







































































































Vector mesons and diffraction
in the colorglass condensate

Outline

1 Colorglass condensate approach to

gluon saturation

2 Recap of diffraction

Probing protons and nuclei with diffractive

processes

Why is this interesting for gluon saturation

3 Diffractive vector meson production

Why vector mesons

41 Theoretical models for mesons

Heavy mesons nonrelativistic QCD

Light mesons twist expansion










































































































Gluon saturation

Gluon density increases 9
rapidly with decreasing
increasing energy

g 1
5

Increase too rapid
violation of unitarity
has to be tamed by nonlinear effects of QCD
gluon recombination

gluon saturation

Naturally taken into account in the dipole picture
Target as a classical color field
color glass condensate

9
Interaction described

in terms of Wilson liness
P










































































































99 scattering with the target
dipole amplitude N Aai on Tuomas's notes

wlab.is 1 it r VqVÉ
g

average over target

g ht color configuration

I
P y

N

I
rsn QsSaturation effects 124g Qs saturation scaleQs increases with

energy saturation effectsbecome larger










































































































Diffraction

what is diffraction

HERA exp collider
0 of events diffractive

Pseudo apidy y

E
I

Non diffractive Diffractive
no rapidity gap rapidity gap 29

How can we understand the difference between
diffractive and non diffractive processes










































































































Compare the following

q

g
s s

Final gag color octet Consider the final gg in

Confinement all measured color singlet state

final particles have to be gq and proton remnant
color singlets

already color neutral
neutralization of color no softparticle production
between 95 and proton

final particles q5 X andremnant in the final
state p Y well separated in
lots of soft radiation rapidity
between the finalstate

rapidity gapΔyparticles

rapidity gap filled
by soft particles

Diffraction colorneutral interaction with the target
without longdistance effects










































































































Diffractive events need at least two gluons

exchanged with the target
c f non diffractive one gluon is enough
more sensitive to gluon density
more sensitive to gluon saturation

Collinear Small
factorization

Inclusive On xg yay NCTX
Diffractive

GN xglx.ae NCrix
g gluon PDF

N dipole amplitude

Comparing inclusive and diffractive events is
interesting

to understand saturation

Ws dilute limit

2
no saturation

e
black disk limit

Here W is the
energy x










































































































Variables

é

MdoIfP pA

IP pomeron color neutral interaction
not a real particle

diffractive final state
p proton remnant can stay as a proton or

dissociate into other particles
Relevant variables
Q2 photon virtuality
MY invariant mass of the final state

Pg Px momentum exchange

center of mass energy for 2 7 system










































































































fhI mp longitudinal momentum fraction
carried by the Pomeron
analogous to Bjorken

A lot of variables to study the target

A comparison

Inclusive DIS described in terms of

structure functions F YQ

Diffractive DIS in terms of diffractive
structure functions F XpQ EMR

t dependence especially interesting

OI im fdbte ia.hn yd ff
transverse momenta Fourier

transfer Δ
transform

impact parameter

By measuring Δt we gain information about
the impact parameter dependent gluon distribution










































































































Coherent and incoherent

diffraction

coherent
Incoherent

Final proton p Final proton pstays intact dissociates

How can we describe this theoretically

Good Walker picture

Total diffractive production
5 plulx x it

p pl at p
Coherentproduction

Toh plulp splitp p.lu p7f
Incoherent production

Teoh T Toh pl ml Ip plulp










































































































Small elements p 0 p can be written as

averages over proton's color configurations

plolp O

or 1m12

16m81

Tncoh 1m12 16m12
We get the following interpretation

Foh Probes average interaction with the target

Theoh Probes fluctuations of the interaction with
the target variance of the interaction










































































































Ip 4 pdog

tray
Coherent

Incoherent

t.ie

o

it

Coherent target size Rp
2

Incoherent fluctuation length scale Rhen

R iii iii
iii I Ran

See e.g.

https://arxiv.org/pdf/2207.03712




















 

Differactivelector meson production in DIS

Consider exclusive singleparticle production

Single particle diffractive

p Vtp

É
f

p

Photons are vector particles JPL 5

dominant exclusive particle production vector mesons

No exchange of quantum numbers colorspin
with the target also known as pomeron exchange

Production of other particles would require an

exchange of orbital angular momentum

Suppression requires non zero momentum transfer t



Example Exclusive production of a pseudoscalar

particle JP o t

C
parity is flipped ft
Requires an exchange of at least 3 gluons

infra

C
parity flip odderon exchange

Suppressed compared to vector mesons

Also in DIS dominant contribution from vector mesons with
95 of the same flavor eng

w 8 1 9 6 55 4 5 1 65
also higherenergy states

We will focus on these from now on



Vector meson decay

Decays of heavy vector mesons have some

interesting properties

1 Decay width can be very narrow

e.g compared to pseudoscalas

cc Mz 30 Mev r 4 90 Kev

65 P 2s 710 MeV T F 15 550 Kev
such particles also have relatively common
electromagnetic decays

2 Higher order states

Decay width suddenly becomes large
E F 4625 300kV T 4137770 30M

bi p 16251 30kV IGS zokeV

T Flush 20mL
How can we understand these properties

Let's consider the lowestorder diagrams for the

decay



Color
singlet to coloroctet

g Color not conserved
0m

prohibited

gg Prohibited by spinparity

f conservation

Ifom Note pseudoscular could
decayin this way

larger decay width for
pseudoscates

45

fight
light vector mesons

463770 I 45
vaggg

ffffe not prohibited
Occurs in nature

It Not prohibited

me same quantum
numbers



Ratio neglecting 45

i ii
Experiment

6 15 2,5

Most common QED decay

etc

Extremely clean only a dilepton pain in the
detectors

For higher quarkonia 412s IGS

decays like

4125 The anything

also possible experimental signal more

complicated



Meson wave function

Formation or decay of the vector meson is

nonperturbative

To describe it expand the state in terms of partonic
Fock states

IV Sd q 455195 fdlq.gg 4759195g

d n phase space for Fock state n

4 nonperturbative wave function of Fock state n

475 I 95S IETKi

How do we deal with 4



Heavy vector mesons

Focus on quarkonia states

E Ee Ht Xc he 2625 4125
65 25 I Xs ha 28125 IGS

velocity of
Quark mass large Mr 2mg

thequarkantiquar

kinetic energy small nonrelativistic system vest

We can use nonrelativistic QCD NRQCD to
describe the systems

NRQCD

an effective field theory
Idea start from the heavy quark Lagrangian

heavy Eliz'D mg I and expand in velocity

4ᵗ iDet.tn 5 4
y 4Xᵗ IDE mgÑ x antiquarh

term
This Lagrangian conserves heavy quarks and antiquarlesAdd mixing terms like 0 yᵗxxty to describe
production and decay
82 Ego

0 Fook



expansion in the relative velocity v and α V

write particles in terms of different spin and
colon states spectroscopic notation for the spinand orbital
Example yangular

momentum of the qq pain

10 4 069135 06 P
8

g 06 song
colorstate of the

0 v DID 45 system suppression

in velocity

describe particles in terms of universal
longdistance matrix elements LDMES

Example For 95 wave function

0,6s ytoix xtoiy1415012 0,05

leading order in V and as

only one universal nonpertabative constant

extremely simple
Can be extracted from eg the decay width

ere for vector mesons



Light vector mesons

Focus on LO wave function 4 r z

r transverse separation between qf
2 PI put

longitudinal momentum fraction carried by thequark

Consider a process with a hard scale ME
Typical dipole size r 2

Perform a Taylor expansion for 495 in terms of r

4 1 3 4

Depends on the meson polarization
Longitudinal 499in fp E On

transverse 49 fejrip a O r

2 distribution amplitudes fu decay constant
A more formal definition for 817 with twist expansion

twist 2 twist 3

027

leading twist twist 2

only need longitudinal polarization with 617



In practice the distribution amplitudes also depend
on Q 2 86,0

scale dependence due to renormalization of the quark fields

Evolution in Q givenby the ERBL equation
analogous to DGLAP

2 284,02 dz kHz 6 z Q2

Perturbative Q dependence only need an initial condition
Intuitive interpretation we integrate

e fans ftp.ff.my9 pain until Q2

812,07 f I z.la

Asymptotic forms

Q 2,07 62 1 2
In this limit only nonperturbative constant is fu
can be determined from
the decay width

ere



Exclusive vector meson

production in colorglass condensate

we are now ready to compute this at leading order

y

wifeb Egg C qq.TV
P v

CGC shockwave n

dipole amplitude

2 8 VIP
1m12

where
momentum

trans

v

m f STEVE 4 992,2 NE 5 4 E

dipole
impact light comesize
parameter wave functions



4 5
perturbative can be calculated

N can be modelled using CGC

µV95 1 Light vector mesons with large
photon virtuality Q 4445 Z

2 Heavy vector mesons in the
nonrelativistic limit 4 95

ELF
We can also include higher order correction

in QCD
1 Corrections to the wave functions

4849 n aft
2 New Fock states

me Fee
4899N 95 yr999 qisqyu qq.gg

New wave functions and Wilson Formations appear

State of the art
with approximations for the

vector meson wave function



Saturation effects in
exclusive production

Measuring saturation effects need momentum scale m Qj
If m area nonperturbative

mass kind of a sweet spot
Large enough to be perturbative
Small enough for hopefully seeing saturation

step p r Pb Pb

days dispo

yq
xx̅i̅ÉÉ

data data
linear fit linear fit

dogw dog

Treasing Treasing
Proton targets Pb targets
Dependence completely linear Deviations from linear
no saturation saturation

Hot topic Is this saturation or something else

https://arxiv.org/pdf/2207.03712 https://arxiv.org/pdf/2312.04194


