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Hadronic collisions




Hadronic collisions

Ultra - peripheral collisions:

Dominated by photon - induced
interacTions:




Hadronic collisions

Peripheral collisions:

The contribufion of phofon - induced
inferactions can become dominant in
the dilepton and vector meson
production for some regions of phase
space!










The equivalent photon
approximaTion

Consider a charged wucleus at rest, The associated
electromagnetic field can be represented by:

Sl
g

v=10



The equivalent photon approximation

As the nucleus moves with nearly The speed of light, the
electromagnetic field becomes fransverse to its velocity,




The equivalent photon approximation

Since the electric and magnetic field associated to the
nucleus takes on the same absolute value, This transverse
electfromagnetic field can be simulated by an equivalent swarm of
photons (*):
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The equivalent photon flux
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Properties:
¥ Enhanced tor a large nuclei;

¥ Strongly dependent on the description of the nuclear form
tactor F,
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The equivalent photon flux
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1th Lesson: The approximation assumed for the FF
determines the behaviour of the photon flux for distances
smaller than the nuclear radius:



The equivalent photon flux

Maximum photon energy:
The maximum available equivalent photon energy can be estimated
from the uncertainty principle, which implies:
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Where At is the Time ot collision, ® is the wnuclear radius and 7 is
the Lorentz factor., We obfain fhat:
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2th Lesson: The photon spectrum is harder tor smaller charges
and depends on the collider energy:

vFPY o = 2750 = winax & 80 GeV vO = 3750 = wmae & 180 GeV



The equivalent photon flux

Maximum photon transverse momentum:

The coherence condifion for the photon emission implies that fhe
minimum wavelength ot the photon is of the order of the nuclear
radius, Consequently:

3th Lesson: The photon spectrum is dominated by photons with
small transverse momentum:

For Pb (p) we have thal GQmax = 0,06 (0,28) GeV!
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1. vh Processes: a{hihy — X) = ny(w) ® 07X (W)
2. vy Processes: o(hihy = X) = ny(w) ® na(w) ® V=X (W)



LHC = Photon collider

=
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NP S\l 1. yh Processes: a(hyhy — X) = ny(w) @ =2 (W)
2. 1y Processes: o(hahy = X) = my(w) ©na(w) ® 0% (W)

Center of mass energies

LHC ., = 8390 GeV W, < 4504 Ge

- LHC W, 4 < 1500 (2130) GeV | W, < 260 (480) GeV

LHC PbPb W_ A = 950 GeV Won = 160 GeV
HERA ep L

LHC allow us 1o probe fhe particle production by photon -
photon and photon - hadron interactions in an energy range
unexolorated bu previous colliders.,
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L — Light - by - Light
§ Photon — : scaftering;
my Photon — Dilepton production.
— Dilet production in

% inclusive photon -

e : Photon — — nucleus inferactions;

g Hadron — Exclusive vector

i meson production,



Light - by - Light Scattering

>
p,A} p,At}ij Textbook QED process That
] had nevertheless not been directly

> observed:!
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Denterria — da Silveira: Klusek—aawenda, Szczurek, ..
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p, A :L‘lﬂp,A‘j,J_/y Textbook QED process ThaT
had nevertheless not been directly

> observed:
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Dilepton production
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Dilepton production
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Dilepton production
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Dilepton production
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Dilepton production
Absorptive corrections:
— Geometric model: 2 (b) =O(| b | —2R,)

— Glauber model: S (b) = Pnu(b) = exp {_C’rnn / d* 7 Ta(7) Ta(7 = b)
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Dilepton production

Absorptive corrections:

— Geometric model: 2 (b) =O(| b | —2R,)

—

— Glauber model:  Sis(b) = Pnu(b) = €xp | —0onn /dz 7 TA(r) Ta(r — b)
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do/dY(mb)

Dependence on the modelling of the nuclear form factor:
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Dilepton production
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Including experimental cufs:

Dilepton production
— PbPb collisions —
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Dilepton production
— PbPb collisions —

Including experimental cufs:
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Inclusive dijet photoproduction in PbPb

collisions
$mmm——
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: Sensitive to the nuclear effects on the gluon distribution.

VPG, Berfulani; Frankfurt,strikman,Vogtl; Guzey, Klasen; VPG ef al,



Inclusive dijet photoproduction in PbPb

collisions

+ Jet selection:
+ Anti-R1, R=0.4, [n| < 4.4 107 |
. plead > 20 GeV, pi£*° > 15 GeV |

Such process can be used to reduce uncertainties in the
determination of the nPDF's,

Guzey, Klasen: arXiv:1811,10236



Exclusive vector meson photoproduction
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Exclusive vector meson photoproduction

/ At leading order in LL(1/x) approx.:
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- o distribufion at small - x

(X = mv1/wl)o

M- M [s(Q%) 5
_JI'U'F T { Q4 {}h[ Q)}

t=0)

do |h1+ho = hi @V ® h |
[ ! ° ! 2} — [w \'h1( b) Onyho—V th( )]w; [ 1\'1112£ b) Ovhy—V :><h1{ )LJH

d2bdy

/PG, Bertulani, PRC65, 054905 (2002)



¥ In the impact parameter space:

A}h%Vh(:E,A) _ z/dz dQ,r dehe—i[bh—(l—z)T]-A (l];'v*qj)T ZNh(fU:TJ bh)




¥ In the impact parameter space:

A}h_’Vh(:c,A) _ i/ddeTdehei[bh(lz)T]-h(ﬁ:";'l’;bh)

overlap function between fhe photon and
vector meson wavefunctions:

— Depends on the model used to describe
fhe VM wave functions:




¥ In the impact parameter space:

B

, v A}h%Vﬁ(mjA) _ i/dng’r dehe—'i[bh—(l—z)T].A (l];fv*];[l)

Forward dipole - hadron scatfering amplifude:
— Defermined by the QCD dynamics at high
enerqgies;

— Can be modelled to fake info account the
non — linear effects at low — x




Dipole - proton scattering

Two phenomenological models based on the CAGC physics:

¥ IP - SAT model: ¥ bCGC model:
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Exclusive vector meson photoproduction:
A sketch of the ftormalism

¥ In the impact parameter space:




Exclusive vector meson photoproduction:
A sketch ot the tormalism

¥ In the impact parameter space:

: Exclusive vector meson photoproduction in hadronic collisions
is strongly dependent on the description of the QRCD dynamics.,



Exclusive vector meson photoproduction
in pp collisions
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Exclusive vector meson photoproduction
in pp collisions
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dynamics using the data for the rapidity distribution we should
to have dafa for more than one VM,
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Exclusive vector meson photoproduction

pA Collisions:
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Exclusive vector meson photoproduction
pA Collisions:

CMS: arXiv:1902,01334
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— Resonance

production

Photon — - — Exofic charmonium —
Photon like production
— BSM / Dark Matter
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— Resonance

production

Photon — - — Exofic charmonium —
Photon like production
— BSM / Dark Matter

— Exofic charmonium -
\ like production
e : Photon — — — Odderon
Hadron — Spin physics
it — Incoherent vector
‘*; meson production,
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Resonance production

{ hia \

\ /

o (hihy — hi @ R®@ hg;s) = /& (vy = R; W) N (w1, b1) N (wz, bs) 5%, (b)d*b1d*bydw dw,

I'r
ﬂ;: 8 (dwrwy — M)

Oy (w1, w2) = 872(2J + 1)



Probing Exotic Charmoniumlike states
in photon — photon interactions

Photoproduction of X(4350):

hi

e

ha

e e S R R R - R R R

Y

— Constrained by Belle

Collaboration.

Collision

Hesonance

LHCD
2<Y <45

pp (/s =13 TeV)

X (4350), 077
X (4350), 2+

(247 — 6.13) tb
(2.52 — 6.88) fb

pPb (/s =8.1 TeV)

X (4350), 07+
X (4350), 2+

(10.20 — 25.30) pb
(10.30 — 28.30) pb

PbPD (/5 =5.02 TeV)

X (4350), 07
X (4350), 2+

(14.60 — 36.20) nb
(14.90 — 40.60) nb

Such channel can be used to confirm

(or not) the existence of resonances
observed in ee” colliders.




Probing the 0dderon

odderon: Natural prediction of pQCD, C—0dd compound state of three reggeized
aluons.,

Photoproduction of pseudoscalar mesons: As the photon carries negafive C parify, ifs
franstormafion info a diffractive final stafe of positive C parity requires the t—channel
exchange ot an object with negative parity. Pomeron cannot contribute fo this process:
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pp (/s = 13 TeV) 0.059 nb 0.013 nb ~D R37 0.55
pPb (/s = 8.1 TeV) 0.182 pb 0.032 ub — 334 E 30

VPG, NPA 02, 32 (2013); VPG, Sauter, PRD a1,
094014 (2015); VPG, Moreira, PRDa1 (2018) 014001 VPG, EPJC 149, 408 (2019)
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Exclusive VM photoproduction in

fixed Target collisions at the LHC

¥ Beam - gas collisions have been studied by the LHCb Collaboration and

a similar programme can be developed by the AFTERGLHC experiment;

¥ Such collisions allows To study the vector meson photoproduction at low

energies,
pPb+Pbp 16.9 ub™' (5.02 TeV)
= ' T T T T T T
5 CMS + cCMS
gmz = Proliminary } Fixed target =
E F ¥ HI Rho
1 B J”f' 4 ZEus
b& B * ----rx1W;+rx:Wi}
- ‘M MJF oW, “__:
10 = | { M-- I §oed } __.*I#'*'*"JI. “““ B ]
1 M| L 1
1 10
W, [GeV]
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4 ¢ H ®

LHCb (W+ solutions)

LHCb (W- solutions)

H1

ZEUS

Fixed target experiments

Power law fit to H1 data
. R ol

10°

10°

W (GeV)

(*) VPG, Medina EPTC18, ¢43 (2018); Lansberg, Massacrier, et al,


mailto:AFTER@LHC

Exclusive VM photoproduction in
fixed Target collisions at the LHC

¥ Beam - gas collisions have been studied by the LHCb Collaboration and
a similar programme can be developed by the AFTER@LHC experiment;

¥ Such collisions allows To study the vector meson photoproduction at low

eV]eVgleSo
pPb+Pbp 16.9 ub™' (5.02 TeV)
= ' T T T T
5 CMS + cCMS
‘*; - E_Pmrm"a'y } Fixed target =
E F Rho
: -
e L
=] L
oL }-"‘*F‘"*'*'{ """ e
1 'l 1 | 1
1 10
W, [GeV]

(%)

VPG, Medina

EPJICrg¢, 693 (2018)
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Exclusive VM photoproduction in
fixed Target collisions at the LHC

Rho Omega J/Psi

. stamign __ GPINE0GN _ sTamigh __ GFON[Eao08G _ sTARign (5 PO (110, 5906V
g 10‘45- [y o ﬁ 1:]&- [ w— T -é _g, ‘Iﬂzi- 3
1:; 11]'3: %"' . 3 %
® : e P — T B g0
© e = i ] =

10? m‘;’ E 04k

; m’-E— . E 1wk
1025 104F | [ 3 107}
10°5 0 2 a6 g 0
r'l.! Fu‘l.".'l.'

A | Final State | p-Ar | p-He Pb-Ar Phb-He |

:E:A: LHCb ° — mtw | 318.60|(16.50) pb|| 6.97 [(1.09) ub |42.50 [24.50) mb|5.60 [2.44) mb

 Pb-Ar w— wra |1160.19 (30.71) nbl| 21.86](2.29) nb | 76.32[(46.21) pb |12.81] (5.35) b

..Pb-Ar LHCb J0 —r it | 3.880.14) nb || 118.41|(14.29) pb| 88.67[(39.68) ub |13.31| (7.15) ub

(*) VPG, Medina EPTC1g, 693 (2018)



Probing Pentaguarks in photon -
hadron interactions

Photoproduction of P : S 2 2
P ,

p p’ P p’

Total [Pom + Pc{4440) + Pc(4457)]

......... Pe(4440)
Pcid457)

a(nb)

T
W(GeV)

Cao, Dal, ArXiv:1904,06015(hep—phl,



Probing Pentaguarks in photon -
hadron interactions

Photoproduction ot P :
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VPG, Medina, work in progress,
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Collider mode:
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Probing Pentaguarks in photon -
hadron interactions

Photoproduction ot P :

1
10— T T I T T T I T T . I T
Total [Pom + Pci{4440) + Pc(#457)]
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|
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VPG, Medina, work in progress,

do/dy [nb ]

107

4
>
1=
=
=
F

Fixed — targel mode:

Pb-p(target) \{SNN = 69.0 GeV
——— 7

L IIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| T TTI

Jpsi — pp E

— Pomeron .

— Pomeron+Pentaquarks =

I I I I I I I I I I I | I I T T T I I L]
I B R ArA R I A e

3 4 5 6

Ywu-






Summary

v Photon - induced inferactions can be used o
constrain the physics in unexplorated energy regime,

v We can learn a loT ot physics studying The HE
regime, However, the analysis of the low energy
regime is also very imporfant to constrain some
important aspects of hadronic physics.

v The RHIC and LHC data for fthe photoproduction of
different final states will be tundamental fo
comj’(\vaiw and /or discriminate between different
models.

v Complementary sfudies can be pertormed by the
analysis of the exclusive vector meson
photoproduction in polarized hadronic collisions and in
fixed - target collisions at the LHC,
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Summary

v Photon - induced inferactions can be used to
constrain the physics in unexplorated energy regime,

v We can learn a loT ot physics studying The HE
regime, However, the analysis of the low energy
regime is also very imporfant to constrain some
important aspects of hadronic physics.

v The RHIC and LHC data for fthe photoproduction of
different final states will be tundamental fo
constrain  and/or discriminate between ditferent
models,

v Complementary sfudies can be pertormed by the
analysis of the exclusive vector meson

phofoproduction in polarized hadronic collisions and in
fixed - target collisions at the LHC,

Thank you tor your atftention:
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Exclusive vector meson photoproduction

PbPb Collisions:

4 1
107 ! ! ' ! ' 10 T ' T ' | '
: Pb+Pb— p+Pb+Pb] Pb+Pb — JAy+Ph+Pb
— Coh, Non-Linear —— Coh, Non-Linear |
= = = Coh, Linear — —- Coh, Linear 3
o - Inc, Non-Linear | 'S + Inc, Non-Linear ;
E Inc, Linear 2 Inc, Linear '
: 2
3 3
- AmTT LT Z10°F e ;
'E H"*-\..,_Hé _E ; R T TR .lrr_.-'."" R T_ -:-\-ﬂ:-q'“--\._; ]
—_ | ut .
T
. - 3 \ %
\‘\-\ ] 10 .- Y=10 I|I |I1I { ! \\\\
"""""""""""" 72502 TeV '.I l!’ ; ]
L L 'l* 1 | 1l | | L ] 1
0.03 0.04 107G 50l 00 0.03 0.04
1 [GeV'] 1[GV

. _ 1-
Linear model:  M(@.rba) = o4z, 1) ATA(ba)

VPG, Spiering, Navarra, PLB 78, 299 (2011)



Probing Exotic Charmoniumlike states in
photon - photon interactions
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Probing Exotic Charmoniumlike states
in photon - hadron interactions

E T T 1
F RHIC

Photoproduction ot Z (3100)":

L

k

Nl

.

b
Yol

i.\-\-'\-
ey
L=
Jevd Yt

[ P ) i ik [P (A =1.0)

Ze(3000)7

dmd Y ()

| 4
Y 1 R

Reaction Ressonance [Contribution|o [nb| (/s = 0.2 eV )|o [nb] (/s =7 LeV)|o |ub] (/s = 14 TeV)

ag(pp — pJ/Wmrn) g 1.15 8.18 - 9.64 10.33 — 12.65
Z.(3900) P+ 3.83 14.13 - 15.52 16.89 — 19.12

: Cross sections are enhanced by a tactor 2% in pPb collisions,

VPG, Silva, PRD 4, 114005 (2014),



Photoproduction of Z_(3400)":
(a)

The enhancement occurs at very large rapidities (small photon -
proton cenfer - of - mass energies):

VPG, Silva, PRD 84, 14005 (2014).
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Inclusive vector meson photoproduction
at hadronic colliders: Polarized Target

Ohpt —hajux(VS) = [dx’}'dgklj' Fypn(@y kiy) - oopt s grex (W2,)

Quarkonium photoproduction: Color Evaporation Model

Onpts1/wx = F1jw Toypt sczx

W|ﬂ’l 2

— D 2 dolvg — cT]
Typt —sceX — - dﬂffcﬁd:]:g{f kJ_gfgpr(IgskJ_g)

DT

The cross section is proportional To the number density of gluons in the
proton with fransverse polarization S and momentum P, which is usually

paramefrized as: . -
Forpt(Tg kL g, S) = fo/p(@g kLg) + Eﬂ forpt(Tg,k1y)S - (P xky,)

- N

Unpolarized gluon TMD Gluon Sivers function



Sivers effect

Sivers (40’s) have proposed that the transverse momentum of the
partons inside of hadrons can be correlated with the spin,

P7_r/T> 4 _L[/"

St

Gluon Sivers function: Unpolarized gluon in a polarized nucleon.
Parametrizes the correlation between the azimuthal distribution of an
unpolarized parton and the spin of its parent nucleon,

— While the gquark Sivers function have been measured directly in many
processes (e.g. SIDIS and DY), no direct clear measurements of the
gluon Sivers function have been done,

— Potential probes: Quarkonium Electroproduction, T/Psi and D meson
production in hadronic collisions, .



Single Spin Asymmetry

In order to probe fhe gluon Sivers tunction, in what fo\\ows we will
investigate the impact of different models For AN fom(@eskiy) in the rapidity
dependence of the single spin asymmetry, defined as:

Where % and % are respectively the differential cross sections measured
when the proton is transversely polarized up (1) and down () with respect fo
The scatfering plane. One have that:

dm,
p 2 2
W W = F},-“If ./ﬂf@@" ‘[QTdQT .[ng dﬂch/d ki_gfr:,f;,,(IT.,qT kJ._g)

X [fgf-pT (Igv kJ—g) fg;’p* (Ig'- kJ—g)] Jl]‘(ﬂf _) Sln(mfﬂ" @5)

. dmpy . X .
—t == =2 FI;"'L" / d@qT /QT&IQT [ dﬂ'ﬁz / dﬂkJ_g f’:.rlfh (I"r! dr kJ_g) fgfp(ljy! kLg}JU (ﬂ'fff)
. . 4 .

2
2T
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Exclusive vector meson photoproduction :
Coherent x Incoherent production

Coherent production: Incoherent production:
A
, A
/ ~
A -121 = A Ty g
Gy — G
—j-—— -
— O * —C__ D=4
dogrA—V A | — 5 dgTA-VY 1 _ . 2 ; . -
= — |{ . = AT _ = i 2 AN | i 2 . \
it - l{'in|\-’4{-1.i2 ..lj'_!_LJ.| {” L 167 (< A[JEJ .A]I.L| > ‘H\A{I(‘J .&J}j_‘f‘f‘ )

Krelina, VPG, Cepila, NPA 4gq, 187 (2019)



Exclusive vector meson photoproduction :
Coherent x Incoherent production

Averaged from p A{x,y,z} Muclesns configuration Hot spots configuration

Figure 2: Comparison of miclear profiles, T4 (b), calculated from miclear density function p 4 () (left), caleulated using
nu model where each nucleon is represented by Gaussian (center), and calculated using the hot shots model, where
every nucleon from nu model is represented by a set of hot spots (right).

Krelina, VPG, Cepila, NPA 4gq, 187 (2019)
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