe)

- Expected L _ over a year (for 1 m cell):
- p-HvVs ,=115GeV, L _~ 10 fb*
- Pb-H Vs, =72 GeV,L_~ 100 nb? . .
- Pb-Xe Vs, =72 GeV, L_ ~ 30 nb : —>
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Gas Jet target The hydrogen jet polarimeter

COLD
HEAD

* Used to measure the proton A [
beam polarisation at RHIC

—DISSOCIATOR

_ ADIUSTABLE
COLLIMATORS

* 9 vacuum chambers, 9 stages
of differential pumping

SEPARATING
MAGNETS

RF TRANSITIONS

350 cm

HOLDING FIELD

 Polarised free atomic beam
source (ABS) iai‘ == I
| -.ig . _,

~
~

| RECOHL
| DETECTORS

e L (pH) ~ 50 pb™* per year

It

L. SCATTERIMG
CHAMBER

NIM A 536 (2005) 248




Beam splitting by bent-crystal

crystal-based collimation (ideally)

standard collimation

Motivation:
beam beam core
collimation

primary

absorbers
o Crystal-based collimation To beam extraction
Standard collimation today y - UA9 (@SPS) ‘ - CRYSBEAM
- = - LUA9 (@LHC) (@SPS then LHC)
W, Scandale et al., JINST 6 TI0002 (2011) _ AFTER@LHC

- Deflecting the beam halo at 7o distance to the beam, reduces beam loss

— Beam splitting: could be used with existing experiment
W. Scandale, PBC workshop 2016, https://indico.cern.ch/event/523655/contributions/2284521/




Fixed Target collisions in collider

settings




SMOG-LHCDh: the demonstrator of a gas target

: System for Measuring Overlap with Gas

“pump” valve  Flow to VELO  Pirani gauge

Evacuate and
leak detector

“fill” valve
PV501

High pressure
Piezo gauge

restriction

High pressure

[ "
bypass” valve
yp volume

PV502

“HP” valve

To high pressure
JINST 9, (2014) P12005 Neon bottle

Luminosity determination with
beam gas imaging




- SMOG-LHCD: the demonstrator of a gas target

System for Measuring Overlap with Gas
Target gas: only noble

- . - gases
Gas injected into heam vacuum He | Ne | Ar | Kr | Xe

Al 4 (2040 |84 | 131

e e g e e

' https://ihch.web.cern.ch/lhch

Successful p+Ne, p+Ar, p+He, Pb+Ar, Pb+Ne data taking

Limitations: Limited luminosities; no p+p baseline; no heavy nuclei yet




SMOG data samples
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Figure 1: Dedicated SMOG runs collected since 2015. Beam-gas collisions have been recorded
using different gas types (He, Ar, Ne) and beam energies.

https://cds.cern.ch/record/2673690/files/LHCB-TDR-020.pdf




SMOG-LHCDb data
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First Measurement of Charm Production in its Fixed-Target
Configuration at the LHC

R. Aaij et al. (LHCb Collaboration)
Phys. Rev. Lett. 122, 132002
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Antiproton production in LHCDb Fixed Target

> 220 ' L EREri = ' N .
6 200 LHCb _E &) E LHCb E
S 180 pHe » X 0.4 < pT-(().? GeV/c 3 S 120 =N pHe =2 pX 0.7 < pT< 1.2 GeV/c —
Sev = 110 GeV = e Soe = 110 GeV =
= T yas ] S0k, 7L Ve =
=140 -3 el L '_ i -]
5120 = 5 80 Priguin -
= = - - -
B 100 H % .. E% =
= g0 q © 60 E" g
6 Wi =
20 2(} :_ IIIIIIIII %
s 30 3 - J
p [GeVic] 20 30 40 50
p |GeV/c]
; 35F e A S L CH SO A | —]
S 0 E LHCb — DATA -
el T pHe » PX 12< p <28GeVic === EPOSLHC -
o 25F-,. :"".‘... Vo = 110 GeV o EPOS 1.99 S
= N S - = QGSIETI04
B PE s Ve - = QGSIETIL4m 3
B oSl e, o M i == HUING 138 3
e -9 . e ~—— PYTHIA64 ]
"=la e TN M oiim, =
I(} __ : "rtass ag. M Sy, S T eemaiemees -
= "
- |

R. Aaij et al. PRL 121, 222001 20



Solenoidal Tracker At RHIC : -1< N<1,0<d<2n
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Fixed-Target Geometry

>targetis outside of the STAR
TPCat~211cm

“

Fixed target

A1=21M [ 3Gold foil is Tmm
thick with about a
4% interaction
probability

‘ -21.3M Au+Au
events with top 30 %
centrality trigger

mhoonadonnidaanidaanidann e b baco laci basas

September 23 Muhammad Usman Ashraf




Fixed Target in
STAR

3.9 GeV Au + Au Test Run

Energy Loss in TPC
g0 .
Excellent PID with Time Projection Chamber % 3
(TPC) and Time of Flight (TOF) detectors for - j_
fixed target events of
St STAR Fixed-Target Run14 Set-up ;‘:
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STAR Beam Energy Scan program phase Il

e 7.7 GeV i1s the lowest realistic collider
energy

e Critical Point studies need results below
7.7 GeV

* FXT program provides control
measurements for critical point and onset
of deconfinement

Temperature

Hadronic Gas

Baryon Chemical Potential pg

D. Cebra, CBM-STAR Joint Workshop, TU Darmstadt, , 2017




A selection of performance studies




Sensitivity studies - assumptions

LHCb-like ALICE-like
Vs, = 115 GeV, L_ (p-H) = 10 fb* / year Vs, = 72 GeV, L_ (Pb-Pb) = 1.6 nb* / year
Vs, = 115 GeV, L_ (p-Xe) = 100 pb* / year Vs, = 115 GeV, L_ (p-H) = 45 pb™ / year
Vs, = 72 GeV, L _ (Pb-Xe) = 30 nb™ / year
(Ref at same energy: 0.9<n™<0.9

Ly (p-H) = 250 pb* L™ (p-Xe) = 2 pb*)

Bent crystal + internal solid target:
Z ~ 0 + ALICE-like acceptance

Target Z = 0, microvertexing, particle ID, p ID




Heavy-lon collisions




Heavy-ion collisions: toward large rapidities
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Particle yields and v at large rapidities -

powerful tool to constrain the temperature
dependence of the medium shear viscosity
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Heavy-ion collisions: toward large rapidities
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Particle yields and v at large rapidities — powerful tool to access the
medium shear viscosity and temperature




Rapidity scan of the QCD phase diagram

Larger rapidity — larger baryon AFTER@LHC: Comparable p_ range to

chemical potential the RHIC Beam Energy Scan
Pb+Pb \/s.\..\I = 72 GeV 0-10%
gon < 150_ =
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Probing the nuclear structure




Constraining gluon nPDF with heavy quarks
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Constraining quark nPDF with Drell-Yan

Large Drell-Yan yields, wide kinematic reach (x, - 1), various targets
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R Drell-Yan, pXe@ Vs = 115 GeV,2 < Yuu <5, Py > 1.2 GeV/e, L =100 pb 1.6 1.6
B 4 1 @=13GeV | W _PDF dV —PDF
o g ===+ hefore rew.
o 1.4
a : — after rew.
S 12 -
Q -
$ . - 1.2
E -
10— - o
=21.0 -
7 10°
0.8 0.8
0.6 0.6
102
0.4 0.4
0 01 02 03 04 g ¥ 7 0 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

X X
Expected improvement with AFTER@LHC data

Few Body Syst. 58 (2017) no.4, 139

Also: ideal test of the extrapolation of initial state effects in pA to AA




Transverse spin asymmetry

1 O.T _ O.J, o'® : production cross sections of particles

AN _ produced with target spin polarized upward
_ downward).
Po'l + ol ‘ ) -
— average beam/target polarization
Possible sources of the asymmetry:
i i k.

Sivers mechanism '
correlation between spin and parton k. P 4

P o~

Collinear Twist-3

quark-gluon/gluon-gluon \
correlation, tri-gluon

correlations llustrations: S. Fazio - RHIC & AGS Users' Meeting 2016



mailto:AFTER@LHC

Orbital angular momentum of quarks and gluons
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T
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« A, #0 - non-zero quark/gluon Sivers function — non-zero
quark/gluon OAM

L J_q _}2
Drell-Yan — accessto f . (x,k7)

flqu (}C, khi)Dr'eEE—Y}::m - _flqu (}C, I_‘;i)Sem i—Inclusive DIS

* Gluon Sivers effect —» access via single spin asymmetry of open charm

& quarkonia, Jp-J/p, Jhp+y




Drell-Yan A, iIn AFTER

* Precision study of the quark Sivers function with Drell-Yan over a wide
kinematic range
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Quarkonia A

« Unique access to C-even quarkonia (y_,, . ) + associated production

« A forall quarkonia (J/y, y', x_, Y(nS), x, & n_) can be measured
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Quarkonia A

J/W A in ALICE-like detector Photoproduced |/ to probe the gluon
Generalized Parton Dist. Eg
z 0.4:
[}JE: r[rrrrrrr 1 rrorrror 111 [ T r1 E < 03:_ aFXIV' |80700603
0.15E = AFTER@LHC, ALICE-like detector E Y :
C o  ¥s=200 GeV (Phys. Rev. D 82, 112008 (2010)) 3 E { t 8 o
0.1 o ¥5=200 GeV (Phys. Rev. D 98, 012006 (2018)) 0.1 b ;
0.05F = OF .
> - . 01
S 7 Of--3% L -ttt T-1t S Fooeennneen 4 Ok
- . 0.2 AFTER@LHCb, p+H', s, = 115GeV, L =1010"y +p — Jy + X
—0. [}5:_ & E = EffPol=80%, 2<n <5,p">0.4 GV, E, from Phys.Rev. D85 (2012) 051502
- i - —0.3 9
—0.1F-¢ff. pol. P=0.8 = = o 0.4 <p’" <0.6 GeVic
: I
=0.15F ppVs=115GeV L, =45 pb’’ = _05E o 0.6 <p!" <0.8 GeVic
_[}.EF . I . . . : I . . : : I : . . . I . . . . I : . . . I . : 1 : r _O GEI | 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
-025 -02 -0.15 0.1 -005 0 005 064303 055 02 015 -04 005 0
X X
F F




Astroparticle physics




Antiproton production at AFTER@ALICE FT

C. Hadjidakis at al, arXiv:1807.00603
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Important inputs for theoretical calculations of the secondary cosmic p spectrum.
Example: search of dark matter via study of cosmic p excess over secondary p
ALICE is well suited to constrain the uncertainty on the antiproton spectrum.




Antlproton measurements — ALICE vs LHCDb
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ALICE Central Barrel can measure very slow antiprotons
down to few hundred MeV momentum.

Slow antiprotons produced with the LHC proton beam on a
nuclear target equivalent to the case when nuclear target
travels at TeV energies, hit an interstellar proton at rest and
produces an antiproton with high energy.



https://arxiv.org/abs/1807.00603

Open heavy flavor
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Unigue measurement: charm prod.

inay_._domain only accessible by ALICE

Measurement of intrinsic charm - important input for astrophysics

Access to high-x nuclear gluon distribution (the least known nuclear PDF )







Implementation options under investigation

* LHCDb

- Beam splitting and internal W solid target (with a second crystal) for
Electromagnetic Dipole Moment of charmed baryons

— Polarized storage cell gas target for spin physics (SPIN-LHC)
- Unpolarized storage cell gas target (SMOG2)

 ALICE

- Beam splitting and internal solid target
— gas target (to be investigated)




Contribution submitted to
European Particle Physics Strategy Update 2018 - 2020

Physics opportunities for a fixed-target programme in the ALICE experiment

F. Galluccio?, C. Hadjidakisb, D. Kikota®, A. Kurepind, L. Massacrier®”, S. Porteboeuf®, K. Pressard®,
W. Scandalef, N. Topilskayad, B. Trzeciak®, A. Uras"

YINFN, Sezione di Napoli, Complesso Universitario di Monte Sant’Angelo, Via Cintia, 80126 Naples, Italy
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“Faculty of Physics, Warsaw University of Technology, ul. Koszykowa 75, 00-662 Warsaw, Poland
d Institute for Nuclear Research, Moscow, Russia
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ICERN, European Organization for Nuclear Research, 1211 Geneva 23, Switzerland
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Fixed-target implementations

* Internal solid target + a bent crystal

- a bent crystal installed prior of the LHC Interaction Point 2
- deviates the beam halo on a solid target

* Internal gaseous target
- to be studied

e ximl2
1Y) (s

_ courtesy of F. Galluccio and W. Scandale I




Integrated luminosities with the ALICE detector

ALICE
proton beam (4/snn= 115 GeV) Pb beam ( v/snn= 72 GeV)
Target L Inel. rate f &L L Inel. rate f L
[cm™2s7!] | [kHz] [em™2s7'] | [kHz]

HT 4.3 x10°Y 168 43 pb~! 5.6 x10% 1 0.56 nb~!
Internal gas | Hz 2.6 x10” 1000 | 0.26fb~! | 2.8 x10% 50 28 nb~!
target (gas- | DT 4.3 x10°° 309 43 pb~! 5.6 x10%° 1.2 0.56 nb~!
jetoption) | SHel B:5 sep 1000 | 85pb~! 2.0 x10% 50 20 nb~!

Xe 7.7 x10% 1000 | 7.7pb~! | 8.1 x10% 50 8.1 nb~!
Beam split C 3.7 x10%° 1000 | 37 pb~! 5.6 x10%7 18 5.6 nb™!
ting Ti 14 o™ 1000 | 14 pb~! s X BT 13 2.8 nb™!

W 5.9 xi0* 1000 | 59pb! | 3.1 x10% 21 3.1 nb~!

Interaction rate limited to 1 MHz by the expected detector data taking rate
Beam splitting: assumed flux:~ 5 x 1082 p/s, ~ 2 x 10° Pb/s (could be lower by 2 order

of magnitude) T
65




Integrated luminosities with the ALICE detector

ALICE

proton beam (4/snn= 115 GeV) Pb beam ( v/snn= 72 GeV)
Target L Inel. rate f &L L Inel. rate f L
[cm™2s™'] | [kHz] [em™2s7'] | [kHz]

HT 4.3 x10°Y 168 43 pb~! 5.6 x10% 1 0.56 nb~!
Internal gas | Hz 2.6 x10°1 1000 0.26 fb~! 2.8 x10%8 50 28 nb~!
target (gas- | D' 4.3 x10%° 309 43 pb~! 5.6 x10%° 1.2 0.56 nb~!
jetoption) | SHel B:5 sep 1000 | 85pb~! 2.0 x10% 50 20 nb~!

Xe 7.7 x10%° 1000 |[7Z.7pb~" | 8.1 x10% 50 8.1 nb~!
Beam split c 3.7 x10%° 1000 | 37 pb~! 5.6 x10%7 18 5.6nb~!
ting Ti 1.4 x10°° 1000 | 14 pb™! 2.8 x10%7 13 2.8nb~!

W 5.9 x10% 1000 | 59pb~! | 3.1 x10% 21 3.1 nb~!

Interaction rate limited to 1 MHz by the expected detector data taking rate
Beam splitting: assumed flux:~ 5 x 1082 p/s, ~ 2 x 10° Pb/s (could be lower by 2 order
of magnitude) - gas-jet option worth consideration, but severe tech. constrﬁ



Solid target setup

 |nside the L3 solenoid

* Pneumatic motion system with two positions (IN and OUT of the
beam pipe)

 Examples of possible target types: Be, Ca, C, Ti, Ni, Cu, Os, Ir, W

e Size: 170 x 50 x 50 mm

beampipe section
Setup for an internal solid target holder target /

target with one target system. actuator \
e
e |

Design by IPN Orsay.




Possible target locations and acceptance

sun(GeV)

AN ZO A R

z=-4700 z=-2750 Zz= 0 mm

A-side

Targetz=0
— — — Targetz=-2.75m
......... Targetz =-4.7m

LHCDb, targetz=0

The acceptances of the TPC calculated
assuming reduced track length (1/3 of the full
radial track length), which results in |n|<1.5 in

a collider mode.




Possible target locations and acceptance

. . z2=-4700 z=-2750 z=0mm
Integration constraints

A-side
Location of existing valve and
ITS motion during EYETS
constrain the target location
within -8.3<Z<-4.8m

pa— —

il = . |
/'
|
i

EYETS : Extended Year-End Technical Stop

(downstream from
the nominal IP)

M
VAN
A4




Recent progress

* Project presented to ALICE Technical Board (C. Hadjidakis, March 2019)
- Implementation: Internal solid target + a bent crystal

K. Pressard (IPN Orsay)

Actuator Tapping Target holder Target @48.4 pipe




* Target installation

- Technical constrains — under discussion

 Vacuum constraints — vacuum isolation of IP2 needed

* Impedance - target system can act as an antenna in the pipe,
impedance calculation to be carried out in collaboration with/by the
LHC impedance group

* Bent crystal
- Studies ongoing by collimation team for IP8

- Required: LHC study of machine protection, collimation and
operation and possible beam proton and lead fluxes for IP2




ALICE Fixed Target for Zirget — 47 MVS other experiments

et

ALICE (Fixed Target)
ALICE (Collider)
LHCb (Fixed Target)
LHCDb (Collider)
PHENIX (Collider)

STAR (Collider)
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D° production in p+W collisions for 2, =-4.7 m

pW collisions at |s,,, = 72 GeV (scaling from pp collisions), DO — K, L,=06pb :
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Antiproton production in p+C collisions for Z =-4.7m
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S
New projects under investigation in LHCb %%:’%r&
"'fag:"’f'é‘
L SMOG2 (approved) :addition of an unpolarised storage cell target (S
% 20 cm long attached to the VELO S I cp
# Injection of unpolarised gas via capillary — I :z - mf ]
# Boost local gas density with same gas flow . w':: i'.: I_. ot
I T —r V8 EE A IR WE RN e
fssocalIsmoc) 109 | 244 | 345250 313 | 7.7 | 109 | 286|303 vy LN
- And probably up to a factor x 100 SMOG with an increased gas flow ::‘,2.:;'.}. -

Figure T Bhedeh of U B53000GE ayaiem, The gas b= injected via capillary ol the center of thy slorage mll

# Extended target choice:H; D,

» Better control over injected gas density (i.e over luminosity)

# Projections for SMOG2:

leaction | DAG time| Non eoll. | Lumi | Decays SMOG | Seale | SMOG2
bunches | {ob ) | vields | factor | proj. yiclds
[P = K= G450 400 &
D" —+ K-ztat| 075 il k
D =+ K- K=" 11 Ak
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A = pK™r a0 3k
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Prospects for (high-luminosity) fixed-target opportunities at che LHC - L Massacrier Rencontres QOGP France, |-4 July 2019 o ‘



New projects under investigation in LHCDb

U LHCSpin (currently not approved) : polarised storage cell target for spin physics in front of LHCb
# Setup with :Atomic beam source, target chamber, diagnostic system and additional tracking detector
# |Integration constraints: target chamber located at least 1m upstream of the LHCb IP = consequences on the « large-x » reach
» Projections for Run4 = L.~ 5 fb-! for pHT collisions (® ~ 3.8 x 108 p/s, ;. ~ 4.7 x 1032 cmis™, t~107 5)
# R&D needed for the coating (depolarisation)

Shilding
Target Chamber —d
E%0 VELO
-1
- W A L — 2
L | e '. :...- ol b |
L ey
I
li -BTD
Pump 3 P
2170 -1080 <1740 -1590 1430 .1280 -1080
cell center

Prospects for (high-luminosity) fixed-target opportunities at the LHC - L Massacrier Rencontres QOGP France, 1-4 July 2019 °



New projects under investigation in LHCb

U Beam splitting with double crystal setup for the measurement of EDM/MDM of charmed baryon (currently not approved)
# Intense magnetic field between crystal atomic planes induces spin precession during the lifetime of the particle
# Measurement of MDM of heavy baryons never performed due to their short lifetime
- test of QCD calculations, improve current understanding of internal structure of hadrons
# Measurement of EDM of heavy and strange baryons powerful to probe physics beyond the standard model
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Detector
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e & Loom in 5 = : 5
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Prospects for (high-luminosity) fixed-target opportunities at the LHC - L Massacrier Rencontres QGF France, -4 July 2019 o



(*  Horizon 2020 project STRONG-2020

M] http:/lwww.strong-2020.eu

44 institutions from 14 EU Member States,
Budget: 10 M euro for 4 years (2019 - 2023)

JRA2-FTE@LHC: Fixed Target Experiments at the LHC

Development of novel gas-target technigues to be able to carry out the most
energetic fixed-target collisions ever performed in the lab, using the LHC
beams at ALICE and LHCb. Evaluation of the novel expected constraints on
PDFs at high-x in the proton and nucleus, parton spin dynamics, as well as
QGP properties via unigue quarkonia measurements.

79




(*  Horizon 2020 project STRONG-2020

M] http:/lwww.strong-2020.eu

JRA2-FTE@LHC: Fixed Target Experiments at the LHC

Lead beneficiary: CNRS — France, Co-leadership: INFN
Spokespersons: Pasquale Di Nezza, Cynthia Hadjidakis

Partners: FZJ - Frank Rathmann, USC - Elena Ferreiro,
INFN - Pasquale Di Nezza, NCBJ - Jakub Wagner,
WUT - Daniel Kikola, LIP - Joao Seixas




ALICE Fixed Target group at Warsaw
University of Technology

Cooperation with Laboratoire de physique des
deux infinis Iréne Joliot-Curie, Orsay, France;
and Czech Technical University in Prague

Dr Daniel Kikofta (leader)

Dr Md. Rihan Haque (post-doc, funded by Horizon 2020 grant The strong interaction at the
frontier of knowledge: fundamental research and applications)

Dr Marcin Patecki (Marie Sktodowska-Curie Individual Fellowship: The ALICE fixed-target
programme layout using bent crystals at the CERN Large Hadron Collider.)



http://www.strong-2020.eu/
http://www.strong-2020.eu/joint-research-activity/jra2-fte-lhc.html

Study of performance of ALICE detector with a shifted vertex

First simulations started to study the Time Projection Chamber performance
located in the ALICE central barrel with a shifted vertex

Feasibility studies for v, and R,

Efficiencyx Acceptance
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DETECTORS | NEWS

New SMOG on the horizon https:/Icerncourier.com/a/lnew-smog-on

-the-horizon/
8 May 2020

A report from the LHCb experiment

LHCb will soon become the first LHC
experiment able to run simultaneously with

| | two separate interaction regions. As part of
LL ”"‘/’W‘f/// //// J

7777 @Y. e = the ongoing major upgrade of the LHCb
\(\ e, detector, the new SMOG2 fixed-target
system will be installed in long shutdown 2.
SMOG2 will replace the previous System for
Measuring the Overlap with Gas (SMOG),

Fig. 1. Half of the SMOG2 storage cell (black), which injected noble gases into the vacuum
attached to its wake-field suppressor (black, :

right) and the VELO RF foil (grey, left). Credit: vessel of LHCb’s vertex detector (VELO) at a
LHCb

low rate with the initial goal of calibrating
luminosity measurements. The new system
has several advantages, including the ability to reach effective area densities (and thus

luminosities) up to two orders of magnitude higher for the same injected gas flux.
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STR@NG The storage cell has been installed

It is the only object present in the LHC primary vacuum
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Status and summary

* Topic of the Physics Beyond Collider study http://pbc.web.cern.ch/
- LHC fixed target working group

* 3 contributions to European Particle Physics Strategy submitted,
positive reception at EPPS Update meeting in Granada 2019

 CERN yellow report: LHC fixed target experiments : Report
from the LHC Fixed Target Working Group of the CERN
Physics Beyond Colliders Forum,

CERN-2020-004, http://cds.cern.ch/record/2653780

* Ongoing technical and Performance studies within the Horizon
2020 grant STRONG-2020

 ALICE: If FT project approved: aim for a target installation during
Long Shutdown 3
| g6







Maximum achievable luminosities with the LHCb detector*

LHCh
proton beam ( 4/syy = 115 GeV) Pb beam ( y/swy = 72 GeV)
Target L CTinet | Inel P L Tiner  Inel f i
rate rale
[em~2s71] kHz [em 251 kHz
L H [ 43x10% | 39mb [ 168 | 43pb~' | 5.6x10% | 18b |1 | 0.56nb"
H, 1.0x102 | 39mb | 40000 | 10fb! | 1.18 x10® | 1.8b 212 | 118nb’!
Gas-Jet | D! 43x10* | 72mb | 309 43pb~! | 5.6x10% | 22b | 1.2 | 0.56nb™’
He! 34102 | 117mb | 40000 | 34! | 47x10%® | 25b 118 | 47nb!
Internal gas Xe 3.1x10° | 1.3b | 40000 | 0.31 fb~' | 2.3x10%® | 62b 186 | 23nb!
target H' 0.92x10% | 39mb | 35880 | 92fb! | 1.18 x10® | 1.8b 212 | 118nb”!
H» 1.0 x10** | 39mb | 40000 | 10fb 1.18 x10%® | 1.8b 212 | 118 nb~!
z‘;ﬁ"ge D' 5.6x107 | 72mb | 40000 | S6fb! | 882x10%® | 22b 194 | $8nb!
3He! 1.3x10%% | 117mb | 40000 | 13fb! | 825x10% | 25b 206 | 83 nb!
Xe 3.1x10°" | 1.3b | 40000 | 031fb"' | 3.0x10%® | 62b 186 | 30nb!

* Assuming LHCb runs the full year in parallel in fixed target and collider mode. The storage cell is
considered to be 1m long.
Maximum readout rate considered (40MHz in pp and 5MHz in AA). In PbA collisions, the rate is also limited

by the beam lifetime (no more than 15% of the Pb beam flux used)

Prospects for (high-luminosity) fixed-target opportunities at the LHC - L. Massacrier Rencontres QGP France, |-42£)UII;



http://pbc.web.cern.ch/
http://cds.cern.ch/record/2653780

Max. integrated luminosities with the LHCb detector

LHCb
proton beam (/syy = 115 GeV) Pb beam (/syy =72 GeV)
Target Vi Tinet | Inel ) F » L Tinet | Inel [£
rate rate
[em~2s71] kHz [em~2 s~ 1] kHz
H' 43 %10 | 39mb | 168 43pb~! | 56x10% | 1.8b | 1 | 0.56 nb~!
H, 1.0 x10% | 39mb | 40000 | 10fb~! | 1.18 x10*° | 1.8b | 212 | 118nb’!
Gas-Jet | D' 43 x10° | 72mb | 309 43pb! | 56x10% | 22b| 1.2 | 0.56nb’!
SHe! 3.4 x10°2 | 117mb | 40000 | 3.4fb' | 47x10%® |[25b | 118 | 47nb”’
Internal gas Xe 3.1x103 | 13b | 40000 | 031fb' | 23x10% | 62b | 186 | 23 nb”’
target H' 0.92x10** | 39mb | 35880 | 9.2fb~' | 1.18 x10* | 1.8b | 212 | 118nb™!
H; 1.0x10** | 39mb | 40000 | 10fb~" | 1.18x10* | 1.8b | 212 | 118 nb™!
igage D! 5.6x102 | 72mb | 40000 | 56fb! | 8.82x10% | 22b | 194 | 88nb’
3He! 1.3 %103 | 117mb | 40000 | 13fb~' | 825x10% | 25b | 206 | 83 nb’!
Xe 3.1x10% | 13b | 40000 | 0.31fb~! | 3.0%10%® | 62b| 186 | 30nb’!

Maximum readout rate considered (40 MHz in pp and 5 MHz in AA).

| m long storage cell




o ACORDE | ALICE Cosmic fays Detecior
o AD | ALCE Difractise Datecter

e DCal | tier Czlor meter

o EMCal | Elactremagnet = Calor meter
o HMPID ] Hich lamenturn Particle

Idertication Jetector

ALICE detector (Run 3)

R W, Y, R YR e e l"l‘-‘ .

o ITS-IB | Irner Tracking Svstem - Iner Barral
% Awmee T ¥ o ITS-OB | roer Trace g Syster - Suter Eared
4 it

9( _? — . ' ) = _.;-4-' " oy RO REPT o MCH | Muan Tracking Chambers

B s 4 S8 4 iy o . ' : e MFT | Muor forwad Tracker

@ MID | nduon kzent fiar

m PHQOS / CPV | fhoton Spaciremeter

@ TOF | Time Of Flight

@ TO+A | zero+ A

@ TO+C | Tzero 4 C

@ TPC | Time Projection Chamber

@ TRD | Transition Rac aticn Cesector

m VO0+ | vzerc + Detector

@ ZDC | Zero Degree Caloimeter

TPC: |In®°| < 0.9, Muon Detector: 2.5 <n* < 4

Run 3 and 4: New Inner Silicon Tracker, A Muon Forward Tracker

Continuous readout®: 50 kHz in Pb-Pb, 200 kHz up to 1 MHz in p-p and p-A
“The feasible rate also depends on the detector occupancy in a fixed target mode




Jhp and Y In p+p i

Ay =
* Typically 10° charmonia, 10° bottomonia per year Pett o1 + 0t

 Unique access to C-even quarkonia (y_,, n_) + associated production

« A forall quarkonia (J/y, v', x_, Y(nS), Xb & 1_) can be measured

1 S S— s
: | | | | - e | {5=200GeV, PRD 82, 112008 (2010)
0 1f  Stat.unc. projection =Y(1S) 04F  a  {5=200GeV, PRD 98, 012006 (2018)
- - Y(29) . [ GPM,p_=2 GeV/c, PRD 96, 036011 (2017).
0.05E- ( +T@S) 3 0.3t mmm coL, b, =2 GeVle, PRD 96, 036011 (2017)
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0.05fF E
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Available Luminosities

ALICE

FT Luminosities
comparable with
nominal LHC
luminosities

ALICE

proton beam ( y/syy = 115 GeV)

Pb beam ( fsyy =72 GeV)

I =ae Fass

rae

Target o Tinel Inel f.{: L
rate
[em™2 s71] [kHz] [em2s71] | | [kHz] |
HT 43x10° | 39mb | 168 43pb~! | 56x10% | 1.8b |1 0.56 nb™!
Garnts | B 26x10°" | 39mb | 1000 | 026" | 2.8x10%® | 1.8b | 50 28 nb™!
D' 43x10° | 72mb | 309 43pb~! | 5.6x10% | 22b |12 |0.56nb™!
3He! 8.5x10* [ 117mb | 1000 | 85pb~! | 2.0x10%® | 25b | 50 20 nb™!
Ig';f:::éﬂ Xe 77x10% | 13b [ 1000 | 77pb~! | 8.1x107 | 62b[50 | 8.1nb!
H' 26 x10°" | 39mb | 1000 | 0.26fb~' | 2.8 x10*® | 1.8b | 50 28 nb™!
H> 26x10*" | 39mb | 1000 | 0.26fb7! | 2.8x10%® | 1.8b | 50 28 nb™!
g‘:ﬁag“ D' 14x10° | 72mb | 1000 | 140pb~! | 22x10% | 22b | 50 22 nb~!
‘He' 8.5x10% | 117mb | 1000 | 85pb~! | 2.0x10%® | 25b | 50 20 nb™!
Xe 7.7x10® | 13b | 1000 | 7.7pb~! | 8.1x10* | 6.2b | 50 8.1 nb~!
MMESTIR C (500 ym) | 2.8 x10* | 271 mb | 760 28pb~' | 5.6x10%® | 33b | 1.8 | 0.56nb™!
:—;n “t"l";] Wire | Ti (500um) | 1.4 x10% | 694 mb | 971 14pb~! | 2.8x10% |47b| 1.3 | 0.28nb"
. Target | W (184 ym) | 5.9x10% | 1.7b | 1000 | 5.9 pb~! - S P =
halo W (500 ym) - - - - 3.1x10% | 69b |21 |031nb™!
— NH]| 26x10°" | 39mb | 1000 | 026" | 1.4x10® | 1.8b | 25 14 nb™!
ND} 14 x10°" | 72mb | 1000 | 140pb™' | 1.4x10°® | 22b | 30 14 nb™!
Beam C (658 um ) | 3.7 x10% | 271 mb | 1000 | 37 pb~! - - | -
splitting C (5 mm) = - - - 56x10°" | 33b | 18 5.6nb™!
Unpol- | Tj (515 um) | 1.4x10% | 694 mb | 1000 | 14 pb! e - = =
:’Ez‘j Ti (5 mm) = | O = 2.8x1027 | 47b | 13 2.8nb™!
target | W(84m) | 5.9 x10® | 1.7b | 1000 | 5.9 pb~! - - |- -
W(5 mm) - - - - 3.1x10”7 | 69b | 21 3.1nb™!




Available Luminosities

LHCDb

LHCb
proton beam ( /syy = 115 GeV) Pb beam ( /sy =72 GeV)
Target L Tinel Inel f.ﬁ 1 Tinet | Inel f.ﬁ
rate rate
[u:m_2 s~ kHz [cm_2 g kHz

H' 43 %10 | 39mb | 168 43pb~' | 5.6x10%° | 1.8b | 1 0.56 nb™!

H, 1.0x103 | 39mb | 40000 | 10fb~' | 1.18 x10* | 1.8b | 212 | 118 nb™!
Gas-Jet | D' 43 %10 | 72mb | 309 43pb! | 56x10% [22b |12 |0.56nb™!

3He! 3.4x10°2 | 117 mb | 40000 | 3.4fb! | 47x10*® | 25b | 118 | 47 nb’!

Internal gas Xe 3.1x10° | 1.3b | 40000 | 031/~ [ 23x10%® | 62b | 186 | 23 nb”!
target H' 0.92x10* | 39mb | 35880 | 921" | 1.18 x10” | 1.8b | 212 | 118 nb~!
H, 1.0x10* | 39mb | 40000 | 10fb~" | 1.18 x10”° | 1.8b | 212 | 118 nb™*

{%Eagﬁ D' 5.6x10°2 | 72mb | 40000 | 5.6~ | 882x10% | 22b | 194 | 88nb!

3He! 1.3x10% | 117 mb | 40000 | 13fb~' | 825x10%® | 25b | 206 | 83 nb™!

Xe 3.1x10°" | 1.3b | 40000 | 0.31fb~' | 3.0%x10*® | 6.2b | 186 | 30nb™!
Internal C (500 um) | 2.8x10°° | 271 mb | 760 28pb~! | 56x10%® | 33b | 1.8 | 0.56nb™!
solid target | Wire i a ay 25 o

o Gl Ti (500 um) | 1.4 x10°° | 694 mb | 972 14 pb 28x10% | 47b |13 | 028nb
hidis W (500 ym) | 1.6x10* | 1.7b [2720 | 16pb~' | 3.1x10%® | 69b |21 |0.31nb™!
£1030 NH] 72x10°" | 39mb | 2808 | 0.72fb! | 1.4x10%® | 1.8b | 25 14 nb~!

. ND] 7.2x%10°" | 72mb | 5100 | 0.72fb"' | 1.4x10%® [22b | 30 14 nb~!
g i?ifj C (5 mm) 2.8 x10°" | 271 mb | 7600 | 280pb~! | 5.6 x10?7 | 3.3b | 18 5.6 nb™!
SD]‘.I g Ti (5 mm) 1.4 x10°" | 694 mb | 9720 | 140pb~! | 2.8 x1077 | 47b | 13 2.8 nb™!

target | W (5 mm) 1.6 x10°! 1.7b | 27200 | 160pb~! | 3.1 x10*7 | 6.9b | 21 3.1 nb™!




Physics opportunities in AFTER @ LHC

Physics opportunities of a fixed-target experiment using LHC beams
Physics Reports 522 (2013) 239

|deas for a fixed target experiment at LHC in a Special Issue in
Advances in High Energy Physics:

Advances in High Energy Physics, Volume 2015 (2015)
 Heavy-ion physics
* EXxclusive reactions
e Spin physics studies
 Hadron structure
* Feasibility study and technical ideas




Test o factorization of initial state effects in A+A

Drell Yan: Few Body Syst. 58 (2017) no.4, 139

* Initial state production, not significant interaction with nuclear medium
* Ideal test of the extrapolation of initial state effects in pAto AA

x* Few Body Syst. 58 (2017) no.5, 148
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Jhp and Y yields

Typically 10° charmonia, LHCb-like
10° bottomonia per year 1 pap, 3=115GeV

| _I IJ!{U I 1

10° L=10fb" --- v (2S)
-= Y(1S)

Counts per 0.5 GeV/c

AFTER@LHC sim

1 L 1 1 I 1 1 [ I L 1 1 I 1 [ L I 1 1 1 I 1 1 L
107, 2 4 6 8 10 12

P, (GeV/c)

Adv. High Energy Phys. 2015 (2015) 986348




Quarkonium in “cold” and “hot” mater studies

Determination of thermodynamic properties of QGP + cold nuclear matter
effects with Y(nS) production in pp, pA, AA

Few Body Syst. 58 (2017) no.5, 148 Yield . | S/B
o e g 2 , , ields signa
%2500: fb:%% Elf 726ev | Lopiike - o::bé [ pPb-Xe, {5=72GeV LHCb-like ]
g R T 4._ gz Yup{j o - op ‘*."25(,}].'_:;{)'jr o Pb+Xe < }_]p 1.33 * 103 29.0
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Figure 3: Left: Typical kinematical reach in x»> and the scale (chosen to be m) of the fixed-target mode with a detector acceptance like
ALICE. Right: Kinematical reach for Drell-Yan lepton-pair production with an ALICE-like detector in pXe collisions at /s = 115
GeV with an acceptance of 2.5 < r;.-“'b < 4 and j'}".l:. > 1.2 GeV. Colours correspond to expected yields of the Drell- Yan signal in each
kinematical region, and each coloured cell contains at least 30 events.




Measuring Magnetic and Electric Moments of

charm baryons with bended crystal

Protons are channeled by a crystal put in the halo and sent against a target.
Polarised charm baryons are produced and channeled by a second long crystal

Nonchanneled direction

. 2id (N
il N, dcosO,

--H-RH\-‘_
™ channeled

1
> (1+0LP; cos0)

Proton beam
s | ——

Fixed target experiment to produce polarised baryons
Angular analysis of baryon decays to measure the final polarisation.
100/ 105

Two crucial parameters o and P

, Physics Beyond Colliders annual workshop, CERN, 2017,
https://indico.cern.ch/event/644287/contributions/2724478/



Heaw-favour studles klnematlcal ranges

1 | — T
L L (5o = 115 GeV 2t '
= 1 5 [ pAlsy=115GevV
[ _| bottomonium, p_<15 GeV/c 1 = 1
92[} B2 charmonium, p_ <18 GeVic | 1 i Sl i ]
£ 7 D meson, p_ <20 GeWc - Ev i
! B meson, p_ -:16 Gew [ 25<y<d and p, <10 GeVic
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o Left: for LHCb based on 10 fb™! of data
o Right : for ALICE based on a Pr cut (to be improved with 0.25 fb™" of data)

J-P. Lansberg, PBC November 2017
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" current data for Collins and Sivers asymmetry:
. 4|

R. Fateml, The RHIC COId 10 E ® COMPASS h™:P, <1.6GeV

QCD plan for 2017 to 2023: a [ O HERMES %%, K': Py <1 Gev

portal to the EIC - JLab Hall-A =P, <0.45 GeV

¥ STAR W bosons

https://indico.cern.ch/event/ N;"DBE‘-F{chﬁmGequr]ﬂcullins o Bl
570680/contributions/ S [ o o //
2310058/ = Lo i e A . %

O [ <55 JLab 12 (upcoming)

0%} o

10 F

The range in a quark (or gluon) momentum fraction x vs. the square of the momentum transfer
(O’ in a given process, accessible in the proposed Electron-lon Collider (EIC), future
experiments with 12 GeV electron beam in the Thomas Jefferson National Accelerator Facility
(Jefferson Lab, Jlab 12), compared to existing data.. 102/105


https://indico.cern.ch/event/644287/contributions/2724478/

WigﬂerfUﬂctioﬂ high-level connection
4+1-D )( kT!bT) measurable ?

important in other branches of Physics wix20) .
2+1-D bt -

not related by

)( kT) Fourier transf. f()( bT H(X 0 t) H(X E t)
e+ transv. mom. dep. PDF impact par. dep PDF - generalized PDF
;w{ semi-inclusive DIS =y fdx exclusive processes

. AR m‘,,r.. de %‘ -
R T "oa -'CI'! -na- 10 LB LR 2 T “.‘ \I:- _'
NTAL () T
. \| parton dEﬁSITIES form factor . &= : \/x )

e full spatial (b;) and transverse momentum (k.) dependent structure

of partons in the nucleon as a function of the longitudinal momentum
fraction of the partons is encoded in the Wigner function W(x,k_,b.),

which currently is not accessible in experiments

103/ 105
Arxiv:1501.01220




COMPASS, Eur.Phys.|. C64 (2009) 171-179. Polarised Muon DIS
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STAR
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Polarized target at ALICE

ALICE — excellent PID,x - 1

pp > A+_0pp+->/\'

S
=

Il
e[e

+ ++ + -
pp 2> A Gpp 2> A

D, , sensitive to polarized

guark densities, and
polarized fragmentation

functions.

Measurement of spin transfer D, to strange barons
- access to As and As (implications for astrophysi

Muon Arm




Longitudinal spin transfer D  to A baryons

* Unique rapidity coverage with the ALICE central barrel

* Access to the stranae quark polarized PDF at x - 1
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