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LHC as a yp and yPb collider

\\// Ultra-peripheral (UPC) collisions: b > R;+R,
/
8 Z — hadronic interactions strongly suppressed
— A A
//\\W <~ || b| High photon flux
I L
i A ( } | Ry | — well described in Weizsacker-Williams
= approximation (quasi-real photons)
[
//\\ — flux proportional to 72

— high cross section for y-induced reactions

Recent reviews on UPC physics:
A.J. Baltz et al, Phys. Rept. 458 (2008) 1
J.G. Contreras, J.D. Tapia Takaki. Int.J.Mod.Phys. A30 (2015) 1542012



LHC as a yp and yPb collider

\\// Ultra-peripheral (UPC) collisions: b > R;+R,

O Z — hadronic interactions strongly suppressed

-\ NNN/ ‘L R1
\\W«wv | b| High photon flux
IRRR ( } | Ry | — well described in Weizsacker-Williams
= approximation (quasi-real photons)

// \\ — flux proportional to Z2

— high cross section for y-induced reactions

Pb-Pb UPC at LHC can be used to study yy, y-p and y-Pb interactions at higher
center-of-mass energies than ever before

Recent reviews on UPC physics:
A.J. Baltz et al, Phys. Rept. 458 (2008) 1
J.G. Contreras, J.D. Tapia Takaki. Int.J.Mod.Phys. A30 (2015) 1542012
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to ultra-peripheral collisions

* Experimental signature: few signal tracks in an otherwise empty detector
 Wide acceptance coverage is important to ensure event emptiness
* Trigger challenge




Looking for two tracks in an otherwise empty detector...
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Looking for two tracks in an otherwise empty detector...

Central barrel: |n|<0.9
Inner SPD layer: [n|< 2.0
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Looking for two tracks in an otherwise empty detector...

Central barrel: |n|<0.9
Inner SPD layer: [n|< 2.0
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Looking for two tracks in an otherwise empty detector...

Central barrel: |n|<0.9
Inner SPD layer: [n|< 2.0
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Looking for two tracks in an otherwise empty detector...

Continuous coverage:
-3.7<n<5.1
New in Run2

Central barrel: |n|<0.9
Inner SPD layer: |n|< 2.0
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Vector meson photoproduction in UPC

Pb High photon flux ~ Z2 Pb

Vector meson: p°, JAy, y(2S), ...

p, Pb p, Pb

Exclusive vector meson production cross section in UPC
can be factorized in two parts:

e QED: photon flux

* QCD: vector meson photoproduction: o(W,,)



Vector meson photoproduction in UPC
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Vector meson photoproduction in UPC

C2

2
220 CR(QK Q) — S (R3Q) — KRN ¢ = k(2Ra/70)

N’y/Z(k) -

Pb High photon flux ~ 72 Pb Equivalent photon spectra

in the target rest frame

Vector meson: p°, JAy, y(2S), ...
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Exclusive vector meson production cross section in UPC
can be factorized in two parts:

e QED: photon flux

* QCD: vector meson photoproduction: o(W,,)



Vector meson photoproduction at HERA

cross section (ub)
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» Studied with quasi-real photons
emitted by electrons

* H1and ZEUS measured various
vector meson photoproduction
cross sections covering six orders
of magnitude

* W,,upto~ 300 GeV



Heavy vector meson photoproduction

e LO pQCD: exclusive photoproduction cross section is Pb
proportional to the square of the gluon density in 72
the proton target: Jhy
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Heavy vector meson photoproduction

LO pQCD: exclusive photoproduction cross section is
proportional to the square of the gluon density in
the proton target:
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Heavy vector meson photoproduction

e LO pQCD: exclusive photoproduction cross section is
proportional to the square of the gluon density in

the proton target:

M}N e 2 (Q)
48&6111628

Aoy A g/ A
dt

t=0
* J/y mass serves as a hard scale:

Q* ~

g ~ 2.5 GeV?2

e Bjorkenx ~102-

2
M3,

vz,

Mz,
= J /4

exp(+y)

Vector meson photoproduction in
UPC allows one to probe poorly
known gluon distributions at low x
and search for saturation effects
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Exclusive J/y in p-Pb UPC

p-Pb 2013 data

ALICE: EPIC 79 (2019) 402

both muons in the muon arm
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Wide energy range in ALICE extends HERA coverage:
* 2 beam configurations (p-Pb and Pb-p)
* 3 options to measure dilepton J/y decays



Exclusive J/y in p-Pb UPC

p-Pb 2013 data ALICE: EPJC 79 (2019) 402 X both muons in the muon arm
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Wide energy range in ALICE extends HERA coverage:
* 2 beam configurations (p-Pb and Pb-p)
* 3 options to measure dilepton J/y decays




Exclusive J/y in p-Pb UPC

p-Pb 2013 data

ALICE: EPIC 79 (2019) 402
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Wide energy range in ALICE extends HERA coverage:
* 2 beam configurations (p-Pb and Pb-p)
* 3 options to measure dilepton J/y decays

both muons in the muon arm

one muon in the muon arm,
the other in the barrel

both leptons in the barrel




No clear signhs of saturation yet
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No clear signhs of saturation yet

1072 1073 1074 10°°

10°

» ALICE

+ ALICE (PRL113 (2014) 232504)
Power-law fit to ALICE data ¢¢
H1

e} y"pg
v  ZEUS » +¢¢¢¢+¢@

LHCb pp (W+ solutions) Y
LHCb pp (W- solutions) : ;Z{!:Y;Y?""

o JMRT NLO
--------------------- STARLIGHT param.
NLO BFKL

%
&
=T

2
L

%%%+J; L

CGC (IP-Sat, b-CGC) |
20 30 4050 102 2x10° 10°
W,, (GeV)
ALICE: EPJC 79 (2019) 402

10°

G“/p — Jwp [nb]

—_
[an
[*]

10

Energy dependence well described with a power law fit

— no clear signs of saturation

Nice agreement between HERA in ep,
LHCb in pp and ALICE in p-Pb

Caveat: saturation models (CGC) are also
consistent with data at these energies

------------ JMRT NLO prediction

i Il l ZEUS

T T — T
Power law fit to H1 data

= LHCb (Vs=7TeV)
¢ ALICE
HI

Fixed target exp.
L1 I L ] L 1 Ll L1 I

LHCD (V5= 13 TeV)

L Ll IMET .

3

10? 10°

W [GeV]

LHCb JHEP 10 (2018) 167

In Q2

7 Qg(x)
J

DGLAP

¢ JIMWLK
BK /@@ BFKL

® 0 | —

o °®

non-perturbative region

saturation

g <1

[0 P |

In x



p-Pb @ 8.16 TeV
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p-Pb @ 8.16 TeV

Counts per 50 MeV/c?
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p-Pb @ 8.16 TeV
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Can we use photoproduction data to constrain gluon PDFs?

10 T T T

NNPDF 3.0

-------- MMHT2014
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. mmmm NLO' fit

xg(x,1%)

NG 12 = 6.4 [GeV

10 10 104 10
X

102

Jones, Martin, Ryskin, Teubner, J.Phys. G44 (2017) 03LT01

Caveats:

J/y photoproduction probes generalized
gluon distributions (two gluons have different

x values)

— Connected with collinear PDFs via
Shuvaev transform: PRD 60 (1999) 014015

Scale uncertainty: u?> ~ 2.4 GeV?is a
reasonable choice:

— JMRT, J. Phys. G 43 (2016) 035002
— Guzey, Zhalov: JHEP 1310 (2013) 207

Large NLO contributions

12



Can we use photoproduction data to constrain gluon PDFs?
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Caveats:

* J/y photoproduction probes generalized
gluon distributions (two gluons have different
x values)

Connected with collinear PDFs via
Shuvaev transform: PRD 60 (1999) 014015

e Scale uncertainty: 2 ~ 2.4 GeV?is a
reasonable choice:

— JMRT, J. Phys. G 43 (2016) 035002
— Guzey, Zhalov: JHEP 1310 (2013) 207

e Large NLO contributions
— Y measurements reveal importance of
NLO effects
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J/w photoproduction on Pb target

Pb

Jhy

Pb
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J/w photoproduction on Pb target

Coherent J/\y photoproduction cross section is
proportional to the square of the gluon 72
density in nuclei

M}/w e 02 (Q%)

do . yA—J /1A - | 2 ;
t=0 4805emQ8 {1(]4(1 (2 )}

dt

J/y photoproduction in Pb-Pb UPC (lead
target) provides information on gluon
shadowing in nuclei

galx, Q%)
Agp(mn Qg)

— gluon shadowing factor

RE (.07 =1.69 Gel)

R (2,Q?) =

14



Parton distributions in nuclei (nPDFs)

nPDFs are fundamental QCD quantities for the description of DIS, pA, AA collisions
* determine initial state in heavy ion collisions
* required for quantitative estimates for the onset of saturation

Determination of nPDFs:
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EPPS16 : EPJ C (2017) 77



Parton distributions in nuclei (nPDFs)

nPDFs are fundamental QCD quantities for the description of DIS, pA, AA collisions

* determine initial state in heavy ion collisions
* required for quantitative estimates for the onset of saturation

Determination of nPDFs:

5

(.\\;'2]

Q° |

10° E
o 10" £
3L fixed target DIS and DY
107 & LHC dijets
C LHCW & Z
r CHORUS neutrino data
10° E PHENIX 7V
10 &
1 1 Lol
10" 107 0’ 10"

EPPS16 : EPJ C (2017) 77

Resulting nPDFs have rather large uncertainties, especially for small-x gluons due to:

* Limited kinematics (x>10-2 at low Q?)
* Indirect extraction of gluons via Q? evolution
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Coherent and incoherent photoproduction

Pb Pb
ZZ
4 Jhy
S
Pb Pb ACoherent )\Incoherent
Two types of photoproduction processes: 8L PbePb > Pb+Pb+Jly [5,,=2.76 TeV
gmo I=0-2
—— data

e Coherent:

— photon couples coherently to all nucleons
— (py ~1/Ry, ~ 60 MeV/c

—— sum
Yy
------- coherent Jhy
— — incoherent Jiy
coherent J/y from ' decay
------- incoherent J/y from ' decay
—— hadronic

[s=]
=)

* Incoherent:
— photon couples to a single nucleon
— (pp~ 1/Rp ~ 450 MeV/c
— usually accompanied by neutron emission

J/y candidates(counts/40

o]
=]

'S
=)
P I e = =

e e b, gy
S o o e S e LT Y

0.2 0.4 0.6 0.8 1
dielectron P, (GeVie)

ALICE. Eur. Phys. J. C73 (2013) 2617

et

o P ]

(=]
[=])

Other contributions: J/Y from coherent and incoherent ' decays and yy -
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Reminder: Coherent J/Y results from Run 1

ALICE: PLB718 (2013) 1273, EPJC73 (2013) 2617

do/dy (mb)

8 Pb+Pb — Pb+Pb+J/y |5, =2.76TeV  a)
SE e ggéMSTWOB e ALICE Coherent J/y
- AB-HKNO7 el © Reflected
g — — STARLIGHT
i GM
E LM-fIPSat . '
) S AB-EPS09 . _.aa. 2
- RSZLTA . e+~ el
» b3 L3
P AB-EPS08 . ¢ o= (0
- . “ N\
3t : >
2
1=
otE=

Measured both at forward and central rapidity

best agreement with models based on EPS09 shadowing
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Reminder: Coherent J/Y results from Run 1

ALICE: PLB718 (2013) 1273, EPJC73 (2013) 2617

-g 8— Pb+Pb — Pb+Pb+J/y \."sNN = 2.76 TeV a)
N Ll AB-MSTWO08
> 7- css e ALICE Coherent J/y
B - AB-HKNO7 el O Reflected
B g — — STARLIGHT
- mmims GM
o= LM-fIPSat
Y AB-EPS09 .  _._.-.. %
- RSZ-LTA e Sl
- m=reemmaam . " " — ‘\ “
4 AB EPsoaz R | \\\ .
3 : S,
21—
1=
ott

 Measured both at forward and central rapidity

e best agreement with models based on EPS09 shadowing

o(y) = n(+y)o,pp(+y) + n(—y)opn(—y)
N\ t 1

low-x
gluons

high-energy
photons

low energy
photons

high-x
gluons

xr = = exp(=xy
W2 2F, (£y)
yp
Pb Pb
T
iy Detector
Pb Pb
Pb Pb
g i Detector
Pb Pb
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Reminder: Coherent J/Y results from Run 1

ALICE: PLB718 (2013) 1273, EPJC73 (2013) 2617

g 8f Pb+Pb — Pb+Pb+Jly |5, =276TeV  a)
=z - f— o ggéMSTWOB e ALICE Coherent J/y
O AB-HKNO7 Leeee, O Reflected
12 g — — STARLIGHT
i GM
IR LM-flPSat . '
) ST AB-EPS09 . ma. .,
- RSZALTA . -~ N
g AB-EPSOS . ¢ oo TN \\\
3 : >
21—
1=
0= 2 0 2 4
x~ 1073 y

 Measured both at forward and central rapidity

e best agreement with models based on EPS09 shadowing
o(y) = n(+y)07p'b\(+y) + n(t—y)%pbg—y)

high-energy low-x low energy high-x
photons gluons photons gluons

xr = = exp(=xy
W2 2F, (£y)
yp
Pb Pb
T
iy Detector
Pb Pb
Pb Pb
g i Detector
Pb Pb
17



Reminder: Coherent J/Y results from Run 1

ALICE: PLB718 (2013) 1273, EPJC73 (2013) 2617

-g 8— Pb+Pb — Pb+Pb+J/y \."sNN =2.76 TeV a)
= E o ggéMSTWOB e ALICE Coherent J/y
lg - AB-HKNO7 Leeeen,, . © Reflected
B g — — STARLIGHT
i GM
E = LM-fIPSat .
B =i AB-EPS09 . _ ... "
- RSZ-LTA e “..
” » -
U= AB-EPS08 . ¢ = TN s,
— o' ’ o= \ »
I ’ / RS - ~ A .
L ’/ '.' """""""""""" (", \‘ b
3__ ! /,’ ’ ,\"l' I""h,"s \{‘ “‘
PR eyt Y
E / "‘¢ ..-‘*.-” ~\$~\.“
2 | ’ e e "\*,‘ \
: " : ”‘ .
1= | 5
— - (3 "'h‘
oL | | | s Nl
4 2 0 2 4
X~ 1072 x~103 y

 Measured both at forward and central rapidity

e best agreement with models based on EPS09 shadowing
o(y) = n(+y)07p'b\(+y) + n(t—y)%pbg—y)

high-energy low-x low energy high-x
photons gluons photons gluons

M3, My,

y
xr = = exp(=xy
W2 2F, (£y)
yp
Pb Pb
T
iy Detector
Pb Pb
Pb Pb
g i Detector
Pb Pb
17



Gluon shadowing from photoproduction data

Nuclear suppression factor: Experimental cross section in Pb-Pb UPC

divided by the photon flux

exp
UVPhﬁj[wa{W}’P]]Uz

o 1A (Wyp) \
Impulse approximation:

yPb—s ] /¥Pb
forward photoproduction cross section off proton (HERA)
times integral over squared Pb form-factor

S[Wyp}f[
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Gluon shadowing from photoproduction data

Nuclear suppression factor: Experimental cross section in Pb-Pb UPC
divided by the photon flux

EXp 1/2
Oypbs 1 ypbWyp) Y
O pb— [ /ypb VW yp) \
Impulse approximation:
forward photoproduction cross section off proton (HERA)
times integral over squared Pb form-factor
0.9E * Nuclear suppression factor S gives direct
—~ 0.8
: o access to R,(x,u~2.4 GeV)
O E
0.6E - ) ) )
% 055 3« First direct evidence of large gluon nuclear
= 048 shadowing: R,(x,u~2.4 GeV) ~ 0.6
__)f_a 0.3 HKNO7LO =
o = —— nDSLO 3 . .
v oz cessto 3« Many complications (skewness, NLO, scale
0.1 . oty : : - :
E e, SRR ETSOOunceniny S uncertainty and higher-twist corrections)
10" 107 10 X

are likely minimized

Guzey, EK et al. Phys. Lett. B726 (2013) 290
Guzey, Zhalov JHEP 1310 (2013) 207
18



J/U at forward rapidity: 2015+2018 data

UPC forward trigger:

2 unlike-sign tracks with p:>1 GeV/c (-4 < n <-2.5)

no hits in AD-A (4.9 < n<6.3)
no hits in AD-C (-7.0< n < -4.8)
no hits in VZERO-A (2.8 < n < 5.1)

ABSORBER

TRACKING
CHAMBERS )
MU(
FILT

4'\‘

:
|

fl
{

\\E‘*'l\\j s

\
ey
_—
=
% ¥
\
N\
=
-\
=
=\
e\
=
=

Pb Pb @ 5.02 TeV

Integrated luminosity ~ 750 b
(216 pbt in 2015 + 535 pb? in 2018)

muon tracks: -4 <n<-2.5
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Invariant mass distribution

x200 increase in statistics wrt Run 1
Coherent-enriched sample: dimuon p;< 0.25 GeV/c
J/Y and Y’ fitted to a Crystal Ball function

background (exponent x turn-on polynomial) perfectly
described by yy - up shape from Starlight MC

J’-to-J/\ vield ratio:

= 0.0250 £ 0.0030(stat.) £ 0.0035(syst.).

6000

5000

per 50 MeV/c?

Counts
N
[an]
o
Q

3000

2000

1000

ALICE, Pb-Pb {5, = 5.02 TeV

UPC, Liny = 754 £ 38 ub™
pr<0.25 GeV/e
—4.00<y<-250

Ny, =21746 £ 190

N, =521+63

y2/dof =1.37 (96.2/70)

Y

/

I\\IlJ/}/\
25

3 3.5 4 4.5 5 5.5

6

m,, (GeV/c?)

ALICE, arXiv:1903.06272

20



Invariant mass distribution

x200 increase in statistics wrt Run 1 o000 ALICE, Pb-Pb (5,5, = 5.02 TeV
Coherent-enriched sample: dimuon p;< 0.25 GeV/c = I UPC, Ly = 754 + 38 b
§5000_— p; <025 GeV/c
J/Y and Y’ fitted to a Crystal Ball function a T ~4.00 <y <-2.50
§4ODO; NJ"\P =21746 £ 190
background (exponent x turn-on polynomial) perfectly 8 ¢ N, =521+ 63
described by yy - up shape from Starlight MC 3000~ ¥/ dof =1.37 (96.2/70)
J’-to-J/ yield ratio: 2000
Ry = N = 0.0250+0.0030(stat.) +0.0035(syst.), 1006; /
NUJ/y) i day
; /‘ \ —
OI\\I'J/\Il\II\Lm\ll\\\I\II
Primary coherent ’-to-J/{ cross section ratio: 225 3 35 4 45 5 55 0
my, (GeVic?)
! ALICE, arXiv:1903.06272
Gc’(y;’l;) — 0.150+0.018(stat.) = 0.021 (syst.) +0.007(BR) ara

* Hlinep: R = 0.166 £ 0.007(stat.) +0.008(syst.) £0.007(BR)
e LHCbin pp doublegap: R~ 0.19

Coherent {’-to- J/ cross section ratio consistent with

the ratio measured in photoproduction off protons .



Invariant mass distribution

x200 increase in statistics wrt Run 1 o000 ALICE, Pb-Pb (5,5, = 5.02 TeV
Coherent-enriched sample: dimuon p;< 0.25 GeV/c = I UPC, Ly = 754 + 38 b
§5000_— p; <025 GeV/c
J/U and Y’ fitted to a Crystal Ball function o —4.00 <y < -2.50
§4ODO; NJ"\P =21746 £ 190
background (exponent x turn-on polynomial) perfectly 8 ¢ N, =521+ 63
described by yy - up shape from Starlight MC 3000~ ¥/ dof =1.37 (96.2/70)
J’-to-J/ yield ratio: 2000
Ry = Ny = 0.0250+0.0030(stat.) +0.0035(syst.), 1000; / |
N{I/y) - T
Primary coherent ’-to-J/{ cross section ratio: 225 3 35 4 45 5 55 6
my, (GeVic?)
! ALICE, arXiv:1903.06272
O(W) _ (150+0.018(stat.) 0.021 (syst.) £ 0.007(BR) araw
o(J/vy)
* Hlinep: R = 0.166 +0.007(stat.) =0.008(syst.) =0.007(BR) | ALICE(UPCPb-Pb) ]
* LHCbin pp double gap: R (.19 e @rern
CDF (UPC pp) —e— Runi
* ALICE central barrel in Pb-Pb UPC from Runl: R = 0.34f8:8§ H1 (1p) .
~2.50 difference — need more precise measurement [P S
at Central rapldlty STARLIGHT(pp)- """""""""""""""""""""
Coherent ’-to- J/U cross section ratio consistent with ™" " “Cuesyioew’
the ratio measured in photoproduction off protons ALICE: PLB751 (2015) 358 .



p- distributions

Main goal: determine the remaining contribution of incoherent J/ at low p; (< 0.25 GeV/c)

ALICE, Pb-Pb |, = 5.02 TeV

UPC, Ly = 754 + 38 pb™!
—4.00 <y <-250
2.85 <m,, < 3.35 GeV/c?

« ALICE data
— Coherent Jiy
— Incoherent J/y
— Incoherent J/y with nucleon dissociation
—— Coherent J/y from y' decay
Incoherent J/y from y' decay
et s — Continuum yy — up
w — Sum

10*

?II\II|

10°

*

Counts per 25 MeV/c

=

g

107 ot s
+++

—h..'.'.:;'_

144
I i et

! i |

0 0.5 1 1.5 2 2.5
Dimuon [ (GeV/c)

10

ALICE, arXiv:1903.06272

Contributions (templates from MC):

Coherent J/:
— photon couples coherently to all nucleons
— (p7)~1/Ry, ~ 60 MeV/c

Incoherent J/:
— photon couples to a single nucleon
— (pp~ 1/R,~ 500 MeV/c

Incoherent J/y with nucleon dissociation:
shape from HERA

dN b d » ~'pd
— ~pr( 1+ 2p3
dpr ”T( npd"T)

vy <> up: fixed integral wrt J/Y peak (~5%)

J/Y from coherent and ' decays:
fixed wrt primary J/{ (~5%)

Fraction of incoherent J/U at low p; (< 0.25 GeV/c) is ~5%

21



Coherent J/U cross section

~

[+] ALICE coherent JAy

. ---- Impulse approximation
CRRIEY STARLIGHT

- —— EPS09 LO (GKZ)

Sl — LTA (GKZ)

~ ---- GG-HS (CCK)

. — — IPsat (LM)

I - BGK-I (LS)

o IIMBG (GM) -~

do/dy (mb)
(o))}

- ALICE Pb+Pb — Pb+Pb+J/y  |s, =5.02 TeV .-~

<42 4 -38 36 -34 32 -3 -28 -26

Coherent J/{ cross section in

agreement with moderate nuclear

gluon shadowing

2.4

-2.2
y

Impulse approximation: no nuclear effects

STARLIGHT: VDM + Glauber,
Klein, Nystrand et al:
Comput. Phys. Commun. 212 (2017) 258

EPS09 LO (GKZ): EPS09 shadowing
Guzey, Kryshen, Zhalov, PRC93 (2016) 055206

LTA (GKZ): Leading Twist Approximation
Guzey, Kryshen, Zhalov, PRC93 (2016) 055206

GM: Color dipole model + IIM CGC
Goncalves, Machado et al.:
PRC 90 (2014) 015203, JPG 42 (2015) 105001

LM IPSat: Color dipole model + IPSat CGC
T. Lappi, H. Mantysaari, PRC 83 (2011) 065202;
87 (2013) 032201

CCK: hot-spot model + Glauber-Gribov:
Cepila, Contreras, Krelina, PRC97 (2018) 024901

 LS: Color dipole model + BGK-I CGC:

Luszczak, Schafer: arXiv:1901.07989

ALICE, arXiv:1903.06272
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Low-X vs high-x ambiguity

Pb Pb Pb Pb
¥ H
Jiy gl
Detector hd Detector
A 7 ALICE Pb+Pb — Po+Porlly |5y, =5.02TeV .-~
Pb Pb Pb Pb )

high-energy low-x
photons gluons
(x~107%)
N _/
\/
5-40%

Two terms in vector meson photoproduction cross section in UPC:

o(y) = n(+y)07pb§\+y) + n(—y)opp

—T?J)

low energy high-x

photons

—

gluons
(x~1072)
_/

\/

60-95%

Dominant (60-95%) contribution of high-x gluons

- ---- Impulse approximation
| MENRIREEE STARLIGHT
-~ —— EPS09 LO (GKZ)
Sl p— LTA (GKZ)
- ---- GG-HS (CCK)
I — — IPsat (LM)
4— — . BGK-I(LS) .
.= [IM BG (GM)

—

Q

g

> 6 ] ALICE coherent Jiy
kel

=

©

©

e o
s
T
- ~ -

y
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Low-X vs high-x ambiguity

Pb Pb Pb

Pb

T [
J/ [
hd Detector ik
Pb Pb Pb

Detector

Pb

Two terms in vector meson photoproduction cross section in UPC:

o(y) = n(+y)opp(+y) + n(=y)o,pp(—y)
N\ t 1

high-energy low-x low energy high-x
photons gluons photons gluons
(x ~10%) (x~10?)
A _/ — i
\/ \/
5-40% 60-95%

Dominant (60-95%) contribution of high-x gluons

Back-of-the-envelope calculation (neglect low-x):
ALICE/Impulse approximation ~ 0.6

=> gluon shadowing factor ~ v0.6 ~ 0.8

E ] ALICE coherent Jiy
- ---- Impulse approximation

F oo STARLIGHT
C — EPS09LO (GKZ)

S ap— LTA (GKZ)

= _--- GG-HS (CCK)

L —ipsat(LM) o~
4~ . BGK(LS) P et

- IMBG (GM) - >

3 - |:L ,]/ -
e ]
2- el

ALICE Pb+Pb — Pb+Pb+JAy  |sy,=5.02 TeV -

o o
w O
T[RRI

oo
o~

Il[[i['IIIII]IIIIIIIII IIII[I

Ry, 12 = 2.4 GeV?)
oo o900
‘_]‘ N W s O

Runl results

HKNO7LO
—— nDSLO

--—- EPS08 LO
—— EPS09 LO

EPS09 uncertainty 3
el i L -

-
O
&

107

102

X



Ultimate goal: access gluon shadowing at x~10

Pb Pb Pb Pb

Iy Hoow
Detector hd Detector

Pb Pb Pb Pb

 Two terms in vector meson photoproduction cross section in UPC:

o(y) = n(+y)opp(+y) + n(=y)o,pp(—y)
N\ t t

photons gluons photons gluons
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Ultimate goal: access gluon shadowing at x~107

neutrons

Detect:
neutrﬂ\

Pb Pb

 Two terms in vector meson photoproduction cross section in UPC:

o(y) = n(+y)opp(+y) + n(=y)o,pp(—y)
f N\ t t

photons gluons photons gluons
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Ultimate goal: access gluon shadowing at x~10

Pb

Detect:
neutrﬂ\

-
o

Events /(25)

neutrons

Pb Pb

 Two terms in vector meson photoproduction cross section in UPC:

o(y) = n(+y)opp(+y) + n(=y)o,pp(—y)
N\ t t

high-energy low-x low energy high-x
photons gluons photons gluons

f’\ ALICE Performance 31/03/2016
L f )\

Pb-Pb at \/s,, = 5.02 TeV

NN
r UPC Sample
E , : Y
N (3 :

Hay bt
iy )

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

od 0 200 400 600 800 1ooo 1200
ZNC energy (a.u.)
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Ultimate goal: access gluon shadowing at x~10

flﬂ\ ALICE Performance 31/03/2016

Pb

f
K - |
neutrﬂ\

neutrons
e g

UPC Sample

Events /(25)
6‘

<
l Pb-Pb at |5, = 5.02 TeV

800 1000 1200
ZNC energy (a.u.)

Two terms in vector meson photoproduction cross section in UPC:
o(y) = n(+y)07pb(<y) + n(—y)aypb(—Ty)
]

photons gluons photons gluons

Effective flux is modified in presence of additional photon exchange
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Ultimate goal: access gluon shadowing at x~10

f/\ ALICE Performance 31/03/2016

Pb

Events /(25)
)
I

/ X Pb-Pb at |5, = 5.02 TeV

] E j UPC Sample
Detector Detector ; :i
neut rﬂ\

neutrons

1000 1200

-200 0 200 400 600 800
ZNC energy (a.u.)

Two terms in vector meson photoproduction cross section in UPC:
o(y) = n(+y)oypb(<y) + n(—y)aypb(—Ty)
]

photons gluons photons gluons

Effective flux is modified in presence of additional photon exchange
Neutron-differential cross sections may help to decouple low-x and high-x cross sections:

nonoN (TY) Ty pn () + nonon (—¥) 0~ pp (1),

oonoN(Y) =
noNxN (+4)04pb (+Y) + nonxn (=¥) 05 pb (—y)

no neutrons:
neutrons on one side: OONXN (y) —
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Ultimate goal: access gluon shadowing at x~10

Pb Pb

i Jhy

<
l Pb-Pb at |5, = 5.02 TeV

UPC Sample

Events /(25)

I flﬂ\ ALICE Performance 31/03/2016
|

107 {

Detector i
-4

neutrons }!}: ON 1N 2N\

neutrons

B pesdt g A g
-200 0 200 400 600 800 1000 1200
Pb Pb Pb Pb ZNC energy (a.u.)

 Two terms in vector meson photoproduction cross section in UPC:

o(y) = n(+y)opp(+y) + n(=y)o,pp(—y)
N\ t t

photons gluons photons gluons

» Effective flux is modified in presence of additional photon exchange

* Neutron-differential cross sections may help to decouple low-x and high-x cross sections:

measured
no neutrons: [UONON (y)] = nONONH‘y)Uﬂ/PbH‘?J) + nONON(—y)Jprb(—y),
neutrons on one side: | TonxN(Y) ) = MonxN(+Y)0pb (+Y) + nonxn (—Y)T4pp(—Y)
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Pb

Ultimate goal: access gluon shadowing at x~10

é f x UPC Sample
Detector Detector ; : | 3 & 1 ft;. $
10 ' G
neutrons neutrons

-200 0 200 400 600 800 1000 1200
ZNC energy (a.u.)

I /ﬁ\ ALICE Performance 31/03/2016
L f )\

Events /(25)
)

-
o

 Two terms in vector meson photoproduction cross section in UPC:

o(y) = n(+y)opp(+y) + n(=y)o,pp(—y)
N\ t t

high-energy low-x low energy high-x
photons gluons photons gluons

» Effective flux is modified in presence of additional photon exchange

* Neutron-differential cross sections may help to decouple low-x and high-x cross sections:
known fluxes

measured
no neutrons: oonon(Y) | = [nonon(+y Uﬁ/Pb(+y) +[nonon (—¥) ’be(_y)a
neutrons on one side: | Tonxn(Y) ) = (nonxx (Fy)oypL (+y) Hnonxn (=Y oy pn(—y)

24



Pb

Ultimate goal: access gluon shadowing at x~10

; f X UPC Sample
Detector Detector ; : | 3 _ & 1 fﬂ;. $
105 G
neutrons neutrons

-200 0 200 400 600 800 1000 1200
ZNC energy (a.u.)

I /'\ ALICE Performance 31/03/2016
L f )\

Events /(25)
)

-
o

 Two terms in vector meson photoproduction cross section in UPC:

o(y) = n(+y)opp(+y) + n(=y)o,pp(—y)
N\ t t

high-energy low-x low energy high-x
photons gluons photons gluons

» Effective flux is modified in presence of additional photon exchange

* Neutron-differential cross sections may help to decouple low-x and high-x cross sections:
known fluxes

measured
no neutrons: oonoN () | = nONON("_y 0~Pb (+y) +[ronon(— fbe( Y),
neutrons on one side: | TonxN(Y) ) = nONXNH'y T~Ph +3/ nonxn (— fbe( Y)

unknown photoproductlon Cross sectlons 24



Central barrel J/Y in Pb-Pb 2015

>

oy, 450¢
% EALICE Preliminary, Pb-Pb \s,, = 5.02 TeV
= 400? y Jy ot
g L
5 950 { UPC, L, = 95ub”
§ 300: Coherent enriched sample
O F p, <020 GeV/e
250 09<y<09
200F Ny, = 1204 £39
150
F 4
100z ¢
SOM

25 3 3.5 4 4.5
M, (GeV/c?)

J/Y —> ee
% 20—
= 5o F ALIGE Preliminary, Pb-Pb \s, = 5.02 TeV
g Jy - e'e
8 200
o _ g
g 180 UPC, L, =95ub
3 ] Coherent enriched sample
&3 160 p, <0.20 GeV/c
140 09<y<0.9

N,, = 1060 £ 46

25 3 3.5 4 4.5
M, (GeV/c?)

* access to x~ 0.5 x 103 without low-x/high-x
ambiguity — can test neutron emission models

* + factor 2 higher statistics in PbPb2018

do/dy (mb)

------- AB-MSTW08

————— css
AB-HKNO7

— — STARLIGHT

== GM

- LM-fIPSat

- AB-EPS09

RSZ-LTA

e AB-EPS08 .

i—UH‘HH‘HI\‘\IH‘I\H HH‘H\I‘HI\‘\

Pb+Pb — Pb+Pb+J/y \STN =276 TeV
e ALICE Coherent J/y

a)

Runl
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Central barrel J/Y in Pb-Pb 2015

I — uu

J/Y —> ee

o, 40— — §, 240 —————
% EALICE Preliminary, Pb-Pb \s,, = 5.02 TeV 3 220: ALICE Preliminary, Pb-Pb \s,, =5.02 TeV
< 4001 L Jy ot Sk Jy sete
o F o 200
5 950 { UPC, L, = 95ub” @ 180F UPC, L, = 95ub"
5 C Coherent enriched sample 5 r Coherent enriched sample
& 8001 p. <0.20 GeV/c 8 160t p, <0.20 GeV/c
250; -09<y<09 140t 09<y<0.9
. 120
200 N,, = 1204 39 100F- N,, = 1060 + 46
1503— 80
F b i
100 ¢
SOM
0: 25 3 3.5 4 4.5 0 25 3.5 4 4.5
M, (GeV/c?) M, (GeV/c?)
Los
. . 2
e access to x~ 0.5 x 103 without low-x/high-x =
n
. . . . R 20
ambiguity — can test neutron emission models £
8
* + factor 2 higher statistics in PbPb2018 15
10
5
8

do/dy (mb)
~

Pb+Pb — Pb+Pb+J/y \STN =276 TeV a)
T 'ég'SMSTWOB e ALICE Coherent J/y
AB-HKNO7 ~ eeeen, O Reflected
— — STARLIGHT
== GM

- LM-fIPSat

Runl

5f ' AB-EPS09
= RSZ-LTA

gp = AB-EPS08 .

3

2

1=

0t

y
W —pp
| ALICE Preliminary, Pb-Pb {s, =5.02 TeV
] - Jv-pP
I UPC, L, = 95ub™
B Coherent enriched
r sample P, < 0.2 GeV/c
L D Opposite sign
B [l Uik sign
n D Signal
C Ny, =36%6
'.L.Jlil.,.l..ﬂ |_LII'1 |_]|_|I...J...
4 2.6 2.8 3 3.2 3.4 3.6 3.8 4.2
(Gercz)

25



Central barrel J/Y in Pb-Pb 2015

g 8f Pb+Pb — Pb+Pb+Jly |s,, =276 TeV  a)
«, 450¢ J/LI) — K o 240 J/LI) — €€ % 7E I A MeTwos o ALICE Coherent Jiy
% 400EAI_ICE Preliminary, Pb-Pb \s,, = 5.02 TeV % 220Z_P\LICE Preliminary, Pb-Pb \s,, =5.02 TeV E 6;__§§:EE$T TN o Reflected
e Jr W c —ete S
= TR = 200 e e S Runl
5 350 “ UPC, L, = 95ub’ 3 180k UPG, L, ~ 95ub’ B RezltA . eo” e
c . € L . 4 EPSB S AT NG
I
250; -09<y<0.9 140: -08<y<09 2;
£ 120F -
200 N,, = 1204 =39 100 N,y = 1060 £ 46 '
150F- 80} ot
100E 1 60 y
aghs? 40f
SDM_ h o0f
ot o :
25 3 35 4 4.5 : : 4 5 _
M, (GeV/c?) M, (GeV/c?) J/LIJ - pp
% 25ALICE Preliminary, Pb-Pb | s, = 5.02 TeV
e access to x ~ 0.5 x 103 without low-x/high-x = _ Uw—pP
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Photon-induced processes in peripheral events
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Coherent J/Y in peripheral collisions?

\.\1 If/
\| I/;'I CXEMIER ey ALICE: PRL 116 (2016) 222301
Z e AV AV '.“I |
\ || |'|/ ° ~
—= =M > C ALICE, Pb-Pb | sy, = 2.76 TeV
35—
[\ A O =k 25<y<4
{ | \ — — L
| \ \ Z o 30 - Tt 2.8 < mw“- < 3.4 GeV/c?
TR I & [ 70-90%
fl|I | \ Q L
[\ 8D 25=
AR S F
o B
© 20—
< 8f = -
x 7,@ ALIGE, Pb-Pb s, = 2.76 TeV Y -
6 25<y<4 oC 15 —
5r + Q< pr< 0.3 GeV/c, global syst =+ 15.7 % —
4r 4 03=p <1 GeVic, global syst==15.1% 10—
3r §  1<p_<8GeV/c, global syst =+ 11.5 % E
2§ Common global syst = + 6.8 % 5 :_ OS dimuons data
- —— Coherent photoproduced J/y
0 _I L | |f|_|_l | L 1 | | | 1 | | | | I | | | | 1 | | | 1 1 | | | 1 | | |
1= ¥ 0 0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8
o ! - ﬂ o (GeV/ce)
0.7
06
0.5 ]
0.4 II\‘\I\‘\\\‘\\\‘\\\\\\\\‘\\\\‘I\

0 50 100 1560 200 250 300 350

part

* Data shows an excess of J/U at low p; <200 MeV/c (Ry, ~ 7)



Coherent J/Y in peripheral collisions?
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Data shows an excess of J/{ at low p; < 200 MeV/c (Ry, ~ 7)

Possible interpretation: coherent photoproduction on nuclear fragments
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Coherent J/Y in peripheral collisions: news from Run?2
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Coherent J/Y in peripheral collisions: news from Run?2
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Theoretical challenge:

How can the coherence condition
survive when both nuclei are broken by
hadronic interaction?

Do only spectator nucleons participate in
the coherence?
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Low-x gluons with coherent J/Y in hadronic collisions?

J/U in peripheral collisions (b<2R)

Raw counts per 0.1 GeV/c
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Coherent J/ in UPC+peripheral events -

promising tool to extract low-x gluon shadowing
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UPCin Run3 and 4
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UPC perspectives in view of ALICE upgrade

All-pixel Inner Tracking System

d }y,f"! <

GEM-based
TPC readout

pad plane

Pixel

Muon Forard Tracker

... and much more:

+ Fast Interaction Trigger
* New Online-Offline system
» Readout upgrade of several detectors
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Run3-4 projections in Pb-Pb UPC

Rpp(X)

Expected statistics in Run 3-4 (13 /nb): Yellow report on Run3-4: 1812.06772
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Run3-4 projections in Pb-Pb UPC

» Expected statistics in Run 3-4 (13 /nb): Yellow report on Run3-4: 1812.06772

PbPb, 13 nb~!
Meson o Total | [n] <09 | -4 <n<—-25
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Main goals for Run3-4:
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Run3-4 projections in p-Pb UPC

» Expected statistics in Run 3-4 (2/pb): Yellow report on Run3-4: 1812.06772

lead-shine photons

Meson o Total | |n| <09 | -4<n<—25]25<n<4 Pb
p— T 35mb | 70 B 3.9 B 2.0 B 850 M
¢ — KTK™ 870 ub | 1.7 B 65 M 22 M 9.7 M
I/ ptps | 62ub | 12M | 1LOM 260 K 180 K N
b(2S) = it | 134mb [ 270K | 22 K 6.0 K 3.2 K P
Y(1S) = ptp~ | 574nb | 11K | 11K 310 41

Main goals:
* Precision measurements on vector meson
photoproduction off proton



Run3-4 projections In

p-Pb UPC

* Expected statistics in Run 3-4 (2/pb):

lead-shine photons

Yellow report on Run3-4: 1812.06772

Meson o Total | |n| <09 | -4<n<—25]25<n<4 Pb
p— T 35mb | 70 B 3.9 B 2.0 B 850 M
¢ — KTK™ 870 ub | 1.7 B 65 M 22 M 9.7 M
I/ ptps | 62ub | 12M | 1LOM 260 K 180 K N
b(2S) = it | 134mb [ 270K | 22 K 6.0 K 3.2 K P
Y(1S) = ptp~ | 574nb | 11K | 11K 310 41
0 p ./
proton-shine photons >
Meson o Total | |n] <09 | —4<n<—=25]|25<n<4 %
p— mrwT 531pub | 1.1 B 83 M 20 M 56 M H/L'J
6= KFK= | 23pub | 46M | 1.3 M 120 K 210 K Pb
J/b— ptu~ | 333nb | 670K | 55K 14K 15 K
b(28) = ptp~ | 89nb | 18K | 15K 380 380
Y(1S) = ptp— | 043 ub | 860 03 14 14

Main goals:
* Precision measurements on vector meson

photoproduction off proton



Run3-4 projections In

p-Pb UPC

* Expected statistics in Run 3-4 (2/pb):

lead-shine photons

Yellow report on Run3-4: 1812.06772

Meson o Total | || <09 | —4<np<—-25|25<n<4 Pb
p— T 35mb | 70 B 3.9 B 2.0 B 850 M
o — KK~ | 870ub | 1.7B | 65M 22 M 9.7 M 111,1
/= ptp= | 62ub | 12M | 1.0M 260 K 180 K I
O(2S) = ptp | 1340b [ 270K | 22K 6.0 K 3.2 K p
T(AS) = ptp | 5.74nb | 11K | 11K 310 11
a2 p ./
proton-shine photons >
Meson o Total | [n| <09 | —4<n<=25|25<n<4 %
s atn | 53Luh | LIB | 83 M 20 M 56 M ‘—»J/ 7
6 KYK— | 23ub | 46M | 1.3 M 120 K 210 K Pb
I/ — ptp~ | 333nb | 670 K | 55 K 14K 15 K
O(28) = ptp~ | 891nb | 18K | 15K 380 380 .
T(1S) = pTp~ | 0.43 nb | 860 93 14 14 | =35 prpepbipiy |
s |- tieh eneray wp —p70

Main goals:
* Precision measurements on vector meson

photoproduction off proton
* Access gluon shadowing at 10~ with proton-shine
gamma off lead

Guzey, Zhalov: JHEP 1402 (2014) 046
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Summary and outlook

* Shedding light on the partonic structure of protons and nuclei with UPCs:

— Exclusive J/{ photoproduction shows no signs of gluon saturation well beyond HERA
energies (down to x ~ 10~)

— New results on coherent J/{ photoproduction cross section at forward rapidity in Pb-Pb
at 5 TeV in agreement with moderate nuclear gluon shadowing scenario

— Coherent ’-to-J/ cross section ratio consistent with the ratio measured in
photoproduction off protons

* Challenge: low-x vs high-x ambiguity and access to low-x gluon shadowing
— Vector meson photoproduction measurements accompanied by neutron emission
— Coherent J/y in peripheral events — new tool to extract low-x gluon contributions?

— Access gluon shadowing x~10~ with proton-shine photons off lead in p-Pb collisions

* Looking forward for high-precision measurements in Run3-4
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Invariant mass fits in rapidity bins

* Cross sections extracted in 6 rapidity bins
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p- fits in rapidity

Counts per 25 MeV/c

Counts per 25 MeV/c
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Systematic uncertainties

Using Glauber-based

Source Value / INEL cross section estimate
Lumi. normalization +5.0% _

SPD, VO and AD veto from —3.6% to —6.0% | < \?Vli’titgpaang;'j;f/:Ltj
Branching ratio +0.6%

MC rapidity shape from £0.1% to +0.8%

Tracking 43 0% Due to MC-based vs data-
Trigger from +5.2% to +6.2 | « Griven technique to extract
Matching :t ] 0% muon trigger turn-on

fp fraction +0.7% - Va’lriation of f.D fraction.within
Signal extraction +2.0% {/-to-I/ ratio uncertainty
Yy yield +1.2%

pt shape for coherent J /v +0.1%

bpq parameter +0.1%

Total from :S:::I% to :?t?;%%

ALICE, arXiv:1903.06272
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EIC prospects
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