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Motivation

e ) TN 1. yhProcesses: o(hyhy — X) = ny(w) @ V=X (W)
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LHC | pPb(Ar) | W, 4 < 1500(2130) GeV | W, =< 260 (480) GeV
LHC PbPb Wya < 950 GeV W, < 160 GeV
HERA ep W,, < 200 GeV —
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® Photoproduction in pp collisions at LHC probes energies
one order of magnitude larger than HERA.
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e ) TN 1. yhProcesses: o(hyhy — X) = ny(w) @ V=X (W)
I 2. 7y Processes: a(hihy — X) = i) @ mafw) @ 71X (W)

Center of mass energies

W, < 4504 GeV

V., 4 < 1500 (2130) GeVNW,,, < 260 (480) GeV
W, < 160 GeV

LHC | pPb(Ar) (
‘ LHC PbPb wfi 950 GeV __

HERA ep W,, < 200 GeV

W, = 8390 GeV

LHC Pp

® Photoproduction in pA and AA collisions probes an
unexplored regime of center of mass energies.



Motivation

e N 1. yh Processes: a(hyhy — X) = ny(w) @ =X (W)
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Center of mass energies

LHC pp W, < 8390 GeV W, < 4504 GeV
LHC | pPb(Ar) | W, 4 < 1500 (2130) GeV | W, < 260 (480) GeV
LHC | P»Pb Woa < 950 GeV W, < 160 GeV
HERA ep W.,,, < 200 GeV -

‘ ® The LHC is the world’'s most powerful collider not only for
protons and lead ions but also for v+ and ~A collisions.




Motivation

e, B 1. yh Processes: a(hyhy — X) = ny(w) @ =X (W)
2. 1y Processes: o(hahy = X) = my(w) ©na(w) @ 012 (W)

Center of mass energies

LHC pp W, < 8300 GeV W, < 4504 GeV
LHC | pPb(Ar) | W, 4 < 1500 (2130) GeV | W, < 260 (480) GeV
LHC | P»Pb Woa < 950 GeV W, < 160 GeV
HERA ep W.,,, < 200 GeV -

‘ #® Photon - induced interactions at LHC allows to study
Quantum Chromodynamics in an unexplored regime of
center of mass energies.



Photon - Hadron Interactions:
Inclusive and exclusive processes
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Photon - Hadron Interactions:
Inclusive and exclusive processes
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* [nclusive processes: vp — XY

—. Heavy quark photoproduction (X = ¢z, bb)
The final state is characterized by one rapidity gap due to
the dissociation of the hadron target (pp — p & XY).




Photon - Hadron Interactions:
Inclusive and exclusive processes

— o Proceses oy X) = (o) 007 IV

—
—

>

bR R,

* [nclusive processes: vp — XY

—. Heavy quark photoproduction (X = ¢z, bb)
The final state is characterized by one rapidity gap due to
the dissociation of the hadron target (pp — p & XY).

hy fy
- hl r-ad_____
_C ) :h :r__ X

10



Photon - Hadron Interactions:
Inclusive and exclusive processes
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* Inclusive processes: vp — XY

—. Heavy quark photoproduction (X = ¢z, bb)
The final state is characterized by one rapidity gap due to
the dissociation of the hadron target (pp — p & XY).
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Photon - Hadron Interactions:
Inclusive and exclusive processes

L=l S S,

I vh Processes: a(hyhy - X) = ng(w) fh*\’m!h)

Inclusive processes:. vp — XY

— Heavy quark photoproduction (X = ¢z, bb)

The final state is characterized by one rapidity gap due to
the dissociation of the hadron target (pp — p @ XY).

“

X =1t aypG, PRDS88, 054025 (2013)

TABLE I. The integrated cross section (events rate) for the

photoproduction of top quarks in pp, pPb, and PbPb collisions
at LHC energies.

rp MRST CT10

V5 = 8 TeV 0.739 pb (73900) 0.764 pb (76400)
Vs = 14 TeV 2.50 pb (250000) 2.53 pb (253000)
pPb MRST MRST + EPS09

J5 = 5.5 TeV 0.036nb (5.4/3600)  0.038 nb (5.7/3800)
J5 = 8.8 TeV 0.159 nb (23.85,/15900) 0.165 nb (24.75,/16500)

PbPb MRST MRST 15 EPS09

J5 = 5.5 TeV 0.42 nb (0.18) 0.40 nb (0.17)




Photon - Hadron Interactions:
Inclusive and exclusive processes

— h Processes:o{hyy ~ X) = ny(u) 974 (V)

—
—

L=l S S,

>

* Exclusive processes: vp — Xp

— Heavy vector meson photoproduction (X = .J/W¥, T)
The final state is characterized by two rapidity gaps

(pp — pR X @ p).
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Photon - Hadron Interactions:
Inclusive and exclusive processes
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* EXclusive processes: vp — Xp

— Heavy vector meson photoproduction (X = .J/W¥, T)
The final state is characterized by two rapidity gaps

(pp — pR X @ p).
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} #® Cross section is proportional to the square of the
proton/nuclear gluon distribution.
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Photon - Hadron Interactions:
Inclusive and exclusive processes

- h Processes:o{hyy ~ X) = ny(u) 974 (V)

L=l S S, —

* EXclusive processes: vp — Xp

— Heavy vector meson photoproduction (X = .J/W¥, T)
The final state is characterized by two rapidity gaps

(pp — p® X ® p).

} #® Cross section is proportional to the square of the
proton/nuclear gluon distribution.
L 7

* #® Diffractive vector meson photoproduction in UPHIC is a

{-? ——
‘g é V=JmT o probe of the gluon distribution @
: 1
%g? 3\/PG, Bertulani, PRC65, 054905 (2002)




do/dy (u b)

Diffractive vector meson photoproduction in UPHIC
Probing the nuclear gluon distribution

® PHENIX
—— No shadowing

== DS

«=« EKS coherent
== EPS09

1004

[Filho et al, PRC78 044904 (2008)]

v by b b by by gy Ly
2 15 1 05 0 05 1 15 2
y
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do/dy (1 b)

Diffractive vector meson photoproduction in UPHIC
Probing the nuclear gluon distribution

® PHENIX

10 _' — No shadowing

coherent

v by b b by by gy Ly
2 15 1 05 0 05 1 15 2
y

- [Filho et al, PRC78 044904 (2008)]
|

E‘ B Pb+Pb — PbsPbsdiy |5, =276TeV  a)
e gg;ﬁ”m ¢ ALICE Coherent J/y
E AB-HKNOT .we====., O Reflected
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Since x = M j,y /\/sexp(—y) we have:
y=—3=ax=0.02

y=0= 2 =0.001inxzg4(z,Q?).
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Diffractive vector meson photoproduction in UPHIC
Probing the QCD dynamics at high energies

BE

BFKL

Nonperturbative (,_l('l}\

e o e - :

e
DGLAP

& Linear QCD evolution equations predict a power growth of gluon distnbution as
x — 0 (violates unitanty).

2 Number of gluons in the nucleon becomes so large that gluon recombine —
Nonlinear effects

B Saturation scale Q= (energy and atomic number dependent) defines the onset of
nonlinear QCD dynamics. 18




Diffractive vector meson photoproduction in UPHIC
Probing the QCD dynamics at high energies

——9 ) # Diffractive vector meson photoproduction in photon -
L induced interactions is a probe of the nonlinear effects in the

/Q'_ QCD dynamics at high energies and the vector meson wave

function “.

VPG, Machado, EPJC 40, 519 (]29005}



Diffractive vector meson photoproduction in UPHIC
Color Dipole Formalism

do [h1+hy = h1 @V & hsg|
d?bdy

= [Ldf\rhl(wk b) Onho—sV@ho (@)LL + [Ldf\'rhg (w' b) O~vhi—V ®@hy (w)]wR

0 0
1 1 T
o(vh — Vh) = / % dt = T / \A}h_w "z, A)|? dt

A}h_wrh(;lu&) — -._r'./d,:- d*r dgbhe_'i[b"_(l_z}ﬂ'& ('I’V*"I'JT 2N (.7, by

| J
1

Overlap functions for Vector Mesons: —

ere N, | |
(U5 W)y = L— {m7Ko(er)pr(r.z) — [z + (1 — 2)XeK(er)Dppr(r. 2)}
4.?1' }'I',;(l - ,;)
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Diffractive vector meson photoproduction in UPHIC
Color Dipole Formalism

do [h1+hy = h1 @V & hsg|
d?bdy

= [Ldf\rhl(w~ b) Onho—sV@ho (w‘)LL + [Ld_-'?\'rhg (,_,,.; b) O~vhi—V ®@hy (w)]wR

0 0
1 1 T
o(vh — Vh) = / % dt = T / \A}h_w "z, A)|? dt

— 00 — 00

A}hép’h(i‘-ﬁ&) _ -i/diﬁ dQT_dabhe_-;'[bh—(l—z}i‘].ﬁ. (IIJVMI')
N

Forward dipole - hadron scattering amplitude: Determined by the QCD dynamics
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Diffractive vector meson photoproduction in UPHIC
Color Dipole Formalism

do [h1+hy = h1 @V & hsg|
d?bdy

= [Ldf\rhl(wk b) Onho—sV@ho (@)LL + [Ldf\'rhg (w' b) O~vhi—V ®@hy (w)]wR

0 0
1 1 T
o(vh — Vh) = / % dt = T / \A}h_w "z, A)|? dt

A}hép’h(i‘-ﬁ&) _ -i/dﬁ! dQT_dabhe_-;'[bh—(l—z}i‘].ﬁ. (1111;’*11')‘
N

Forward dipole - hadron scattering amplitude: Determined by the QCD dynamics

* Proton: Constrained by Hera data for inclusive and exclusive processes
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Diffractive vector meson photoproduction in UPHIC
Color Dipole Formalism

do [hy +ha = h1 @V @ hy - .
d*bdy B [wj\:hl (@, b) Tyhe—V ®ha (uJ)LL + ["d*\ ho (W, b) Tvh1—V @hy (w)]wR

0 0
1 1 PR
o(vh = Vh)= / | % dt = Tom / |A}h_w h’(;r, A)|? dt

A}h_}p!h(i?‘.&) _ E/tf? dQTdehe—-i[bh—(l—Z)T].A (IIIV*I]?)‘
N

Forward dipole - hadron scattering amplitude: Determined by the QCD dynamics
* Proton: Constrained by Hera data for inclusive and exclusive processes
NUC'@USZ NA(;I.’.._ T. bA) =1-— exp {—% O'dp(;r‘ T.Q) 'TA(bA)]

‘ Sums all multiple elastic
) 0 rescatterings of the dipole.
Oap(x,77) = Q/d. b, Np(z,r,by) 23



Diffractive vector meson photoproduction in UPHIC
First predictions using the Color Dipole Formalism

LHC: PbPb —> PbPb + (V,, = p,o,.J/V)

10°

LHC: pp ——> pp + (V,, = p,®,0,J/'P)
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« Golec- Biernat - Wusthoff (6BW):

NP(,r.b) = NP(%,r)S(b)
QZr’
4

NP(x.ry=1—exp [—

« DGKP model for the vector meson WF

VPG, Machado, EPJC 40, 519 (2005)




Diffractive vector meson photoproduction in UPHIC
First predictions using the Color Dipole Formalism

LHC: pp ——> pp + (Vy, = p,®,0,J/'F) LHC: PbPb —=> PbPb + (Vyy = p.0.¢.J/¥)
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During the last 11 years, several authors have updated these predictions
taking into account the improvements in our understanding of the QCD dynamics
and for the description of exclusive processes in electron - proton
scattering (e.g. impact parameter dependence, skewness, vector meson W. F., ...)

VPG, Machado, EPJC 40, 519 (2005) 25



Diffractive vector meson
photoproduction in UPHIC



Diffractive vector meson
photoproduction in UPHIC

Overlap functions for Vector Mesons:

efﬁ? N .

— {_'mll}Kg(Er)d;r;-(r,::) — 22+ (1 — 2)?]eK (er)O,pr(r.z)}

q,r \
( )1 4z az(1-2)

e Gaus-LC:

or(r,z) = Nr [::(1—:)]' exp (—r*/2R7)

 Boosted Gaussian :

m2 R 22(1-2)r* m?RQ
—— - — +—
B(l-2) R )

orr(r.z)=Nrg ol -2)exp




Diffractive vector meson
photoproduction in UPHIC

Overlap functions for Vector Mesons:

ere N, | . . 3
(W 0)r = Jo— e A Ko(enpr(r.2) = [ + (1 = 2)%eKy (er)Obr (r.2))
| 0005 TI;mls:-'e];m:.I}: l:wi):::l‘ise-;l Jyr mesons
e Gaus - LC: - olid: Boosted Gaussian W, -

l]LIC \LIZ_-]"I

or(r,z) = Nr [:,:(1—,:;]]' exp (—r*/2R7)

Boosted Gaussian :

orr(r2)=Nrpz(1-2)exp

Kowalski, Motyka and Watt (06)



Diffractive vector meson
photoproduction in UPHIC

Dipole - proton scattering amplitude:

, N >JVNP,
= X
= {
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= e Wl
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|

In(2/rQs (b))

- Qs (b))
No (B0 (b) <2
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Diffractive vector meson
photoproduction in UPHIC

Dipole - proton scattering amplitude:

3 >J\/w
(= |
>
2000000009

T IO O e
<O JT(3 ga%
J ‘p DOO0OT o
700 o \

Adh g B

agoo®

POl /ooy oo

v — A

In(2/rQs (b))

- ) J.'\I.-"F rQﬁ{b,] z{yﬁ_FTJ . {' . < 2
« bCGC: NP(R,r.b) = { o 2 j} . rQg(b) <
| — (_J_AI'V{B-"Q;.-U?JJ FQS([J) )

- Proposed originally by Kowalski, Motyka and Watt (06)
- Parameters of the model updated considering the high precision
combined HERA data (Rezaeian, Schmidt, 13)



Diffractive vector meson
photoproduction in UPHIC

Dipole - proton scattering amplitude:

r N >/\M
= O(

D*EUU***’JO‘

AD.U’E r“ﬂ‘c%
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» Iancu - Itakura - Munier (IIM/CGC):
NP(x.r.b) = NP(3.r)S(b)

. In2/rQs)
2 Vst KIHQS

Y
NP(x.r) = NO(Z
[t bras). forrQs(x) > 2

) . forrQs(x) <2



Diffractive vector meson
photoproduction in UPHIC

Dipole - proton scattering amplitude:
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» Iancu - Itakura - Munier (IIM/CGC):
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In2/r Qs)

N (rQ_S)Q(]/S+ KLY )!

e I[]2 (erS). - | 102 10 ) 10 108
Rezaeian, Schmidt (13)



Comparison with the Run I data

#® Diffractive .J/W¥ photoproduction in hadronic collisions

(9) VPG, Moreira, Navarra, PRD90, 15203 (2014)



Comparison with the Run I data

# Diffractive J/W photoproduction in hadronic collisions “
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JY u /A 72 Ak bCGC -LCG 4
R l ® CMS
s =7TeV . B ALICE B
6 (—

s"2=2.76 TeV |

— - .\
bCGC - BG /" R\
‘‘‘‘‘ - \
2 LHCb 2013 / 2\
LHCb 2014 - > |
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% > i
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" "".%
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) - 5 i 4 2 0 2 4 6
Y Y

(9) VPG, Moreira, Navarra, PRD90, 15203 (2014)



Comparison with the Run I data

# Diffractive J/W photoproduction in hadronic collisions “

T T i = " ¥ P & T T ' ' 1 = ¥ i - 160 — F T 1 - - i 1 . - . ! . . . . . . o
. ALICE data (2.5<y<4.0) ] -
20.0 @ ALICE data (3 sub-bins) LHC 5.02 TeV [ LHC 5.02 TeV
# ALICE data (-3.6<y<-2.6)  p+Pb—>p+Pb+J/y | I p+Pb->p+Pb+J/y
T BG Wavefunction 12.0 } LCG Wavefunction
16.0 F —-— liIM=new ,"'J__"‘*,H i . .
—— lIM-old . | L )

do/dy [ub]

5.0 -3.0 -1.0 1.0 3.0 5.0

(*) Machado, dos Santos, JPG 42, 155001 (2015)



Comparison with the Run I data

#® Diffractive T photoproduction in hadronic collisions “

VPG, Moreira, Navarra, PLB 472, 172 (2015) )



Comparison with the Run I data

#® Diffractive T photoproduction in hadronic collisions “

l:”:'E 1 1 1 1 1 1 1 1

I I I I I I l:ll:lﬁ | 1 | 1 I 1 I 1 I | 1 I 1

GBW 7

a TKSY I GBW
sl @ | —-ams) | T g

Boosted Gaussian e bGC AL - - bCGCB,

R . | Gauss-LC fmem BCGCHD
- 12

o S =TTeV 4 oubL s =7TeV i

da/dY(nb)
T
1 I 1
dao/dY (nb)
e

002 - — i

0ol

"‘}VF'G, Moreira, Navarra, PLB 472, 172 (2015) )



Comparison with the Run I data

#® Diffractive T photoproduction in hadronic collisions “
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bVF'G, Moreira, Navarra, PLB 472, 172 (2015) )



Comparison with the Run I data

# Diffractive p photoproduction in hadronic collisions °

(¢) VPG, Machado, EPJC 40, 519 (2005); PRC80, 054901 (2009); PRC84, 011902 (2011)
Machado, dos Santos, PRC91, 025203 (2015)



Comparison with the Run I data

# Diffractive p photoproduction in hadronic collisions

900 10" .

600 . ®ALICE (prel. data) LHC 2.76 TeV PbPb "« STAR(RHIC)
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(¢) VPG, Machado, EPJC 40, 519 (2005); PRC80, 054901 (2009); PRC84, 011902 (2011)
Machado, dos Santos, PRC91, 025203 (2015)



Predictions for the Run II

(*) VPG, Machado, Moreira, Navarra, dos Santos (paper in preparation)



Predictions for the Run II

> Diffractive vector meson photoproduction in proton - proton collisions

(*) VPG, Machado, Moreira, Navarra, dos Santos (paper in preparation)
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Predictions for the Run II
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Diffractive vector meson photoproduction in proton - proton collisions
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(*) VPG, Machado, Moreira, Navarra, dos Santos (paper in preparation)



Predictions for the Run II

> Diffractive vector meson photoproduction in heavy ion collisions

1000 I

200

SO0

daldY(mb)

400

200 —

I ! I ' I
Pb + Pb —= Pb + p + Pb
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doldY(mb)

I
I

s = 5.02 Tev
Pb

= Pb + Jiyw + Pb

IIM (BG)
- IIM (LCG)
— BCGC (BG)
------- BOGC (LCG)

(*) VPG,

|
0
4

Machado, Moreira,

14—
N

Navarra, dos Santos (paper in preparation)

200

T T T ' T
s - 5.02 Tev
Pb+Pb —=Pb+ g+ Pb

M (BG)
77777 M (LCG)
----- — BOCGC (BG)
------- BCGC (LCG)

daldY(ub)

s = 5.02 TeV

Pb + Pb =Pb + ¥ + Pb

M (BG)
— —- IIM (LCG)




Predictions for the Run II

» Double Vector Meson production



Predictions for the Run II
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(*) VPG, Moreira, Navarra, arXiv:1605.05840[hep-ph]
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Double Vector Meson Production
Predictions for the total cross sections

Final state| Mechanism PbPb PbLPb pPb pp PP
V5 =2.76 TeV|/5 = 5.5TeV|/5 = 5TeV| /5 = 7TeV V5 = 14 TeV
J/U.J /W DPS 402.301 nb 1054.951 nb | 28.473 pb [3.223 x10~% pb| 7.256x10~* pb
Yy 235.565 nb 658.589 nb | 310.194 pb 2412 pb 0.4793 pb
PP DPS 21.150 mb 29.421 mb 702.595 nb 4.354 pb 7.083 pb
Yy 1.389 mb 1.973 mb 536.432 nb 182.442 pb 237.006 pb
H pJ /b ‘ DPS ‘ 0.18 mb | 0.35 mb | 8.929 nb ‘ 7.469 x10~2 pb | 14.288 x 102 pb ||
Final state LHCb ATLAS/CMS| ALICE1 ALICE2
2< 2 <45 2< <21 <pa<l|—1 <y <land —3.6 <ys < —2.6
J/WJ/U | PbPb (/s = 2.76 TeV) 5.51 nb 234.94 nb 69.91 nb 6.94 nb
PbPb (/s =5.5TeV) 30.85 nb 446.11 nb 118.03 nb 25.45 nb
pPb (/s = 5TeV) 3.25 pb 8.87 pb 2.16 pb 0.37 pb
op PbPb (/s =276TeV)| 0.93 mb 6.08 mb 1.58 mb 0.54 mb
PbPb (/s = 5.5TeV) 1.50 mb 7.06 mb 1.79 mb 0.73 mb
pPb (/s =5TeV) 84.09 nb 122.03 nb 30.11 nb 8.53 nb
pJ/W | PbPb (\/s = 2.76 TeV) 4.48 ub 75.17 pub 20.94 b 2.06 (7.25) b
PbPb (/s =5.5TeV) 13.42 pb 112.00 b 29.06 b 6.21 (11.86) ub
pPb (/s =5TeV) 1.02 nb 2.08 nb 0.51 nb 87.31 (144.56) pb

(*) VPG, Moreira, Navarra, arXiv:1605.05840[hep-ph]
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» Vector Meson photoproduction with a leading neutron at HERA
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» Vector Meson photoproduction with a leading neutron in UPHIC

(**) VPG, Moreira, Navarra, Spiering arXiv:1605.08186[hep-ph]
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» Vector Meson photoproduction with a leading neutron in UPHIC
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(**) VPG, Moreira, Navarra, Spiering arXiv:1605.08186[hep-ph]



Predictions for the Run II

» Vector Meson photoproduction with a leading neutron in UPHIC

o(V) b V5= 0.2 TeV]/s = 0.5 TeV]+/5 = 8.0 TeV | /s = 13.0 TeV
(V) [
Koin 12.17 22.06 00.12 110.51
0 K, 14.34 25.98 106.12 130.14
Koo 16.42 29.75 121.54 149.04
Koin 1.83 358 16.67 20.73
& Komed 2.15 421 10.63 924.42
Kppos 2.46 4.83 99.48 27.96
Komin]  0.0042 0.010 0.25 0.35
T/ |Kmea|  0.0049 0.022 0.30 0.42
Konae|  0.0064 0.026 0.34 0.48

(**) VPG, Moreira, Navarra, Spiering arXiv:1605.08186[hep-ph]
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" Thank you for your attention !
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Double Vector Meson Production
Formalism

d?b

A2 01, ho—shi Vi Vaho _ C/ do [hy + ha — hqVihs] y do [hy + hg — hiVshs
bﬁtiﬂ

dy1dys d2bdyy d2bdys

do [hy +hy — h1 @V @ hs
d2bdy

= [wj\rh.i (w, b) Oyhy—V ®@ho (“d)]wb + [w‘?\rhz(a"' b) Oyhi—V ®@hy (U‘})]wg

]

N(w,b) = =—; o f w2 Jy(u)F \

(*) VPG, Moreira, Navarra, arXiv:1605.05840[hep-ph] 61



Leading neutron production in ep collisions
Results for Inclusive Processes

d?c(W,Q%, rr,t)
drydt
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Carvalho, VPG, Navarra, Spiering, PLB 572, 76(2016)
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do/d X [ub]

Leading neutron production in ep collisions
Results for Exclusive Processes

vp — p'ntn
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[nb]

do/dx

Predictions for Exclusive Processes with
a leading neutron at HERA
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