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Outline

e A fixed-target experiment with LHC proton and lead beams: main kinematic
features and advantages

e Possible technical implementations

e Achievable luminosities in ALICE and LHCb and ongoing investigations/

projects
AFTER@LHC review paper arXiv:1807.00603
To be submitted to Physics Report

A Fixed-Target Programme at the LHC:
Physics Case and Projected Performances for Heavy-lon, Hadron, Spin and
Astroparticle Studies

C. Hadjidakis™', D. Kikota"™', J.P. Lansberg™'*, L. Massacrier™', M.G. Echevarria®?, A. Kusina®?,
I. Schienbein®2, J. Seixas"#2, H.S. Shao™?, A. Signori'?, B. Trzeciak)?, S.J. Brodsky*, G. Cavoto',
C. Da Silva™, F. Donato", E.G. Ferreiro®?, I. Hfivnd&ova®, A. Klein™, A. Kurepin9, C. Lorcé', F. Lyonnet®,
Y. Makdisi', S. Porteboeuf, C. Quintans®, A. Rakotozafindrabe*, P. Robbe", W. Scandale*,
N. Topilskaya¥, A. Uras”, J. Wagner”, N. Yamanaka®, Z. Yang*, A. Zelenski'

Physics cases and projected performances presented by:

Aleksander Kusina Probing the high-x content of the nuclei in the fixed-target mode at the LHC

Jean-Philippe Lansberg Future heavy-ion facilities: fixed-target at LHC (AFTER)

Antonio Uras Heavy-flavour-production studies in a new energy and rapidity domain with the nuclear LHC beams in
the fixed-target mode

Nodoka Yamanaka Ultra-peripheral collision studies in the fixed-target mode with the proton and lead LHC beams
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A fixed-target experiment at the LHC

Main kinematic features:

Energy range ©
- 7 TeV proton / 2.76 TeV Pb beam on a fixed target . "5_G°! =
beam type CM energy Vsan) boost y=Vs/2m rapidity shift Q
proton (E =7 TeV) 115 GeV 61 4.8 o
lead (E =2.76 TeV) 72GeV 38 42 . 726V &
— center-of-mass energy in-between SPS at CERN and nominal RHIC ‘
Rapidity range

- Entire center-of-mass forward hemisphere (ycm > 0) within 1 degree
- Easy access to (very) large backward rapidity range (ycm < 0) and large parton momentum
fraction in the target (x2)
center of mass system (CM) target rest frame (Lab.)
yam =0 (yom > 0)
XN Xa

ym<o
X1 € X3 O
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A fixed-target experiment at the LHC

- Several advantages of fixed-target mode:
— Accessing high-x frontier (ycm < 0 and parton momentum fraction x > 0.5)
— Achieving high luminosity
— Varying atomic mass number of the target
— Polarising the target
- This can be realized at LHC in a parasitic mode!

- Fixed-target mode started at LHCb with a low density gas-target (by using SMOGQG)
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Physics motivations

 Advance our understanding of the high-x gluon, antiquark and heavy-quark content in the
nucleon and nucleus and its connection to astroparticles

 Unravel the spin of the nucleon: dynamics and spin distributions of quarks and gluons inside
(un)polarised nucleons

+ Study the quark-gluon plasma between SPS and RHIC energies over a broad rapidity domain

g Early Universe
N 251 T T T = Gluon Spin Gluon angular momentum 5
s f AFT - « Quark Spi k Angular M t £
% - pp m= 115 GeV, ER@LHCb . Qu pmin Quar nguiar Momentum e Deconfined quarks
}_.
S 20|~ [ bottomonium, p, <15 Gevie : and gluons
g [ [ charmonum, p <18 Gevic 3
» Domoson.pﬁZOGch ~
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Possible fixed-target implementations

— Internal gas target similar to SMOG at LHCDb / inspired by HERMES at HERA, RHIC polarimeter
e Full LHC proton flux: 3.4 x 10'8 p/s and Pb flux: 3.6 x 10!* Pb/s on internal gas target
— high intensity beam on gas target

— Internal wire/foil target as in HERA-B, STAR
« Beam halo is recycled directly on internal solid targets

— Beam line extracted with a bent crystal
« Beam halo 1s deflected by a bent crystal
« Expected proton flux ~5 x 108 p/s, Pb flux ~2 x 10° Pb/s
 Provides a new facility with 7 TeV proton and 2.76 lead beams
* Civil engineering required

— Beam “split” by a bent crystal

« Beam halo 1s deflected on a solid target internal to the LHC beam pipe
 Similar fluxes as for beam extraction

— beam halo on dense target

Internal gas and solid target can be coupled with an existing LHC detector

Technical implementations currently discussed within the Physics Beyond Collider working group (http://
pbc.web.cern.ch/) with a fixed-target working group evaluating the effect on the LHC beams

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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SMOG 1 LHCDb: a gas-target demonstrator

SMOG vacuum landscape

a1 |
O (_I_ S M O ) 5. —— compensator magnet for LHCb dipole
\/ I 4 I ) ( ; | ~
® :.::::‘_}_\ B8em
Dynamic vacuum: sketch [ e S
VELO turbo pump fonpump . |
(C'O”d when not SMOG gas lﬂedim VELO vessel (.CVEXD) .:‘;-Z‘j:-_::::\. vy @8cm P: VELO "m)
injecting gas) — ‘*-‘-:‘.::,__‘:._ powerful ion pumps
] NG
P, P W"'\/""“ RF foils (~260-270K) p, Pb A it /
> W - I'| only available ion gauges are far! LN 1
19m and 22m from IP (interaction point) \ — \, lon pump
\ Be pipe sections
L . * NEG coating on warm beam pipe sections
. . - needed for reduction of SEY (not much f ping) )
VELO ion pumps (off when injecting gas) | - ?,,dudm VELO RF boxes Ao e e = = v
* Ql:cryo!! warm-to-cold transition! e X

SMOG/LHCDb (System for Measuring the Overlap with Gas)

— Gas injecting into Vertex Locator (VELO) vacuum chamber: P ~1.5 107 mbar
— LHC vacuum 1on pump stations located £20m on both sides

— Use full intensity of the LHC proton and lead beam without decrease of the beam lifetime
— Limited to noble gases. Already injected: He, Ne, Ar

— Limited luminosities (density, running time, ...), no p-H baseline, no heavy nuclei

Luminosity

- Maximum obtained luminosity so far: &pne@osscev = 100/nb
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Polarised H-jet polarimeter at RHIC-BNL Zelenski et al. NIM A 536 (2005) 248

Internal gas target: gas-jet

- Used to measure the proton beam polarisation at RHIC

- Polarised gas: free atomic beam source (ABS) crossing the RHIC beam: H, D

and 3He possible
- 9 vacuum chambers: 9 stages of differential pumping
- Holding field in the target vacuum chamber
- Diagnostic system: Breit-Rabi polarimeter

Density

- Polarised inlet Hy flux: 1.3 107 H/s
- Areal density Uur = 1.2 102 atoms/cm? (10 x SMOG)
- Much higher density can be obtained for H»

- Qas target profile at interaction point: gaussian with a full width of ~6 mm

Typical luminosity

- Using nominal LHC bunch number [2808 bunches for proton and 592 for
lead] and for 1 LHC year [107s proton beam and 10°s lead beam]

- ZLpnr=4.5100%cm?s ! [t = 107s: Lp-ny = 45/pb]
- ZLpm2=103-10*cm?s! [t = 107s: Lp-m2= 10-100/1b]
- Other possible gases: Dy, *Hey
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Fig. 1. H-jet polanmeter general layout.
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Internal gas target: storage cell

HERMES/DESY T-shape internal storage cell target: POTisAcigas Dean
- Vacuum chamber target ~ 72 cm x 50 cm and pumping system Suitable coating for the beam
- Polarised gas: atomic beam source e eprenaton |

- Holding field in the target chamber R ]
- Diagnostic systems: target gas analyzer and polarimeter -
- Unpolarized gas via capillary D
- Proposal for LHC using an openable storage cell of Im long . X

and 2.8 cm wide: C. Barschel et al. Adv.High Energy Phys. 2015 (2015) I
463141

)
v

Density Fmax

- Polarised inlet Hy flux: 6.5 1016 Hy/s (2)

- Areal density 9= 2.5 10 atoms/cm? (~100 x gas jet) P

- Unpolarised gas pressure limited by beam lifetime ! :

Typical luminosity : :

- Zpu1=0.9 103 ecm2s! [t = 107s: Lpnp = 9/1b] ! :

- Ppmn=5.8 1083 cm2s1 [t = 107s: Lpao= 58/fb] ‘ '
—-L/2 L/2

- Zro-mr = 1.2 102 cm?s! [t = 10%s: ZLpp-y = 100/nb]
- Lrrxe=3 1028 cm2s! [t = 10%s: ZLpb-xe = 30/nb]
- Other possible gases: D1, *Hey, all noble gases
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Beam split by using a bent crystal

Bent crystals
- Studied by UA9 for collimation purpose at the LHC
- Channelled particles of the beam halo are deflected
- Beam split by a bent crystal:
- Crystal located ~100 m upstream the target
- Solid target internal to the beam pipe close to an
existing experimental apparatus
- Absorber ~100 m downstream the target

Extracted proton and lead flux
- Proton flux ~5 x 108 p/s (LHC beam loss: ~10° p/s)
- Lead flux ~2 x 10° Pb/s

Typical luminosity
- Assuming 5 mm target length

- ZLrw=1.6103"cm>s![t=107s: Lp-w= 160/pb]
- Lro-w=3 10 cm>s! [t =10%: Lpp-w = 3/nb]
- Target type: Be, C, W, ...

S.Redaelli, Physics Beyond Collider Kickoff workshop, CERN, 2016

bent crystal

TTTTITTTT

Beam envelope

A l A ' A A l A A A A

l A A A A

internal target

l A A A A

s [m]
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Detector requirements for a LHC fixed-target programme

* Wide rapidity coverage (rapidity shift: Ay = 4.8 with proton beam and 4.2 with lead beam) with
PID and vertexing capabilities

* Readout rate similar as LHC collider: up to 40 MHz in pp, 300 MHz in pA and 200 kHz in PbA

* Heavy-ion: good detector performance in high-multiplicity events, up to 600 charged tracks per
unit of rapidity at i ~4

L Massacmer et al., Adv. Hl En. Phys (2015) 986348
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LHCDb as a fixed-target experiment a

Internal gas or Side View geaL HCAL
solid target

Magnet SciFi
Tracker e

» Forward detector (2 <n < 5) with full PID
e Limitation in high-multiplicity event Ve T
reconstruction (up to ~50% less central Locashr
events in Pb-Pb collider mode)
» Upgrade LS2:
* New Vertex Locator

 New Tracker
* Readout rate: 40 MHz upgrade

Achievable luminosities with gas target (storage cell):
—ZLp-nr@115Gev = 10/fb, Lp.xe@1156ev = 300/pb [t = 107s]

— Lrv-xe@n2Gev = 30/nb, Lpv-nr@726ev = 100/nb [t = 10°s]
With beam splitting and 5 mm solid target:
—Zr-waliscev = 160/pb [t = 107s]

— ZLrb-wa@r2Gev = 3/nb [t = 10%]
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Projects under investigation in LHCDb

Several investigations/projects:
» 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
» Unpolarized storage cell gas target (SMOG2)

Unpolansed storage cell: open position view

SMOG?2 internal storage cell target:
- Openable storage cell of 20 cm long attached to the VELO
- Unpolarized gas via capillary: gas feed tube in the cell center
P. DiNezza Annual Workshop PBC, November 2017
Density
- Gas pressure up to 100 x SMOG: P ~ 10> mbar

Possible systems and luminosities (not approved by LHCDb)
- p-H, p-D, p-Ar, Pb-Ar, ...
- LprHa@i1156ev = 10/pb

BOX

L Unpolarnsed storage cell: closed position view
G.Graziani Annual

Workshop PBC,
- Lp-p@iiscev= 10/pb June 2018

- Lrb-ar@n2Gev = 5/nb (+ Lp-ar@726ev = 1/pb)
- Luminosity increase by up to an order of magnitude could be feasible

- Discussion ongoing on target types, parallel / dedicated running,
possible vacuum issue, ...

Formal approval of SMOG?2 this Fall and installation foreseen in
LS2
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ALICE 1n a fixed-target mode

Internal gas or
solid target

e Central Barrel (jn< 0.9) with full PID® @ "{, kil 1

e Muon Spectrometer (2.5 <n <4) A : A ’
e No limitation in high-multiplicity event > H' e
reconstruction 12‘6' el |7 — -
e Upgrade LS2: ? . ¥ {
e New Silicon Tracker = . e
e A Muon Forward Tracker
e Readout rate: 50 kHz in PbPb and
possibly up to 1 MHz in pp and pA

{ .

Achievable luminosities with gas target:
—Lp-m2H1@1156ev = 260/pb, Lp-xe@115Gev = 8/pb

— Lrb-Xe@72Gev = 8/nb

With beam splitting and at most 5 mm solid target:
—ZLp-W@l115Gev = 6/pb

—ZLro-Wa@72Gev = 3/nb
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Fixed-target investigation in ALICE

Current investigation:
» Beam splitting and internal solid target —

Internal solid target:
- Inside the L3 solenoid [
- Pneumatic motion system with two positions <H

IN and OUT of the beam pipe

C.H. Annual Workshop PBC, June 2018 —
Detector acceptance vs Ztarget
Convention: z-direction positive on C-side :
7 770 0h00 o7 Caveat: simple geometry
— Muon Spectrometer considerations using reduced
track length in TPC
TPC

(IROC only) case

8000 v ¢ ] -4000 : N - 2000
Target position from IP [mm)]

Target position from IP [mm]

The rapidity coverage is shifted towards larger rapidities (mid-rapidity in the c.m.s) if the vertex is located few

meters upstream the I.P.
Hard Probes 2018, Aix-Les-Bains, France 30 September - 5 October 2018 1 5
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Acceptance 1n center-of-mass rapidity

With Ztarget = z1p and a 7 TeV proton beam

ALICE (Fixed Target)| || \ Muon Det.
ALICE (Collider) - BN B 1M Det

LHCb (Fixed Target) ]
Full PID Det.
L180h Caliteg mmm B

PHENIX (Collider) - BN
STAR (Collider) B B35

.......................

Center-of-mass rapidity

In a fixed-target mode:

—ALICE Central Barrel covers very backward rapidity and Muon
Spectrometer covers rapidity interval towards mid-rapidity

—LHCb: wide rapidity range starting from yems~ O

Cynthia Hadjidakis
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Summary

e Three main physics motivations for a high-luminosity fixed-target program at the LHC:
—High-x frontier: nucleon and nuclear structure and connections with astroparticles
—Nucleon spin and the transverse dynamics of partons
—Quark Gluon Plasma over a broad rapidity domain

e Two promising technical implementations with large luminosities:
—an internal gas-target (gas-jet or storage cell)
—a slow beam extraction with a bent crystal on an internal solid target

e Investigations/projects in ALICE and LHCb ongoing for the implementation of fixed-
target setup
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Achievable luminosities in ALICE

ALICE
proton beam ( (/iyy = 115 GeV) Pb beam (\fiyy =72 GeV)
Target L Tuu | Inel rate L L Tun | Inelrate L
[cm’zs"] kHz [cm"zs“] kHz

H' 4.3x 10 | 39mb 168 43ph ' | 5.6x10% | 18D 1 0,56 nb '

Gas-Jet H2 26x 10 | 9¥mb | 1000 |026fb" | 28x10% [ 18D 0 28 nb~!

) 43x 10 | 72mb | 309 Bpb! | 56x10% [ 22b( 1.2 | 056nb!

IHe! 85x 10 [ 117mb| 1000 | 8ph' [20x10% | 25b 50 20 nb !

N R—— H' 26x100 | ¥mb | 1000 |[026fb7 [28x10% [ 18D S0 28 nb~!
H; 26x 10" | 39mb | 1000 | 026f! | 28x 10 | 18b| 50 28 nb-!

Storage Cell D' L4x 10 | 72mb | 1000 | Mopb ' |22x 10% | 22b 50 22nb!

‘He' 85x10™ [ 117mb | 1000 | 8pb! [20x10% [ 25b S0 2 nb-!

Xe 78x 107 [ 1.3b 1000 | 7.8pb! | 8.1x 107 | &2b| 50 8. 1nb!

C (500 gm) 28x 10 [ 271mb| 760 | 28pb! [56x10% [ 33b| 1.8 | Q56nb!
Interpal solid target | Wire Target Ti (500 gm) L4x 10" | 694mb | 971 ph' [28x10% [ 47b 1.3 | 0.28nb"!
W (184 ym™ /500um™) | 59x 107 | L7b 1000 [ s9pb ! |31x10® 696 21  |031nb!

21039 NH, 26x10°7 | ¥mb | 1000 [026fb7 [14x10% [ 18D 25 14 nb !

' ND, Lax 10" | 72mb | 1000 | 140pb! | L4x 10% | 22b| 30 14 nb-!

Beam splitting C (658 yum/ 5000 m) | 37x 10 | 271mb| 1000 | 37pb ' | 5.6x 107 [ 33b 18 S.6nb!
Unpolarised solid target | Ti(515pm/ 5000 m) | 1L4x 10" | 694mb | 1000 | 14ph’ | 28x107 | 470 13 28nb!
W(184 ym /5000 m) | 5.9x 107 | L7b 1000 | 5.9pb! | 3.1x107 [ 69b | 21 3.1nb!

Table 11: Summary table of the achievable integrated luminosities with the ALICE detector accounting for the data-taking-rate
capabilities in the collider mode and by considering the luminosities of Table 9. As detailed in the text, a higher rate depending on
the collision system could be envisioned. The inelastic cross sections are taken from EPOS [97, 132].
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Achievable luminosities in LHCb

LHCb
proton beam ( sy = 115 GeV) Pb beam ( v/sawn = 72 GeV)
Target L Twe | Inelrae L L Tiret | Inel rate L
[an~ %71 kHz [em™3s™1) kHz

H' 43x10* | 39mb 168 HBpb' [56x10% | 1.8b 1 0.56 nb™!

. H, 1.Ox 10°3 | 39mb | 40000 | 10f6~" [ 28x10%¥ | 1.8b | 5000 | 28 pb!

D! 43x 10 [ 72mb 309 3pb! | 56x10% | 22b 1.2 | 0.56 nb™!

*He' 34x10* [ 117mb | 40000 | 347" | 47x10% [ 25b | 118 47 nb™!

Inemal H' 092x 105 [ 39mb | 35880 | 9.2fb" | 1.2x10%° [ 1.8b | 216 | 120nb™!
gas H, LOX 10 | 39mb | 40000 [ 1066~ | 7.5x10® | 1.8b | 1400 | 750nb~!
target Storage Cell D' 56x10°2 | 72mb | 40000 | 567" [ 1.4x10¥ | 22b| 308 | 140nb”!
IHe' 13x 107 | 117mb | 40000 [ 13fb7" | 47x10% | 25b| 1175 | 470nb™!

Xe 31x 100 | 1.3b | 40000 | 031" | 30x10% | 6.2b| 186 30 nb!

Inemal solid C (500 ym) | 28x 10°° [ 271 mb 760 28pb~! | 5.6x10% | 33b 1.8 0.56 nb™!
target with Wire Target | Ti(500pum) | 1.4x10*° | 694mb [ 972 14pb~! | 28x10% | 47b 13 | 0.28nb”!
the beam halo W (500 m) | 1.6x10°° | 17b 2720 | 16pb7" [ 3.1x10*° [ 69b | 2.1 0.31 nb™!
i NH] 72x10*" | 39mb | 2808 | 072" | 1.4x10% | 1.8b | 25 14 nb~!

ND! 72x10°" | 72mb | 5100 [0.72fb7' | 1.4x10% [ 22b | 30 14 nb™!

Beam splitting | Unpolarised | C (5000 um) | 28x 10°' | 271 mb | 7600 | 280pb~! | 5.6 x 107 | 3.3b 18 5.6 nb~!
solid Ti(5000pm) | 1.4x10*" | 694mb | 9720 | 140pb~' | 28x107 | 47b 13 28nb~!

target W (5000 ym) | 1.6x10°" | 17b | 27200 | 160pb~"' [ 3.1x107 [ 69b 21 3.1nb”!

Cynthia Hadjidakis
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Internal solid target (beam splitting)

- First sketch of the target system: pneumatic motion
system with three target types
- Size of the target: diameter approximately Smm,
thickness 0.1-5mm
- Target holder: titanium alloy
+ Parking position out of the pipe and 2 positions: In/Out 300 mm
+ One valve on each side

- Compatibility of proposed target types (Be, C, T1, W, ...)
with LHC conditions to be studied

- Compatibility of the target system with the operation of
ALICE forward detectors to be veritfied

\“PN Cynthia Hadjidakis Physics Beyond Collider, June 14% 2018
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