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Typical pp events: Exclusive events:
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 Very clean processes: Central production with forward hadrons
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2. Anomalous quartic gauge - couplings (yy = WTW ™),
3. SUSY/Radion/Dilaton production
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Central Exclusive Processes

Two-photon interactions: | Photon - Pomeron:
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# Allow us to study the QCD dynamics at small-z.

® Very clean processes: Central production with forward hadrons N o o
# Sensitive to the description of diffraction.

& Accessible measurements: o o ,
# Determination of the gluon distribution and the magnitude of

1. Luminosity via dilepton production (yy — p™p~); the shadowing effects.

2. Anomalous quartic gauge - couplings (yy = WTW~); B Search for saturation effects.

3. SUSY/Radion/Dilaton production # Search for Odderon, Charmoniumlike exofic states. ..
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C amics at small-z. ‘ .
# Alow us o study the ACD dynamics at small- # Spin- parity analyser: only a subset of resonant states can

® Very clean processes: Central production with forward hadrons N . e
# Sensitive to the description of diffraction. be produced. In particular 0 but not, for example, 17

® Accessible measurements: . o .
# Determination of the gluon distribution and the magnifude of § g Sensitive to the description of diffraction.

1. Luminosity via dilepton production (yy — u™p™); the shadowing effects. N .
! PR =) d # Very sensitive to beyond Standard Model Physics.

2. Anomalous quartic gauge - couplings (yy = WTW~); B Search for saturation effects.

3. SUSY/Radion/Dilaton production # Search for Odderon, Charmoniumlike exofic states, ...
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Photon — Induced Interactions:
The Equivalent Photon Approximation

B Consider a charged nucleus at rest. The associated electromagnetic field can be
represented by:



Photon — Induced Interactions:
The Equivalent Photon Approximation

B As a charged nucleus moves with nearly the speed of light, the electromagnetic
field becomes transverse to its velocity.
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Photon — Induced Interactions:
The Equivalent Photon Approximation

B Since the electric and magnetic field associated to the nucleus take on the same
absolute value, this transverse electromagnetic field can be simulated by an
equivalent swarm of photons “.
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Photon — Induced Interactions:
The Equivalent Photon Approximation

B Thus the collision of two charged nuclei at large impact parameter can be
described as the collision of two equivalent swarms of photons.

—_ —_— —_— — — —_— —_— —_— e — — — e — — =



Photon — Induced Interactions:
The Equivalent Photon Approximation

B Thus the collision of two charged nuclei at large impact parameter can be
described as the collision of two equivalent swarms of photons.
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Photon — Induced Interactions:
The Equivalent Photon Approximation

B Thus the collision of two charged nuclei at large impact parameter can be
described as the collision of two equivalent swarms of photons.
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# For a detailed and pedagogical discussion about the validit
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of the EPA see Budnev, Ginzburg, Meledin and Serbo, Phys.

Rep. 15, 181 (1975).
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T

el 1. yh Processes: o(hyhy - X) = ni(w) @ 07X (W)
2. 1y Processes: o(hihy = X) = my(w) ©na(w) © 01~ (W)

Center of mass energies

LHC pp W.,p < 8390 GeV W, < 4504 GeV
LHC | pPb(Ar) | W, 4 < 1500 (2130) GeV | W, < 260 (480) GeV
LHC PbPb W, 4 < 950 GeV W, < 160 GeV
HERA ep W, , < 200 GeV —
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Photon — Induced Interactions:
Center of mass energies

o R+,

1. 7h Processes: o(hihy = X) = np(w) @ 07F=X (W)

2.y Processes. o(huhy — X) = na(u) @ nafu) .11 (W)

Center of mass energies

LHC pp Vp S 8390 Ge W, < 4504 GeV
LHC | pPb(Ar) | W 4 L < 260 (480) GeV
LHC PbPb W, < 160 GeV
HERA ep —

® Photoproduction in pp collisions at LHC probes energies

one order of magnitude larger than HERA.
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Center of mass energies

el 1. yh Processes: o(hyhy - X) = ni(w) @ 07X (W)
2. 1y Processes: o(hihy = X) = my(w) ©na(w) © 01~ (W)

Center of mass energies

LHC pp W,p < 8390 GeV W, < 4504 GeV

LHC | pPb(Ar) (LAJL" 500(2130) GeV | W, < 260 (480) GeV
B |~ v sooey D W, < iocev
HERA ep W, < 200 GeV -

#® Photoproduction in pA and AA collisions probes an
unexplored regime of center of mass energies.
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el 1. yh Processes: o(hyhy - X) = ni(w) @ 07X (W)
2. 1y Processes: o(hihy = X) = my(w) ©na(w) © 01~ (W)

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 | PbPb W, 4 < 950 GeV W, < 160 GeV

HERA ep W, < 200 GeV -

® 7~ interactions with center of mass energies larger than
those obtained at LEP - CERN.
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Center of mass energies

o R+,

1. yh Processes: o(hyhy - X) = ni(w) @ 07X (W)

2. 1y Processes: o(hihy - X) = n1(w) @ ma(w) @ 074 (W)

Center of mass energies

W~ = 4504 GeV )
\

‘ LHC pp W,p < 8390 GeV  (
LHC | pPb(Ar) | W, 4 < 1500 (2130) GeV | W, < 260 (450) GeV
LHC PbPb W,a4 < 950 GeV I“n.,n., = 160 GeV
HERA |  ep W, < 200 GeV -

#® -~ interactions with center of mass energies larger than
those expected in the future ILC.
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Center of mass energies

e W T 1, 4h Processes: o{hyhy — X) = np(w) § o7=X (W, )
2. vy Processes: o(hihy » X) =mi(w) @ nalw) @ 77X (W)

Center of mass energies

LHC pp Wop < 8390 GeV W, < 4504 GeV
LHC | pPb(Ar) | W, 4 < 1500(2130) GeV | W, < 260 (480) GeV
LHC PbPb W,a4 < 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 ~h collisions.
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Center of mass energies

o R+,

1. yh Processes: a(hyhy = X) = my(w) @ 0™~ (I, )
2. 7y Processes. o(huha — X) = m1(u) 8 ma(w) @ 077 (W)

Center of mass energies

‘ IS

LHC pp W,p < 8390 GeV W, < 4504 GeV
LHC | pPb(Ar) | W, < 1500(2130) GeV | W, < 260 (480) GeV
LHC PbPb W, 4 < 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.
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* Inclusive processes: 7p — XY

—. Heavy quark photoproduction (X = ¢, 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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Typical processes

L & AR S

S 1h Processes. oy ~ X) = my() 6 24 (W)

Inclusive processes: vp — XY

= Heavy quark photoproduction (X = ¢, bb)

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

hy ) ks . F -—::r-—-—-—i

ha B E.j Fey
—

® \ — /1 3ypG, PRD8S, 054025 (2013)

X

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

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

PP MRST CT10

J5 = 8 TeV 0.739 pb (73900) 0.764 pb (76400)
Js = 14 TeV 2.50 pb (250000) 2.53 pb (253000)
pPb MRST MRST + EPS09

J5 = 5.5 TeV 0.036 nb (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 + EPS(09

J5 = 5.5 TeV 0.42 nb (0.18) 0.40 nb (0.17)
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* EXxclusive processes: 7p — 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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* EXxclusive processes: vp — Xp

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

} #® Cross section is proportional to the square of the
proton/nuclear gluon distribution.
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- o Proceses: by X) = o) 807" ()

T Rl—n—].:l2 B

* EXxclusive processes: vp — Xp

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

(pp — pR@ 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

Z'7 —
— é V=Y probe of the gluon distribution 2

=

%—’T VPG, Bertulani, PRC65, 054905 (2002)

hy
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Photon — Hadron Interactions at the LHC:
Constraining the nuclear gluon distribution

R zga(z,Q?)
7 A . I'gj‘)(ﬂ:! QZ)

# No nuclear effects = R, = 1.
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Eskola, Puukkunen, arXiv:1401.2345

# The current eA experimental data does not constrain the
small-z behaviour.

# Large theoretical uncertainty present in the kinematical
range probed by LHC.
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P - zga(z, Q?) # Diffractive J /¥ photoproduction in UPHIC:
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Eskola, Puukkunen, arXiv:1401.2345

# The current eA experimental data does not constrain the
small-z behaviour.

# Large theoretical uncertainty present in the kinematical
range probed by LHC.
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Constraining the nuclear gluon distribution

zga(z,Q?)
A - zgy(z, Q?)

# No nuclear effects = R, = 1.
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# The current eA experimental data does not constrain the
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Eskola, Puukkunen, arXiv:1401.2345

small-z behaviour.

# Large theoretical uncertainty present in the kinematical

range probed by LHC.

i 1

# Diffractive J/ ¥ photoproduction in UPHIC:

E s Pb+Pb — Pb+Pb+J/y 'I’S_HH =276 TeV a)
= | ------- AB-MSTW08 -
P I . # ALICE Coherent J/y
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® Since z = My /\/s exp(—y) we have:
y=-—-3=x=0.02

y=0=2=0.001inzg4(z,Q>).
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R = zga(z, Q?) # Diffractive J/ ¥ photoproduction in UPHIC:
A zgy(z, Q%) g of PbaPb - PbuPbady |5 =276TeV @) | -
T SE T peae » ALICE Coherent J/y

# No nuclear effects = R, = 1. L L oveesev.._O Reflected
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Eskola, Puukkunen, arXiv:1401.2345

® Since z = My /\/s exp(—y) we have:
» The current eA experimental data does not constrain the y=—3= 2 =0.02

small-z behaviour. _
y=0=2=0.001inzg4(z,Q>).
# Large theoretical uncertainty present in the kinematical

range probed by LHC. # ALICE gives the first evidence of large nuclear shadowing

effect at small-z.



Photon — Hadron Interactions at the LHC:
Probing the QCD dynamics

h
J # 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

s V=JuuY ,
g % o function °.
g

VPG, Machado, EPJC 40, 519 (2005)
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B Linear QCD evolution equations predict a power growth of gluon distribution as
r () (violates unitarty)
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In(1/x)
A

B Openquestions: Are present at RHICILHC/Cosmic Rays? What is the magnitude
of these effects? What s the more adequate description of the nonlinear effects?

High Density QCD,
CGC

Bl

A
!
-
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f o3
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/ Low Density QCD

Skl Y

DGLAP

f}rr

BFEL

Nonperturbative QC 'Ii\

oz

Linear QCD evolution equations predict a power growth of gluon distnbution as
r —+ 0 (violates unitarity).

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

Safurafion scale ()« (energy and atomic number dependent) defines the onset of
nonlinear QCD dynamics.
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pp collisions ¢
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nonlinear QCD dynamics.
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# Diffractive .J/¥ photoproduction in hadronic collisions “
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# Diffractive .J/¥ photoproduction in hadronic collisions “
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#® Diffractive T photoproduction in hadronic collisions ”

®\/PG, Moreira, Navarra, PLB 472, 172 (2015)
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C' parity requires the ¢ - channel exchange of an object of
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# We have considered two different models for the Odderon
exchange:
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account the interaction between the three gluons.
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# We have considered two different models for the Odderon
exchange:

Czyzewski, Kwiecinski, Motyka, Sadzikowski (CKMS)
model: simplified three non interacting gluon exchange.

Bartels, Braun, Colferai, Vacca (BEBCV) model: takes into
account the interaction between the three gluons.

VPG, NPA 902, 32 (2013)

® Predictions:

Table |
Cross sections (event rates/year) for the diffractive 5, photoproduction in pp
collisions at LHC energies.

VSNV CKMS BBCV

8 TeV 0.55 pb (55000) 10.10pb (1 x ]06)
14 TeV 0.63 pb (65 000) 13.90pb (1.4 x 106)
Table 2

Cross sections (event rates/year) for the diffractive 5. photoproduction in PbPb
collisions at LHC energies.

SN CKMS BBCV
276 TeV 0.30 pb (126) 14.25 pb (5985)
55TeV 0.40 pb (168) 23.59 ub (9912)




Photon — Hadron Interactions at the LHC:
Probing the Odderon

# Diffractive 7. photoproduction in hadronic collisions . | ® Predictions for the AFTER@LHC experiment °.

hy - hy

j

hihy

CKMS

BBCV

0000000, /\

pp (/s =115 GeV)

0.05 pb (1000.0)

0.30 pb (6000.0)

m
=
L@m&m ‘

/

Pbp (/5 = 72 GeV)

28.1 pb (31.0)

356.6 pb (393.0)

PbPb (/5 =

72 GeV)

5870.0 pb (41.0)

74366.0 pb (520.0)

ho ho

o

# We have considered two different models for the Odderon
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Czyzewski, Kwiecinski, Motyka, Sadzikowski (CKMS)
model: simplified three non interacting gluon exchange.

Bartels, Braun, Colferai, Vacca (BEBCV) model: takes into
account the interaction between the three gluons.

VPG, NPA 902, 32 (2013)

TABLE I: Cross sections (event rates/year) for the exclu-
sive 1. photoproduction in pp/Pbp/PbPb collisions at AF-
exchange: TER@QLHC experiment.

®VPG, Sauter, PRD 91, 094014 (2015)
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# Diffractive 7. photoproduction in hadronic collisions . | ® Predictions for the AFTER@LHC experiment °.
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g hihs CKMS BBCV
g pp (/s = 115 GeV) [0.05 pb (1000.0)] 0.30 pb (6000.0)
Q\”’”’ Pbp (\/s=T2 GeV) | 28.1 pb (31.0) | 356.6 pb (393.0)
§£ PbPb (/s = 72 GeV)|5870.0 pb (41.0)|74366.0 pb (520.0)
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. : TABLE I Cross sections (event rates/year) for the exclu-
» We have considered two different models for the Odderon sive 1. photoproduction in pp/Pp/PhPh colisions at AF-
exchangej TERQLHC experiment.

Czyzewski, Kwiecinski, Motyka, Sadzikowski (CKMS)

model: simplified three non interacting gluon exchange. : : . :
P 99 ° # Background is only present in pp collisions, which makes the

observation of the exclusive 7. production in Pbp and PbPb
collisions a signature of the Odderon.

Bartels, Braun, Colferai, Vacca (BEBCV) model: takes into
account the interaction between the three gluons.

VPG, NPA 902, 32 (2013) ®VPG, Sauter, PRD 91, 094014 (2015)
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# Inthe past eleven years a series of charmoniumlike states S .
hadronic collisions “.

X, Y, Z has been announced by various experiments.
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# These exotic mesons are a class of hadrons that decay to 7—/ |

final states that contain a heavy quark and a heavy
antiquark but cannot be easily accommodated in the
remaining unfilled states in the cc level scheme.

Ze(3000)7

# More interesting exotic states: Charged states Z(4430) and

Z(3900). # Basic idea: the photon stemming from one of the incident
protons fluctuates into a .J/W which interacts with the other
® These states clearly have a more complex structure that cz, proton through the.” - exchange producing an and a
being natural candidates for molecular or tetraquark states. Z.7(3900) state which decays in the J /U + 7 system.

VPG, Silva, PRD 89, 114005 (2014)
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h A~ e 2\ _ ~ e ~ - 2
' / (i': H ) — Jel (i) - finel(l': H )
hq
- where z is the fraction of the nucleon energy carried by the
photon and ;. is a momentum scale of the photon - induced
! subprocess.
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h A~ e 2\ _ ~ e ~ - 2
' / (l' , [ ) — Jel (i) - /inel (i' , [ )
hq
- where z is the fraction of the nucleon energy carried by the
photon and ;. is a momentum scale of the photon - induced
! subprocess.
# Several groups (MRST, NNPDF, CTEQ) have proposed to
hy treat the photon as one of the point-like partons inside the
S

nucleon and to account for this QED effect explicitly in the
global analysis.



Photon — Hadron Interactions at the LHC:
Probing the Photon Distribution of the Proton

® The inclusion of the QED effects implies that the quark, gluon and photon
distributions satisfy QED-modified DGLAP equations, which are given at leading

order in both as and « by:

dq;(z, j1?) g / dy r
. - 5 P i\ ‘|—P —y
dlog 12 S —{ qq(y)q( 2o _g(y i)}
v 1dy , T
+ o /T Y {qu(y €; Q’a{y, 112) + Py (y) ff-a'"}"(;_-.# ]}
89(I F’-‘l’zj o g 1 dy T
Alog u2 ﬂﬂ g{ Pyq(y) Zt}‘; ) + Pyg(y) Q(E : )}
Oy(z,p?) o« ldy v,
0 log p? o E/T ;{ ZE QJ(_ +P’n( )'}(;:P’»)}u
where
ﬁqq = Cj;lpqq: P, = CEngq:
: 2
PQ’T = TR_qug: R‘;'}- - _5 - E’? (S(l — ’y)

and momentum is conserved:

,/Ol de x { 3 qi(a, 1i*) + g(a, 1i°) + 3 (@, 1) } = 1.
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® |Initial condition v (x, Q2):
MRST: Naive model
NNPDF: Freely parametrized
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# Diffractive Quarkonium Photoproduction in Hadronic
Collisions as a probe of the photon flux °.
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VPG, da Silveira, arXiv:1506.01352[hep-ph]
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Thank you for your attention !






Probing Quarkonium Production in
photon — induced interactions



Quarkonium + Photon production in
photon — induced interactions (*)
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Table 1 The total cross section for the H + y photoproduction in co-
herent hadron—hadrons collisions at LHC energies

/W4y MEHEN BK

LHC (7 TeV) 3.62 pb 1.23 £0.50 pb
LHC (14 TeV) 5.60 pb 1.90 £ 0.32 pb
T +y BFL BSV

LHC (14 TeV) 5.46 fb 1.45+0.13 fb
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Table 1. The total cross section [event rates) for the mielastic gquarkonnm photoproduction in coherent pp colbsions at LTHOC
ETiErgIes.

T MRSTLO CTEQSL

vF = TTeV 1E.0nb (1.8 = 107) 18.0nb (13 = 107)
V5 = 14TeV 25 0nb (2.5 = 107) 1E.0nb (18 = 107)
l T MRSTLO CTEQSL |
S5 = TTeV 0.30 b (30 » 10°) 0.21 b (21 » 10°)

v's = 14 Te¥ 0 AT ob (47 « 10%) (L ob (33 « 10%)

(*) VPG, M. M. Machado, EPJA 50, 72 (2014)



