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Proton - Proton Collisions
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LHC is:
 Discovery Machine
« QCD machine (QCD is always present!)

Diffraction is:
« Vital aspect of QCD
* Place to look for New Physics




Diffraction in Particle Physics

2 Diffractive reactions at hadron colliders are defined as reactions in
which no quantum numbers are exchanged between colliding particles
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o Identified by the presence of an intact leading particle or a large
rapidity gap (LRG).



Diffraction in electron - proton
collisions

o Deep-inelastic electron-proton scattering (DIS) at DESY - HERA:

electron

—

Large Rapidi
Vs=319 GeV 8 pidity

Gap

v" Main goal of HERA was the investigation of the structure of the proton;

v" Unexpectedly, in 1993 HERA saw that in 10 % of the DIS events there was a
large gap where there were NO particle produced between the struck quark
and the proton: Diffractive deep inelastic scattering (DDIS).



Leading-twist collinear
factorization in DDIS

Diffractive structure function (integrated over t):

FD(3)( P, 3, Qz) _ 5/ — (2.3 () a/p(X]PjZ HF)

aqg

— Zez 3 q/p(Xp,,{j’ju,,_—) at LO.

are the same coeficiente functions as
in inclusive DIS;
> Diffractive PDFs fP ,, satisfy DGLAP
evolution;
» Proven by J. Collins [hep-ph/9709499] to
hold up to power-suppressed corrections.

> M,

Hard scattering
process

Diffractive
parton
distribution



Proton vertex factorization

QCD collinear
factorisation at

Proton vertex
factorisation

» Proton vertex factorization (Ingelman, Schlein - 1985) separate x;p from the (p, Q?)
dependences: 7+

2 op (e, B, Q2) = Fro(xzp) . fore (B, Q)

Probability for a hadron
to radiate off a Pomeron

Pomeron
flux




Proton vertex factorization

QCD collinear
factorisationat ~  /
fixed x, t X (M,) X
Proton vertex ||
o factorisation P, IR
\_/

» Proton vertex factorization (Ingelman, Schlein - 1985) separate x;p from the (p, Q?)
dependences: 7+

2 op (e, B, Q2) = Fro(xzp) . fore (B, Q) ‘

Pomeron
PDFs

Pomeron
flux




Proton vertex factorization

QCD collinear
factorisation at

Proton vertex
factorisation

P -~ b p ~ p

» Proton vertex factorization (Ingelman, Schlein - 1985) separate x;p from the (p, Q?)
dependences: 7+

2 op (e, B, Q2) = Fro(xzp) . fore (B, Q) ‘

Pomeron
PDFs

Pomeron
flux

No QCD basis,
consistent with data
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Pomeron PDFs
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Q? [GeV?] =
» Gluon dominates the Pomeron structure (60% of the exchanged momentum

carried by gluons) ;
» Gluons weakly constrained in the high z region;



Pomeron PDFs

¥,p=0.01
g o * H1 LRG (M_ < 1.6 GeV) —— H1 2006 DPDF Fit B
= - O ZEUS LAG (M_ <1.6 GeV)  ===- {extrapol. fit)
hd
o 104 = -.-.- Dipole Model
we - § B =0.005 (=11}
o B _a_...- B =0008(=10)
| — LT
10° 5 = B =0.013 (I=9)
= e
B - §__ [ =0.02 (1=8)
o _OgRome S
102 £ - P =0.03 (I=7)
- = ___ | =0.05 (I=6)
10 ° - B =0.08 (I=5)
u B =013 (I=4)
1E B B =0.2(=3)
= o B =0.32 (I=2)
I - - .
=y , . B =0.5 (I=1)
e 10" E g o - o— =
= = =TT
= =
— C mma B = 0.8 (I=0
: FH1T = e e
2, -2 1 L | |
10 107

Q? [GeV?]

DGLAP
Evolution
Equations

)

uz = 25 GeV?, x _ = 0.01

§40_ H1 Fit B - z G(2)
N L BEEE H1FitB-z3(2)
= — — — ZEUS SJ -2z G(2) < 1.2
- v el | ZEUS SJ -z x(2) x 1.2
30— — .. —. H1 Fit Jets - z G(2)
b - ---- H1 FitJets - z 3(2)
3
.% "
1 A Y
¥ v guans
20ft- TR
—i:‘. \\\ \'.\
B3 e
: e :.;;‘ '.:';”
10— .
| g-singlet
o 1 1
(0] 0.2 0.4

» Gluon dominates the Pomeron structure (60% of the exchanged momentum

carried by gluons) ;

» Gluons weakly constrained in the high z region;
> Cross check: Use the resulting DPDFs as input in the calculations of other
diffractive observables measured at HERA and hadronic colliders (Tevatron and

LHC)



Diffractive Di-jet Production
at the Tevatron
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> Predictions obtained using the HERA DPDFs fail by factor 5 - 7;
> Note: QCD factorization has not been proven for hadron - hadron collisions.

> Final state interaction between proton remnant and antiproton possible.
Gap survival probability is not equal to one !



Diffractive Di-jet Production
at the LHC

ATLAS detector
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IIII]IIIIIIII]]IIIIIIIII]IITI]IIIIIIITI]I

@]
N
|

'E 3 CcCMS =m= Data E
hig ,H ]EI w E —e— ATLAS Data, 7.1 ub™' (7 TeV) J
c — F _
ggJ N\ AN forward =BT .
BIE | (———\ 3D detectors S F E
-4 proton 1 ]
== = ﬂ-“*—|":... -
= L : 10— ;— -
AR - fracking detectors E
1.6 e¢—r—r—r—r—-r—r—r-r—r+r—r—r—rr—rrrr—r—rrrrr-r-r-r—-sr7]Tr+—+—-"T+7]7T
‘H it - calorimeters 213 e
—— 1 1
E 94
b= S T T N e T P e e L
- H I S S
AnF

> Diffractive component is required for more complete description of data;
> Rapidity gap survival factor (Probability of non - emission by other soft processes
into gap): S% = 0.16 + 0.04 (stat) + 0.08 (exp. Syst.)

O The inclusion of S? is fundamental to describe the experimental data from hard
diffractive processes.

< Associated to soft reinteractions -> Nonperturbative physics !

* Main theoretical uncertainty in hard diffraction | Universal? Depends on s'/2, n ...?



Hard Diffraction at the LHC

[ Hard processes, calculable in perturbative QCD
O Measure proton structure, QCD at high parton densities, Discovery physics
0 Some few examples:



Hard Diffraction at the LHC

[ Hard processes, calculable in perturbative QCD

O Measure proton structure, QCD at high parton densities, Discovery physics

0 Some few examples:

< Di-jet production (*)
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Main goal: Probe of the gluon DPDF

(*) Marquet, Royon, Sampert, Werder, PRD88, 074029 (2013)



Hard Diffraction at the LHC

[ Hard processes, calculable in perturbative QCD
O Measure proton structure, QCD at high parton densities, Discovery physics

0 Some few examples:

< Di-jet production (**)

remnants
proton
m jet
=)
=
=
&
jet
proton _ proton
») remnants
proton ) soft iet proton
remnants | /8t [radiation /€ remnants
= 0 =

(**) C. Royon et al, PRD83, 034036 (2013);
PRD87, 034010 (2013)

proton
remnants proton proton
proton y. - -
—_—{ ) = omeron
: > remnants
~
2 !
I’/ oo et
&
Pomeron
00000, et
Pomeron
5 AR 55 remnants
L3 S
42
' Yo, proton proton
:”!, A | " L0 i
nnar = g _E ‘6 ‘E’ =
2 o 8. 5® e
S [9ap|g E|iet| gap [let|g Efgap|T
o Lo £e al
-0 0 =%

Main goal: Probe the BFKL evolution between the
hard scale set by the two jets



Hard Diffraction at the LHC

[ Hard processes, calculable in perturbative QCD
O Measure proton structure, QCD at high parton densities, Discovery physics
0 Some few examples:

<» Photon + jet production (*)
Single Diffraction Double Diffraction

Main goal: Probe of the quark DPDF

(*) VPG ,Brenner Mariotto, PRD88, 074023 (2013)
Marquet, Royon, Sampert, Werder, PRD88, 074029 (2013)



Hard Diffraction at the LHC

[ Hard processes, calculable in perturbative QCD
O Measure proton structure, QCD at high parton densities, Discovery physics
0 Some few examples:

< W, Z production (*)

proton

p remnants
Main goal: Probe of the quark DPDF and Pomeron
|
- Flavour symmeftry
Pomeron
p remnants

&ln
p

(*) Gay Ducati et al, PRD 75, 1140013 (2007);
Golec - Biernat et al., PRD 81, 014009 (2010);
Royon et al., THEP, 092 (2016)



Hard Diffraction at the LHC

[ Hard processes, calculable in perturbative QCD
O Measure proton structure, QCD at high parton densities, Discovery physics
0 Some few examples:

<+ DPE with Double J/y production (**)

(a) (b)

~
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Main goal: Probe of the quarkonium production mechanism

(**) VPG, Brenner Mariotto, PRDS1, 114002 (2015)



Hard Diffraction at the LHC

[ Hard processes, calculable in perturbative QCD

O Measure proton structure, QCD at high parton densities, Discovery physics
0 Some few examples:

<+ Heavy quark production
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Hard Diffraction at the LHC

[ Hard processes, calculable in perturbative QCD
O Measure proton structure, QCD at high parton densities, Discovery physics
0 Some few examples:

<+ Heavy quark production




Hard Diffraction at the LHC

[ Hard processes, calculable in perturbative QCD
O Measure proton structure, QCD at high parton densities, Discovery physics
0 Some few examples:

<+ Heavy quark production

—_— S —

Q

Photon - P:gigg }
Pr'o’ronm ) oS v




Hard Diffraction at the LHC

[ Hard processes, calculable in perturbative QCD
O Measure proton structure, QCD at high parton densities, Discovery physics
0 Some few examples:

<+ Heavy quark production
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Hard Diffraction at the LHC

[ Hard processes, calculable in perturbative QCD
O Measure proton structure, QCD at high parton densities, Discovery physics
0 Some few examples:

 Heavy quark production (*)

> All contributions were included inside a MC generator: Forward Physics
Monte Carlo (FPMC)

I (*) VPG, Potterat, Rangel, PRD93, 034038 (2016)



Hard Diffraction at the LHC

[ Hard processes, calculable in perturbative QCD
O Measure proton structure, QCD at high parton densities, Discovery physics
0 Some few examples:

 Heavy quark production (*)

> All contributions were included inside a MC generator: Forward Physics
Monte Carlo (FPMC)

| | pp | pP | IPP | ~p [ ~vP | vy |
LHC [3.59 x10°]2.63 x107|1.51 x10°[11474.80[1744.91 0.11
LHCb |1.53 x 107 |210036.10| 1846.33 | 3065.27 | 573.14 |7.97 <10 '

LHCb gap| 3725.05 | 59392.50 | 518.22 | 932.01 | 189.37 |7.97 <10 ©

TABLE I: Total cross sections in pb for the bottom production in inclusive pp collisions and and pIP, IPIP, ~vp, vIP and
~~ interactions. The LHCb gap line represents the results obtained considering the detector acceptance with a rapidity gap
requirement in the LHCb experiment.

» The requirement that the bottom quarks are produced in the LHCb
acceptance, (2.0 < n<5.0) and no charged particles are produced in the
backward region of - 4.5 < n< - 1.5 suppress the inclusive contribution.

» SD becomes dominant |

I (*) VPG, Potterat, Rangel, PRD93, 034038 (2016)



Hard Diffraction at the LHC

[ Hard processes, calculable in perturbative QCD
O Measure proton structure, QCD at high parton densities, Discovery physics
0 Some few examples:

 Heavy quark production (*)
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I (*) VPG, Potterat, Rangel, PRD93, 034038 (2016)



Exclusive Diffraction at the LHC

2 Inclusive Diffraction: Pomeron remnants
are present

proton proton

Pomeron
remnants

jet

Pomeron
remnants

proton proton




Exclusive Diffraction at the LHC

2 Inclusive Diffraction: Pomeron remnants

are present

proton proton

Pomeron
remnants

jet

Pomeron
remnants

proton proton

2 Exclusive Diffraction: Pomeron remnants
are NOT present and ALL particles can be
measured in the final state

(5%




Exclusive Diffraction at the LHC

2 Inclusive Diffraction: Pomeron remnants
are present

proton proton

Pomeron
remnants

Pomeron
remnants

proton proton

) Exclusive Diffraction: Pomeron remnants
are NOT present and ALL particles can be
measured in the final state

> It is possible to reconstruct the properties of the object produced exclusively
from the tagged proton since the system is completely constrained.



Exclusive Diffraction at the LHC

2 Inclusive Diffraction: Pomeron remnants
are present

proton proton

Pomeron
remnants

Pomeron
remnants

proton proton

2 Exclusive Diffraction: Pomeron remnants
are NOT present and ALL particles can be
measured in the final state

(5%

> It is possible to reconstruct the properties of the object produced exclusively
from the tagged proton since the system is completely constrained.

» Final state characterized by intact protons and two rapidity gaps.



Exclusive Processes at the LHC:
Exclusive Diffraction and Photon Exchange Processes

Pomeron - Pomeron: | Photon - Photon: Photon - Pomeron:
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Exclusive Processes at the LHC:
Exclusive Diffraction and Photon Exchange Processes

Pomeron - Pomeron: | Photon - Photon: Photon - Pomeron:
| hy
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hl
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| | :
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8 5pin- parity analyser: only a subset of resonant states can
be produced. In particular 07 but not, for example, 17,

8 Sensitive to the description of diffraction.

B Very sensitive to beyond Standard Model Physics.



Exclusive Processes at the LHC:
Exclusive Diffraction and Photon Exchange Processes

Pomeron - Pomeron: | Photon - Photon: Photon - Pomeron:
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8 5pin- parity analyser: only a subset of resonant states can

® Very clean processes: Central production with forward hadrons
be produced. In particular 07 but not, for example, 17,

®  Accessible measurements:
8 Sensitive to the description of diffraction.

1. Luminosity via dilepton production (yy — p™pu~);
B Very sensitive to beyond Standard Model Physics. ! Penp = 7]

2. Anomalous quartic gauge - couplings (yy = WTW™);
3. SUSY/Radion/Dilaton production



Exclusive Processes at the LHC:
Exclusive Diffraction and Photon Exchange Processes

Pomeron - Pomeron: | Photon - Photon: Photon - Pomeron:
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9 Soin- ety anavser onlv a subset of {stat # Allow us to study the QCD dynamics at small-z.
2P - parly afialy3et. Only @ SUDSELOTIGSONant Sales e § - g Very clean processes: Central production with forward hadrons

®  Accessible measurements: o S ,
# Sensitve to the description of diffraction. # Determination of the gluon distribution and the magnitude of
1. Luminosity via dilepton production (yy — p™pu~); the shadowing effects.

B Very sensitive to beyond Standard Model Physics.
2. Anomalous quartic gauge - couplings (yy = WTW™); B Search for saturation effects.

3. SUSYRadion/Dilaton production # Search for Odderon, Charmoniumlike exotic states, ...



Exclusive Processes at the LHC:
Exclusive Diffraction and Photon Exchange Processes

1 Typical pp events: 1 Exclusive events:
LHC Event Display
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Photon - induced interactions at the LHC:

e, e\ 1, ",-hPFOCESBES:{T[hlhg—X}:I'-!h{w'j'=}§-Hﬁ-'h_:'1{(l-l',?gt]

2. 1y Processes: o(hihy = X) = m(w) @ ng(w) ® 017 (W)



Photon - induced interactions at the LHC:

em et — ] . ~h Processes; U(hlh-gﬁ}{):?1}1({4-')IXIUﬁ'r'h_}X(l'i'}-h)

2. 7y Processes. o{huhy - X) = m(u) @ma(w) 9 0714 (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 Woa S 950 GeV W, < 160 GeV
HERA ep W.,, = 200 GeV -




Photon - induced interactions at the LHC:

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

TN 2. 7y Processes: a{hihy — X) = 1) @ ma(w) @ X (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 Woa S 950 GeV W, < 160 GeV
HERA ep W.,, = 200 GeV -

» The LHC is the world’s most powerful collider not only for
proton and lead ions but also for vy and vh collisions.



Photon - Photon Interactions at the LHC




Photon - Photon Interactions at the LHC

vy Processes: o(hhy - X ) = ny{w) @ ngluw) @ 7114 W)



Photon - Photon Interactions at the L
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Photon - Photon Interactions at the LHC:
Probing the Photon Distribution of the Proton

Y

—— Elastic
-— MRST LO (naive)
MRST QED

VPG, da Silveira, PRD92, 014013 (2015)



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

1h Processes: o(hyhy — X) = ny(u) 9 07 (W)



Photon - Hadron Interactions at the LHC

vh Processes: o(hyhy — X) = ng(w) @0 =4 (W)

d Diffractive vector meson photoproduction at the LHC

» Coherence condition implies Q2 # 0.
by » At leading logarithmic approximation
the cross section is proportional to
L the square of the target gluon
a distribution.
L » Diffractive vector meson
- photoproduction in hadronic colliders
V= J/u T can be used as a probe of the gluon
distribution.

QQOQCO0
QOO0

Y

=
[
e

VPG, Bertulani, PRC65, 054905 (2002)



Diffractive vector meson photoproduction at the LHC
Probing the nuclear gluon distribution

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

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

> The current eA experimental data
does not constrain the small-x
behaviour.

» Large theoretical uncertainty present

in the kinematical range probed by
LHC.



Diffractive vector meson photoproduction at the LHC
Probing the nuclear gluon distribution

LGA (*T-r QZ}
A- ;ng(ﬂf._. QQ)

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

> The current eA experimental data
does not constrain the small-x
behaviour.

» Large theoretical uncertainty present

in the kinematical range probed by
LHC.
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Since x = (My,,/s2).exp(-y) one have:
y=—3=x=0.02

Y = 0= 2 =0.0011In :Eg'_q{ﬂh Qg}

First evidence of a strong nuclear
shadowing at small - x



Diffractive vector meson photoproduction at the LHC
Probing the QCD dynamics at high energies

0 At high energies we expect the In(1/)
breakdown of the leading
logarithmic approximation and that
the contribution of the nonlinear
linear effects for the QCD
dynamics become important.

[ The description of the diffractive
vector meson photoproduction
should taken into account these
effects.

BFKL

MNonperturbative QCI \

0 The study of this process in photon

- induced m’rer'ac‘nons.can be used # Linear QCD evolution equations predict a power growth of gluon distibution as
as a probe of the nonlinear effects = 0 iolaes uniarit)

in the QCD dynaml.cs and the vector & Number of gluons in the nucleon becomes so large that gluon recombine =
meson wave fUﬂC"'lOﬂ Cl. Nonlinear effects

#  Saturation scale (s (energy and atomic number dependent) defines the onset of
VPG, Machado, EPJC 40, 519 (2005) nonlinear QCD dynamics.




Diffractive vector meson photoproduction at the LHC:
Color Dipole Formalism

do [hy +hg = h1 @V @ hs - \r
d*bdy = [N, (w.0) Tvha—=V ®hy (“‘I‘J]LL + [wiNhy (w, ) Tvhi—V ®hy (W)]wﬂ

0 0
1 1 ,_ ,
sh sV = [ Tar= o [ A )P

— >0 — XD

A}h_}prh(in&) — '.!‘I./f_i,?f dg.r.dgbhe_i[bh_(l_z){r]'ﬁ (‘I"V*‘P)T QNh(I,T,th

| )

1
Overlap functions for Vector Mesons: N

ere N, __ |
(Wi 0)y = o e imiKolen)dn(r2) = 22 + (1 = 9)eKi (€0, hr(r.2))




Diffractive vector meson photoproduction at the LHC:
Color Dipole Formalism

do [hy +hg = h1 @V @ hs ; ;
dzbdu - [wi:\hi(bu b] Tvha—V @ho (Wiﬂf.u[, + [L‘Ji?\"hz(w-. b] O~vhi{—=V @hy (w)]wR

: ' do L[ hevh 5
o(vh — Vh) = Ea’.t = Tor AT (z, A)|* dt

— >0 — XD

ANV e A) = -e'-_/d: A7 d2bpe~ 0= (1= A (]IJV*‘P)\
N

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



Diffractive vector meson photoproduction at the LHC:
Color Dipole Formalism

do [hy +hg = h1 @V @ hs - \r
d?bdy B [wj\:hi (w, ) Tvho—V @he (w”w[, + [w*'r\’" hy (W, b) Ovh1—V @hy (W)]wﬂ

0 0
1 1 ,.
o(vh = Vh) = / g dt = = / |.,4%h_wh(:£, A)|? dt

AP @, A) =1 / dz dPr d2bye = 1on=A=2T1A (g Vry )‘
N

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

Proton: Constrained by Hera data for inclusive and exclusive processes
taking into account the nonlinear effects

* Nucleus: Na(z, 7, ba) =1 —exp [_i Tap(2,72) Ta(ba )] Sums all multiple elastic
2 | rescatterings of the dipole

Oap(, r?) = 2/(i2bp Np(z, 7, by)



Diffractive vector meson photoproduction at the LHC:
Comparison with the Run I data

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

| T
bCGC - BG
J/¥Y v = bCGC - LCG
i e CMS
5”2 =7 TeV [ | ALICE

s"2=276Tev

—_
0
C — ——
> 4 o -
2 %
o} . .
© e N
y bCGC - BG G N\
————— bCGC -LCG / 3
| LHCb 2013 /7 B
LHCb 2014 7 2
/
I/ *
- \.\
- .
=1 1 1 [ | LTS
-4 0 2 4

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



Diffractive vector meson photoproduction at the LHC:
Comparison with the Run I data

# Diffractive T photoproduction in hadronic collisions °

0,06 T , , I | 0.06 T T ¢ T T T T I N
- (a) GBW |- " (b) GBW
———— GBWEKSX o GBW KSX
0,05 b-CGC B, [ i b-CGCB, ||
 Boosted Gaussian @~ |=- - b-CGCRull | | - Gaus-LC e - b-CGC full |
112 ¢ LHG 12 _
o498 = 7 TeV - wi-s T =7TeV -

do/dY(nb)
T
do/dY(nb)
T

0,02 0.021-

0.01 = 0,01

&UF'G, Moreira, Navarra, PLB 472, 172 (2015)



Diffractive vector meson photoproduction at the LHC:
Comparison with the Run I data

#® Diffractive p photoproduction in hadronic collisions

900
E F LI L I I O B L B I Y [N L O Y ] 800 _ ° ALICE (prel' data) LHC 2.76 TeV Pbpb __
E S00F Pb-Pb 5,y,=276 TeV Pb+Pb — Pb+Pb+p™] - GM Pb+Pb—->Pb+Pb+p’
= . s . 700 r —-—- lIM-old LCG wavefunction
= o ]
2 TIIIEIE — ] - —— lIM-new
S s00f . = %00 " ——— GBW AN
500 - E .E. 500 - ’
E f E > [ N
e | ™ T T 400 - : \
S | : © * ‘
S N T
300 = i',!' ‘lt — 300 -
n0f ’I —t+— ALICE, stat. errors \ 4 200 -
- ALICE, sys. errors : -
100 - 100 + (b)
- / — STARLIGHT GM —GDL - _
D C [ RR T T T T W TN T A A A M N N A B A n
5 4 2 0 2 4 B 0 10

y

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



Diffractive vector meson photoproduction at the LHC:
Predictions for the Run IT

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



Diffractive vector meson photoproduction at the LHC:
Predictions for the Run IT

> Diffractive vector meson photoproduction in proton - proton collisions
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(*) VPG, Machado, Moreira, Navarra, dos Santos (paper in preparation)



Diffractive vector meson photoproduction at the LHC:
Predictions for the Run IT

» Diffractive vector meson photoproduction in nucleus - nucleus collisions

00— 77T '
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(*) VPG, Machado, Moreira, Navarra, dos Santos (paper in preparation)



Diffractive vector meson photoproduction at the LHC:
Complementary studies in the Run II

> Double Vector Meson production in photon - photon interactions (*)

> » 10’ — T — T — T 0 T
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» The contribution associated to the description of the QCD dynamics at high
energies contributes significantly for the double J/¥ production.

I(*) VPG, Moreira, Navarra, EPJC 76, 103 (2016)



Diffractive vector meson photoproduction at the LHC:
Complementary studies in the Run II

» Double Vector Meson production in double photon - hadron interactions
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' (**) VPG, Moreira, Navarra, EPJC 76, 388 (2016)



Diffractive vector meson

Complementary studies in the Run IT

hotoproduction at the LHC:

» Double Vector Meson production in double photon - hadron interactions
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(**) VPG, Moreira, Navarra, EPJC 76, 388 (2016)
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Diffractive vector meson photoproduction at the LHC:
Complementary studies in the Run IT

» Vector Meson photoproduction with a leading neutron



Diffractive vector meson photoproduction at the LHC:
Complementary studies in the Run IT

> Vector Meson photoproduction with a leading neutron at HERA (***)

yp — p'ntn
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€
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" (***) VPG, Navarra, Spiering, PRD 93, 054025 (2016)



Diffractive vector meson photoproduction at the LHC:
Complementary studies in the Run IT

> Vector Meson photoproduction with a leading neutron at the LHC (**)

" (**) VPG, Moreira, Navarra, Spiering PRD94, 014009 (2016)



Diffractive vector meson photoproduction at the LHC:
Complementary studies in the Run IT

> Vector Meson photoproduction with a leading neutron at the LHC (**)

do/dY [nb]
do/dY [nb]

do/dY [nb]
doldY [nb]

doidY [nb]
daidy [nb)

~ (**) VPG, Moreira, Navarra, Spiering PRD94, 014009 (2016)



Pomeron - Pomeron Interactions at the LHC

[ Allows to search for Beyond Standard Model Physics in a clean environment.
0 Some few examples:



Pomeron - Pomeron Interactions at the LHC

[ Allows to search for Beyond Standard Model Physics in a clean environment.
0 Some few examples:

< Probing the Radion in Central Exclusive Processes (*)

» In the Randall-Sundrum (RS) scenario the compactification radius of the
extra dimension is stabilized by the radion, which is a scalar field lighter than
the graviton Kaluza-Klein states.

]ﬂu T T TT I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
e AT, z
I % i % i ;“ " |P [P iTevatron, <5 > = 5%) E
A \‘a-:,,_ «'faf; wiE T~ — — — -y (Tevatron) .
7 = LA\ T L [P [P (LHC, <8%> = 3%)
4 g B : TTeel -~ = yy (LHC)
[ =] [} 1w ""-..,‘_' ]
i’ E'fl %s- == - T L T
{ ] =2 ] -
' __________ 5 a  a E ] = = - [
[ B e S -
o 9 S = W T e =
:\= = b o ™ e
) E; é‘ T
.—\5 & | 46“' “'H-__H
N 8 & w*F S~ -
AT, | T
7 ) 7 | - :
\ / \ / - —— 3
\.\____F_,f \.\_\_____,/ lum_ —-_.__‘_“_‘__
m—:z: | | | cl 1 Loyl |
100 200 300 400 500 &0 T B0 Q00 1000

“(*) VPG, Sauter, PRD89, 076003 (2014)



Pomeron - Pomeron Interactions at the LHC

[ Allows to search for Beyond Standard Model Physics in a clean environment.

0 Some few examples:

“» Double Z production in the large extra dimensions scenario (**)
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"(**) VPG, Thiel, Sauter, PRD89, 076003 (2014)
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Pomeron - Pomeron Interactions at the LHC

O Allows to search by Beyond Standard Model Physics in a clean environment.
0 Some few examples:

“* Probing the Dilaton in Central Exclusive Processes at the LHC (***)

» The existence of a dilaton as a pseudo-Nambu-Goldstone boson in spontaneous breaking
of scale symmetry is predicted in beyond standard model theories in which electroweak
symmeftry is broken via strongly coupled conformal dynamics.
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(***) VPG, Sauter, PRD91, 035004 (2015)



Pomeron - Pomeron Interactions at the LHC

[ Allows to search by Beyond Standard Model Physics in a clean environment.
O Some examples:

“* Probing the Dilaton in Central Exclusive Processes at the LHC (***)

» Our results indicated that if the dilaton is massive ( Mx > 2 M, ), the study of dilaton
production by IP IP interactions in pp collisions can be useful to determine its mass and
the conformal energy scale.
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(***) VPG, Sauter, PRD91, 035004 (2015)



Q Diffraction offer us a unique opportunity to study the
hard and soft regimes of QCD and its interplay in unusual
settings.



Summary

A Diffraction offer us a unique opportunity to study the
hard and soft regimes of QCD and its interplay in unusual
settings.

dSuch studies are difficult:

v On the experimental side because the complexity of the environment makes
it difficult to separate the diffractive events;

v On the theoretical side, the subject can become highly technical, involving
sophisticated formalisms (e.g. Regge theory x QCD at high energies) whose
mutual relations are not always visible.



Summary

A Diffraction offer us a unique opportunity to study the
hard and soft regimes of QCD and its interplay in unusual
settings.

ASuch studies are difficult:

v On the experimental side because the complexity of the environment makes
it difficult fo separate the diffractive events;

v On the theoretical side, the subject can become highly technical, involving
sophisticated formalisms (e.g. Regge theory x QCD at high ener'gles) whose
mutual relations are not always visible.

1 However, important experimental and theoretical
progress has been achieved in the recent years and much
more is expected in the coming years.
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Summary

A Diffraction offer us a unique opportunity to study the
hard and soft regimes of QCD and its interplay in unusual
settings.

ASuch studies are difficult:

v On the experimental side because the complexity of the environment makes
it difficult to separate the diffractive events;

v On the theoretical side, the subject can become highly technical, involving
sophisticated formalisms (e.g. Regge theory x QCD at high ener'gles) whose
mutual relations are not always visible.

0 However, important experimental and theoretical
progress has been achieved in the recent years and much
more is expected in the coming years.

Thank you for your attention






Diffraction in Hadronic Collisions:

Definitions

y -rapidity
N - pseudorapidity
y=1/2 In ((E+p,)/E-p,))
N=Y | meo= -In tan(8/2)
t - four-momentum
transfer squared

C - fractional momentum loss
of pbar
M, - mass of diffractive system X

E=M,*/s
AT]MI’](S/MXZ)

rap-gap
An=-Ing

)

o =M




Hard Diffraction at the LHC

[ Hard processes, calculable in perturbative QCD
O Measure proton structure, QCD at high parton densities, Discovery physics
0 Some few examples:

< W, Z production

CMS Preliminary 2010
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» Flat for non-diffractive, asymmetric for diffractive events;
> Evidence of diffractive W production in the data.



Exclusive Processes at the LHC:
Exclusive Diffraction and Photon Exchange Processes

1 Typical pp events:  Exclusive events:

Many tracks + high pT particles | Few tracks + low pT particles



Photon - Hadron Interactions at the LHC

vh Processes: a(hyhy — X) = np(w) @ 0704 (I h)

O Diffractive vector meson photoproduction at HERA

’ @’

i:"hl

; : ‘ .

» Transition soft to hard regime
with masses of the vector mesons.
» The photoproduction of heavy

vector mesons can be calculated
using perturbative QCD
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(mb)

Ttot, Tinels and Ol
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Soft Diffraction:
Selected results
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do/dt [mb / GeV?)

Soft Diffraction:
Selected results

Events / GeV* x day
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oSP (mb)

Soft Diffraction:
Selected results

5 16.2 ub™ (7 TeV)
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do, /dt[mb/GeV?]

/

(Fit-data)/data

Soft Diffraction:
Selected results

Motivation:

Total and elastic cross sections

Measurements of the elastic cross section and its t-dependence
(eg in ALFA) determine total cross section via optical theorem
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Nucl Phys B889 (2014), 486

At fixed s: =

do do
dr

B
e 4

r=0

dz

B=19.73+0.24 GeV-2 (ALFA)

Oiz"o:r =

[p~0.1

16x(he)” do,,
dt

1+p2

r=0

= phase of Coulomb-

nuclear interference at t=0]

P. Newman, Low-x 2016



