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ipheral collision in the fixed-target mode

Impact parameter b > Rp+Rpb

= Dominated by photon exchanges

Ne, I/, ... Kinematics of UPC in fixed-target exp at LHC:

— .I | Boost of photon in projectile:
Rpb

beam __ g 7000 for
= Ly, my P
Viab cam / {2500 for Pb

»

Energy of photon :

beam

Ro} () —2— ot
Emax ~ lab ~ beam % 30 MeV

C.M. energy of yp in fixed-target mode :

v/ Syp,max = \/2E§“axmp ~ 20 GeV

(example of PbH)

= First opportunity to study UPCs in the fixed-target (FT) mode!



Key figures of the UPC in FT at LHC (AFTER@LHC)

System target SNN Lag° El‘ab EIBd) 5fC-mS. .yAc-oB R_AI_:;‘_B E;\/n?a;m \/3373" E}“n‘);x \/sr;\;x
thickness
(cm) GeV) (b lyr!) (GeV)  (GeV)  (Y)  (2¥)  (MeV)  (GeV)  (GeV)  (GeV)  (GeV)
N
AFTER
pp 100 115 2.0x 10 7000 my 61.2 7450 140 1050 44 8.5 17
pPb 1 115 1.6x 10> 7000 my 61.2 7450 26 190 19 1.6 3.2
pd 100 115 24x 10 7000 my 61.2 7450 70 520 31 43 8.5
PbPb 1 72 7.x 107 [2760 my 38.3 2940 14 40 9 0.5 1.0
Pbp 100 72 1.1 2760 my 38.3 2940 26 76 12 1.6 3.2
Arp 100 77 1.1 3150 my 40.9 3350 41 140 16 25 5.0
Op 100 81 1.1 3500 my 43.1 3720 52 190 19 32 6.3
RHIC
pp N/A 200 1.2x 10! 100 100 106.4 22600 140 3150 77 15 30
AuAu N/A 200 28x107% 100 100 106.4 22600 14 320 24 1.5 3.0
SPS
Inln 17 160 my 9.22 170 17 29 25 0.15 0.31
PbPb 17 160 my 9.22 170 14 24 2.1 0.13 0.26

J.-P. Lansberg et al., JHEP 1509 (2015) 087



Key figures of the UPC in FT at LHC (AFTER@LHC)

System  target 5w Las® E' Elsh e I v~ ot N TS o7
thickness - ’
(cm) (GeV)  (pb~'yr)  (GeV)  (GeV)  (YA) (4)  MeV)  GeV)  (GeV)  (GeV)  (GeV)
N
AFTER
pp 100 115 2.0x10* 7000 my 612 7450 140 1050 44 8.5 17
pPb 1 115 1.6x10> 7000 my 61.2 7450 26 190 19 1.6 3.2
pd 100 115 2.4x10* 7000 my 61.2 7450 70 520 31 43 8.5
PbPb 1 72 7.x 107 12760 my 38.3 2940 14 40 9 0.5 1.0
Pbp 100 72 1.1 2760 my 383 2940 26 76 12 1.6 3.2
Arp 100 77 .1 3150 my 409 3350 41 140 16 25 5.0
Op 100 81 1.1 3500 my 43.1 3720 52 190 19 3.2 6.3
RHIC
pp N/A 200 1.2x 10 100 100 106.4 22600 140 3150 77 15 30
AuAu N/A 200  28x1073 100 100 106.4 22600 14 320 24 1.5 3.0
SPS
Inln 17 160 my 9.22 170 17 29 25 0.15 0.31
PbPb 17 160 my 9.22 170 14 24 2.1 0.13 0.26
J.-P. Lansberg et al., JHEP 1509 (2015) 087
max max
SNN Eveam \/ SN~ St




Photon flux and cross section in UPC

Hadron-hadron cross section:

dna dn/'>
d! halhs — / dl@( ! B (s0h, (k) + ! 7’“‘(syh,A(kv)))
¥ Y

Convolution of photon-hadron collision (or photon-photon)

lo-l -

dn 100
dx

0.01+




What can we study with the UPC
in fixed-target mode at the LHC?



Gluon orbital angular momentum (OAM)

= Gluon Spin Gluon angular momentum
= Quark Spin Quark Angular Momentum

Proton spin decomposition:

1 1
525!" ‘|"G‘|‘£g‘|‘£q
gluon OAM




Gluon orbital angular momentum (OAM)

Proton spin decomposition:

5= HLGHL L
gluon OAM

= Gluon Spin

Gluon angular momentum
= Quark Spin

Quark Angular Momentum

Recently, COMPASS found nonzero gluon Sivers asymmetry :
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COMPASS Collaboration, Phys. Lett. B 772, 854 (2017).

Xg

= fng # 0 (gluon Sivers)
= Hint of gluon OAM 2 = 0!



Gluon orbital angular momentum (OAM)

Proton spin decomposition:

1 1
525!" +IG+£Q+£Q
gluon OAM

= Gluon Spin Gluon angular momentum
= Quark Spin Quark Angular Momentum

Recently, COMPASS found nonzero gluon Sivers asymmetry :

0.5

—~ proton
<=

|

gu O

c O

B QO

< 05

102 10" %g
COMPASS Collaboration, Phys. Lett. B 772, 854 (2017).

Gluon Sivers can also be indirectly
accessed with inclusive quarkonia
with AFTER@LHC with a much better
accuracy than PHENIX

C. Hadjidakis et al., arXiv:1807.00603 [hep-ex]

= fng # 0 (gluon Sivers)
= Hint of gluon OAM 22 z 0 !

(). 3 e e e e e -
C Stat unc. IprO_]eCtIOIll dy = 02I | |
02F o Vs=200 GeV (Phys. Rev. D 82, 112008 (2010))
“r o Vs=200 GeV (arXiv:1805.01491)
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Gluon generalized parton distribution (GPD)

Direct access to the gluon OAM with GPDs (Ji sum rule)

LI :/da:x[Hg(a:,0,0)+Eg(a:,0,0)] —/dxﬁ]g(:c,(),())

Gluon GPD = “Pomeron form factor”

F9(x,¢,1)

1 d\
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Extraction of GPD from J/y photoproduction

Exclusive J/y photoproduction : direct probe of gluon GPDs (Hs¢, E3)!

= BV ) epr) RO

Y M!3/2\/Fc§ Q(PTL_)
io"-A
c ) + €)'l
Ol mE J/Lp

g

1
(e, 1) = /_ Ao T, (o Iz
]

pI"Oton proton & (57 t) ! - dx Tg (CIZ, f)Eg (LL’, 57 t)

“——

|
A. J. Baltz, Phys. Rep. 458, 1 (2008). with Tg(X, 1) = T i").(x T H#e

NB: to access E2, one needs to polarize the proton



Number of J/wy expected from 1 year run (LHCb, pH)

(fb)

lab

BR x do/dy

pH PbH
Photon-emitter proton Lead
0;‘/’;, (pb) 1.18x10° | 276.77x10°
07 y—1+1- (Pb) 70.10 16.50x10°
07 /y—1+1- (with LHCb 5, cut) (pb) 20.65 9.81x10°
07 /y—i+1- (with LHCb 5, and p. cut) (pb) | 20.64 9.81x10°
# events 200 000 1000
(Simulated with STARLIGHT)
W, @eV) (= Myp )
—1 o T = S [ -
pH, (s =115GeV, L, =101b" E gg 3 10°E pH, (s=115GeV,L_=10fb" =
no kinematic cuts w0 £ no kinematic cuts :
2<y, <5,p!>04Gevic § ‘; %_1 ” :_ 2<" <5, p: >0.4 GeVic |
qwy % OF -
] ; 5 103;— =
ERE :
—; 102> 10° 3 -
—; 10 10;_ =
Yiao p, (GeVrc)

10°

10*

=)
Yield per year per 0.1 GeV/c

—
(@]
o

—_
o



Number of J/y expected from 1 year run (LHCb, PbH)

(nb)

lab

BR x do/dy

—
o
TTTT

= 10°

10?

Yield per year per 0.1 GeV/c

10

pH
Photon-emitter proton Lead
0;‘/’;, (pb) 1.18x10° | 276.77x10°
07 y—1+1- (Pb) 70.10 16.50%10°
07 /y—1+1- (with LHCb 5, cut) (pb) 20.65 9.81x10°
07 /y—i+1- (with LHCb 5, and p. cut) (pb) | 20.64 9.81x10°
# events 200 000 1000
(Simulated with STARLIGHT)
W (@eV) (= Myp)
| 10 | - =
PbH, {Sy = 72 GeV, L_ = 100 ™ gg 10t PbH, {Sy = 72 GeV, L_ = 100 n”
no kinematic cuts > £ - no kinematic cuts
2<y <5,p!>04GeVic S - F 2<y <5,p!>04GeVic
§ £>C< 105— —
2 :
=10
15— =
& 7] 10750504 06 08 1 12 14 16 T8 2

P, (GeV/c)



Assuming a target polarization of 80%
(compatible with H-jet system from RHIC or HERMES-like storage cell)

z 0.2¢ z 1r
< °F < o F
0.15F AFTER@LHCb, pH, s,y = 115 GeV, L. =10 fb" 0.8~ AFTER@LHCb, PbH, sy, = 72 GeV, L. =100 nb”
- 0.6
01 Y+p =>J/Y+p o vy +p Iy +p o
= few % accuracy 0.4F 10% accuracy
0.05} =
- || 0.2F | |
0: 1 1L 1L w1 0: | || ||
- “ 1 T L0 G G - || || || ||
~0.05[ 02
- eff.pol. P=08,2<n <5, p; > 0.4 GeVic ~0.4f eff.pol.P=08,2<m <3, p; > 04 GeVic
-0.1— o
= * 04<p;"<0.6GeV/c -06  +  04<p,"<06GeVic
- ° 0.6< p. < 0.8 GeV/c O ° 0.6 < p. < 0.8 GeV/c
— _I I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I - C I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
02035 03 025 -02 -015 =01 -005 0 1035 03 -025 -02 -015 -01 005 0

A}y\fﬂ_)‘]/wp x Vtg — tIm (EI*HY)



Assuming a target polarization of 80%
(compatible with H-jet system from RHIC or HERMES-like storage cell)

z 0.2¢ z 1r
< - < -
0.15F AFTER@LHCb, pH, \[syy = 115 GeV, L, =10 fb"! 0.8~ AFTER@LHCb, PbH, \syy = 72 GeV, L, = 100 nb”
- 0.6
01 Y+p =>J/Y+p o vy +p Iy +p o
= few % accuracy 0.4F 10% accuracy
0.05F 0.oE |
0 - | | 1 1L 1L w1 0 - | | | | | I |
- “ 1 T L0 G G - || || || ||
~0.05[ 02
- eff.pol. P=08,2<n <5, p; > 0.4 GeVic ~0.4f eff.pol.P=08,2<m <3, p; > 04 GeVic
-0.1— o
= 0.4<p." <0.6 GeV/c -0.6F 0.4<p," <0.6 GeV/c
- ° 0.6< p. < 0.8 GeV/c O ° 0.6 < p. < 0.8 GeV/c
— _I I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I - C I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
02035 03 —025 -02 -015 04 —005 0 1935 03 025 -02 015 -01 005 0

A}Y\%ﬁ_)‘]/wp x Vtg — tIm (EI"HY)

PbH is better than pH since we know the source of emitted photon

Might be feasible with a polarized deuteron target

= probe deuteron GPD
E. R. Berger et al., Phys. Rev. Lett. 87, 142302 (2001)



Exclusive dilepton photoproduction via UPC

Y

Bethe-Heitler (BH) scattering

Timelike Compton scattering (TCS)

The BH-TCS interference gives access to quark GPDs via azimuthal asym.
It can be as large as 10% of the sum for AFTER@LHC energies

ogu(pb) | luminosity | events yr
ponPb || 1940 pb | 0.16 fb~'yr ! 3x10°
ponH 7.1pb | 20! yr! 1.4 x 10°
PbonH || 5500pb | 11 nb™" yr! 6 x 10°

J.-P. Lansberg et al., JHEP 1509 (2015) 087



Light-by-light scattering

Light-by-light (LbL) scatterings (yy — yy) have been observed

ATLAS Collaboration, Nature Phys. 13, 852 (2017)
CMS Collaboration, CMS-FSQ-16-012 (talk of Niedziela)

With AFTER@LHC, we can also look for LbL scatterings via UPCs.
We are especially interested in :

n. photoproduction:

the photon flux of p, Pb

Y
We can access to ‘H‘\ < c :)
HEBE nc

>
Y I'r’ J.-P. Lansberg et al., JHEP 1509 (2015) 087
AXiOI'\ Search. Goncalves and Sauter, PRD 91, 094014 (2015)
See however S. Klein, arXiv:1808.08253 [hep-ph]

MeV — GeV axions are
not constrained.

EEE j

Knapen et al., PRL 118, 171801 (2017)
Y CMS Collaboration, CMS-FSQ-16-012 (talk of Niedziela)

Feasibility study remains to be done for AFTER@LHC



More details in

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

Abstract

We review the context, the motivations and the expected performances of a complete and ambitious fixed-target
program using the multi-TeV proton and ion LHC beams. We also provide a detailed account of the different possible
technical implementations ranging from an internal wire target to a full dedicated beam line extracted with a bent
crystal. The possibilities offered by the use of the ALICE and LHCb detectors in the fixed-target mode are also
reviewed.

C. Hadjidakis et al., arXiv:1807.00603 [hep-ex]
(to be submitted in Phys. Rep.)

Please see other talks on AFTER@LHC:

o Future heavy-ion facilities: FT LHC (AFTER) (J.P. Lansberg)

e High-luminosity fixed-target experiments at the LHC (C. Hadjidakis)
» Probing the high-x content of the nuclei in the FT mode (A. Kusina)
e Heavy-flavour-production studies ...in the FT mode (A. Uras)



https://indico.cern.ch/event/634426/contributions/3003650/
https://indico.cern.ch/event/634426/contributions/3090428/
https://indico.cern.ch/event/634426/contributions/3090465/
https://indico.cern.ch/event/634426/contributions/3090447/

Summary

We studied the potentiality of to measure
the : for the 1st time we can study UPC in the
fixed-target mode.

We showed that we can probe the gluon GPDs via
Using a one can access £¢ and thus the

With 10fb-1(pH), we can measure AxY/¥ with a few % of
accuracy.

The quark GPDs can also be accessed with exclusive
dilepton photoproductions.

Opportunity to study light-by-light scattering below
3 GeV using fixed-target experiment.



End



Why fixed-target experiment?

—_— — e ——
7 TeV 7 TeV 7 TeV At rest
Collider Fixed-target
Ecm = 14 TeV Ecm = 115 GeV

Despite the loss of Ecm, fixed-target experiment has its own advantages:

High luminosity thanks to the high density of targets
Accessibility to the far backward phase space
Arbitrary choice of the target nucleus

Ecm = 115GeV (pp) , 72 GeV (AA) : energy between SPS and RHIC

Target can be polarized : precision study of spin physics



Kinematic coverage of bb production at AFTER@LHC

Let us estimate up to which x LHCb can cover with bb production off pp
(Fixed target mode of LHCD)

- -

X1 << X2 v —Xz ﬁz‘i ....................
Hadron center-of-mass Target rest frame

1 1 : : mbl_) c.m.s
Kinematics of bottomonium production: 12 = %6” s (/s = 115GeV

for fixed-target)
Production threshold at CM: X1X2S = mgg

LHCb rapidity coverage: [2,5]Lab frame = [-2.8,0.2]c.m.s.

m) Can access up to “x” = 1.4 with
LHCb in the fixed-target mode



High-x physics

High-x region is interesting because

Fundamental aspect of QCD (gluon carrying 40%, intrinsic heavy quarks, etc)

Important for BSM search, astrophysics, etc

But the high-x behavior of nucleon/nuclear PDF is poorly or not known

AFTER®LHC can uncover
Light quark PDF

Drell-Yan
Gluon PDF gzsg ppﬁ:lnseev.AF"n;R@u-:cn %255 pp |5, = 115 GeV, AFTER@ALICEu (z=0)
] . e T s Py e o e ]
Quarkonium production b S e oo o e
105— e 105— o
Intrinsic charm PDF T S e

. . LHCb-like ALICE-like
Inclusive DO production

Double parton scattering



Spin physics

In fixed-target experiment, targets may be polarized: study of nucleon structure

= Gluon Spin Gluon angular momentum

PrOton Spin DUZZle (Since 1987): = Quark Spin Quark Angular Momentum

Quark spin contribution to nucleon spin
is small

Quark and gluon orbital angular momenta
are important, but not well understood

Orbital angular momentum = Transverse motion (kr)

Extension of PDF with transverse motion (3D-tomography of partons):

. P,ao,! k
0 K7 5 op) = Fa(x )+ Fap(x k) =5
— p
TMD PDF  Sivers function
How to extract :Single spin asymmetry -
A

1111 14 P

. > é Transversely
o prtard

AN

polarized target

With AFTER@LHC, we can access at high-x, also for gluon TMD/Sivers



Early

@ LHC Quark-gluon plasma

(deconfined quarks and gluons)

R L

Color superconductivity

=" AL
Neutronstar?

Nuclear matter
(900 MeV)




Early

@ LHC Quark-gluon plasma

(deconfined quarks and gluons)

Color superconductivity

=" AL
Neutronstar?

Nuclear matter
(900 MeV)



%t STARBES <0 1. c*0.5%
O UMC yi<0 8, c=0-10%

0 100 200 300 400
M, [MeV]

Central Pb-Pb collision
Hadron resonance gas model

= “Rapidity scan”!

Color superconductivity

=" AL
Neutronstar?

Nuclear matter
(900 MeV)



