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Motivation: Gluon saturation

@ Evolution of parton densities with increasing

energy.
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Figure: Diagram picturing the QCD
evolution of the partonic structure of

the proton.
C. Marquet, Nucl.Phys. A904-905 (2013) 294c-301c.
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What process is sensitive to the proton structure?
@ We want to probe partonic structure of hadrons.

@ Direct access to kinematics (x, Q?).

o Easily observable final state is desirable.
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What process is sensitive to the proton structure?

@ We want to probe partonic structure of hadrons. QR =-q=—-(k—K)
. . - 2
o Direct access to kinematics (x, Q7). W"?p —(p+ q)Q
o Easily observable final state is desirable. A= ¢ — —(p— p/)2
@ Exclusive and dissociative vector meson (VM) M? + Q2
X=——
production fulfil both requirements. W2, + Q2

Vector meson Vector meson

Figure: Diagrams for exclusive (a) and dissociative (b) production of vector mesons.
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Scattering amplitude and the cross section

@ Production of a vector meson can be calculated within the color dipole picture.

@ The photon interacts via its qg Fock state with the proton in the target rest frame.
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Scattering amplitude and the cross section

@ Production of a vector meson can be calculated within the color dipole picture.
@ The photon interacts via its qg Fock state with the proton in the target rest frame.
@ The scattering amplitude is given as a convolution of the photon-VM wave function

with the dipole cross section:

dogg

1
N Y i P (e A R
Ari(x, Q°,A) = l/df0/47r/db|WVM\V«/*|T,LEXP[ /(b (1 z)r) A} T
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Scattering amplitude and the cross section

Production of a vector meson can be calculated within the color dipole picture.

The photon interacts via its qG Fock state with the proton in the target rest frame.

@ The scattering amplitude is given as a convolution of the photon-VM wave function

with the dipole cross section:

1
2wy R E = o (r AR dgqa
Ari(x, Q°,A) = I/dro/47T /db|\VVM\IIq,*|7—’L exp[ /(b (1 z)r) A} T

@ Exclusive cross section to produce the vector meson
. 2
~v* p— VMp T,L
do _ (Rg ) ‘< '\/*p—>VMp>‘2
= T,L :
d|¢| TL 167
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Scattering amplitude and the cross section

Production of a vector meson can be calculated within the color dipole picture.

The photon interacts via its qG Fock state with the proton in the target rest frame.

@ The scattering amplitude is given as a convolution of the photon-VM wave function

with the dipole cross section:

1
Ari(x, @A) = f/d?/g/daw*vmwv*h,wxp (i (B~ (1~ 2)7) 4] dogs
) 4m db
@ Exclusive cross section to produce the vector meson
* T,L 2
dgY P VMP _ (Rg ) \( ‘/*P—>VMP>‘2.
dlief |, 167 Tt

o Dissociative cross section is given as the variance over different configurations

RIL)? . .
= B ) (e - g r).

da_'y*p—)VMY

dle|

T,L
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@ Production of a vector meson can be calculated within the color dipole picture.
@ The photon interacts via its qG Fock state with the proton in the target rest frame.

@ The scattering amplitude is given as a convolution of the photon-VM wave function

with the dipole cross section:

1
2 Xy - N % =k - (r . quq
Ari(x, Q°,A) = //dro/ yp /db|\UVM\UW*\7—7L exp[ I(b (1-2) ) ] i

@ Exclusive cross section to produce the vector meson

_(RIY
7L T 16w

dg? P VMP

dle|

VM,
(AT.L ).

o Dissociative cross section is given as the variance over different configurations

= B (e - g ).

do_'y*p%VMY

d|t|

T,L
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Dipole-target cross section within the energy-dependent hot-spot model

@ The differential dipole-proton cross section

dogg

T 2N(x, 7, b) — aoN(x, ) To(b).

° TP(B) describes the proton profile in the impact-parameter plane

o Normalization parameter g fixed as oo = 478, with B, = 4.7 GeV 2.

K. Golec-Biernat and M. Wusthoff, Phys. Rev. D 59 (1998) 014017.
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Dipole-target cross section within the energy-dependent hot-spot model

@ The differential dipole-proton cross section

d(‘l’gf" — 2N(x, 7, B) — aoN(x, P) T»(B).

° TP(E) describes the proton profile in the impact-parameter plane

o Normalization parameter g fixed as oo = 478, with B, = 4.7 GeV 2.
@ Dipole amplitude N(x,F) can be obtained as a solution of BK equation or from
various parametrizations.
» GBW parametrization!?!

7 Q2(x)

7 =1 o (-2 00)

where Qs(x) denotes the x-dependent saturation scale
X0\ A\GBW
Q20 = Q3 (32) ™ [Gev?)

> Weset xp=2-10"% A=0.21 and Q2 =1 GeVZ.

PIK. Golec-Biernat and M. Wusthoff, Phys. Rev. D 59 (1998) 014017.
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Proton profile in the impact-parameter plane

o We describe the proton profile using the energy-dependent hot-spot modell®!.

> Proton profile seen as a set of regions of high gluon density (hot spots) randomly

placed in the impact parameter plane

Bl). Cepila, J. G. Contreras and J. D. Tapia Takaki, Phys.Lett. B766 (2017) 186-191
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> Each hot spot has a Gaussian distribution

-,

1 B2
Ths(b) = —— - , Bps =08 GeV2
hs( ) 27 Bhe eXP< 2Bh5> hs e

> The positions of the hot spots in the transverse plane fluctuate event-by-event.
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> Each hot spot has a Gaussian distribution

-,

1 B2
Ths(b) = —— - , Bps =08 GeV2
hs( ) 27 Bhe eXP< 2Bh5> hs e

> The positions of the hot spots in the transverse plane fluctuate event-by-event.

v

Number of hot spots depends on x as (grows with decreasing x)
Nps = poxP! (14 p2v/x)

po = 0.011, p; = —0.58, pp = 300.

v

Final Nps is obtained using the Zero-truncated Poisson distribution.

Bl). Cepila, J. G. Contreras and J. D. Tapia Takaki, Phys.Lett. B766 (2017) 186-191
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Examples of proton profiles

x=1e-05 N, =14

T



Predictions and comparison with data for cross sections of J/1) meson

@ Predictions compared to H1 and ALICE p—Pb data.

@ Good agreement with the data.

o Dissociative maximum is clearly visible at all Q.

E Photoproduction

r & H1(2005)

H1 (2013)

ALICE p-Pb (2014)
ALICE p-Pb (2018)
Model, Q° = 0.1 GeV?

10° =

I<H I fOf

Electroproduction
# H1 (2005) — Model, Q° = 3.2 GeV?
# H1 (2005) — Model, Q? = 7 GeV?

£ — Model, Q* = 16 GeV?
o # H1(2005) — Model, Q7 = 22.4 GeV?
P — M| . L

Oyp v [ND]

$ H1(2013), Q% = 0.1 GeV?
—— Model, @ = 0.1 GeV*
—— Model, Q° = 3.2 GeV*
~—— Model, 0* = 7 GeV?
—— Model, @° = 16.0 GeV*
—— Model, Q° = 22.4 GeV*

10? 10°
W, [GeV]
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Predictions and comparison with data for cross sections of p meson

@ Predictions compared to H1, ZEUS and preliminary CMS p—Pb data.

@ Very good decription of electroproduction data for scales from Q? = 2.4 GeV? up to
Q% =35.6 GeV>.

o For photoproduction B, was changed to B, = 8 GeV~? in accordance with H1

measurements of the slope parameter b.!

o E o 5
= £ _ . 2 1w
= z ;éé;s[e;ﬂ),ﬂf:zus (1997), CMS (2018) Model, Q7 = 005 oy S & ZEUS (1998) Model, O - 0.05 GeV?
T T H1(2010) T E ¥ H1(2010) —— Model, Q° = 3.3 GeV?
c T ZEUS(2007) & r § H1(2010) ——— Model, Q° = 7.5 GeV?
% 10'= I H1(2010)  —— Model, Q2 = 22.5 GeV?
0%
F vy
10° =
s E -
: F _——v7¢° —
0 L
R ) N 10
i ZEUS (2007) ~——— Model, Q° = 8.3 GeV* E
§ ZEUS (2007) Model, Q° = 13.5 GeV? E /jﬁﬁ
1 H1(2010) —— Model, Q% = 19.5 GeV? r 4 {
@ H1(2010) —— Model, @° = 35.6 GeV? r
. | . P | P M| . P |
10? 10° 10% 10°
W, [GeV] W, [GeV]

[4]J. Cepila, J. G. Contreras, M. Krelina and J. D. Tapia Takaki, Nucl.Phys. B934 (2018) 330-340
BIH1 Collaboration, JHEP 1005 (2010) 032
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Geometrical saturation scale (GSS)

o We calculate In(1/x6ss) and In(Q> + M?) for each VM at all the calculated Q.
o Dependence is described by a linear fit with slope (1.04 £ 0.07).
o Obtained result reminds of the saturation scale Q2(x), however:

> This is saturation as seen in the impact-parameter plane.

> It originates from geometrical fluctuations of hot spots in our model.

LHeC (s = 1.3 TeV)|

HERA (/s = 318 GeV)

eRHIC (Is = 141 GeV)

JLEIC (fs = 63 GeV)

ip ¢ty (25) -
1o 1Y (1S)
1y 1Y (29)

ol Lo b Lo Lo b Lo Lo b L

\\\T\\\‘\\\O’[\ '_‘\‘\\\‘\\

o

In((Q2+M?)/GeV?)
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Conclusions - part |

@ Succesful implementation of the hot-spot model into the calculation of cross
sections for exclusive and dissociative photo and electroproduction of p and J/v¢

and also ¢, ¥(2S), T(1S) and T(2S) mesons (see in the backup).

o All predictions correctly describe the data from HERA and LHC experiments.
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@ Succesful implementation of the hot-spot model into the calculation of cross
sections for exclusive and dissociative photo and electroproduction of p and J/v¢

and also ¢, ¥(2S), T(1S) and T(2S) mesons (see in the backup).

o All predictions correctly describe the data from HERA and LHC experiments.

@ Striking behavior of the dissociative cross section dependence on W,,

> Cross section rises at low energies.
> At a certain energy, available area in the proton is filled — hot spots overlap
— all the possible configurations start to look alike — variance decreases.

> After reaching a maximum at that energy, the cross section starts to decrease.
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Conclusions - part Il

o We predict energies at which maxima of the dissociative cross section for various

vector mesons occur.

@ Position of the maximum is directly connected to the vector meson mass and

virtuality of the exchanged photon.

@ Mass and scale dependence of the position is well described by a linear fit (see in the

backup).
o We predict a power law behavior in 1/x¢ss for the geometrical saturation scale.
o This scale is less steeper than the saturation scale given by the GBW model.

@ Dissociative maxima seem to be within the reach of existing (LHC) and future (EIC)

colliders.
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Wave functions

@ The overlap between the photon and vector meson wave functions:

“UT/Mw'y*|T = éfeﬂz(lili Z) [m,ero(er)qST(r,z) — (22 + (]_ — 2)2) eKl(er)(‘),qu(n Z)] ,

WiV o = &N 201 — 2)ko(er) [Muon(r, 2) 4+ 6—"E =7 611 2)]
v i ’ M\/Mz(]. — Z) ’

e=2z(1-2)Q° + m}; r=|r|

@ Scalar part of VM wave function from Boosted Gaussian model:

m?R? 2z(1 — 2)r? m?R?
¢r,L<r,z)=Nr,Lz(1—z>exp[‘ . . }

8z(1—2z) R? 2

m?R? 4z(1 — 2)r?
GE(r,2) = 611, 2) <1+a25 (2+4Z(1f_z) _ 122 —m%RQ))
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Skewedness correction

@ Takes into account the fact, that there are two x involved in the dipole-target

interaction
~¥*p—VMp
Oln (.AT,L )
1
dln (;)

AT (A1 + 2)

Re(Ar.1) = (1)

)\T,L =

v TOre+4)’

Figure: Schematic picture of vector meson production within the color dipole approach.
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Predictions and comparison with data for cross sections of ¢ meson

o Predictions compared to H1 and ZEUS data.
o Decription of the electroproduction data is satisfactory, however not as good as for p.

@ Again, in photoproduction B, was changed to B, = 8 GeV 2.

) 5 F
S o100 = F
s E Model, O = 0.05 GeV? > [ 3 H1(2010), Q*=5.0GeV? —— Model, O = 0.05 GeV*
T = T ZEUS (2005) Model, Q° = 2.4 GeV? T ot — Model, Q?=5.0 GeV? Model, Q° = 2.4 GeV?
o T T ZEUS (2005) —— Model, Q% = 3.8 GeV? & 10 —— Model, Q° = 3.8 GeV?
I ZEUS (2005), H1 (2010) Model, Q? = 6.6 GeV? = Model, Q? = 6.6 GeV?

Model, Q° = 13 GeV?

1 —— Model, Q° = 15.8 GeV?

L3
10? f t f
T ZEUS (2005) Model, Q° = 13 GeV? F /\
1 H1(2010) ——— Model, Q* = 15.8 GeV? r
10? 10, 10? 10°
W, [GeV] W, [GeV]
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Predictions for cross sections of ¢)(25) meson

@ No data are available for cross sections.

o Exclusive 9(25)/J/4 ratios are in fair agreement with the data.

—— Model, G = 0.05 GeV*
—— Model, Q" = 3.2 GeV*
—— Model, @* = 7 GeV*

Model, GF = 16.0 GeV*
Model, GF = 22.4 GeV*

10
Wi, (GeV]

¥ H1data, G*=0.05 GeV*

1 zEusdata, G*=16GeV"  — Model, O = 16 GeV?

— Model, O = 0.05 GeV*

10"
W, [GeV]
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E ]
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L ///
-
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1 I I
107 10°
W, [GeV]
— Q?=0.05GeV*
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— Q*=16GeV*
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Predictions and comparison with data for cross sections of T meson

o vrsyp [PD]

U

10?

Photoproduction predictions compared to H1, ZEUS, CMS and LHCb data.

Description of the data is reasonable given the large uncertainties.

No data are available for electroproduction nor for the dissociative process.

[ ¥ LHCb (2015)

Photoproduction data
4 ZEUS (2000)
® H1(2009)

¢ CMS (2018)

—— Model, @° = 0.1 GeV?
—— Model, @*= 3.2 GeV?
—— Model, @* = 7.0 GeV?
—— Model, G° = 16.0 GeV?
—— Model, Q° = 22.4 GeV?

S0 L vaisyy [PP]

Model Q° = 0.1 GeV?
—— Model Q% = 3.2 GeV?
—— Model G* = 7.0 GeV?
—— Model Q* = 16.0 GeV*

Model Q° = 22.4 GeV*

W, [GeV]
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Predictions for cross sections of T(2S) meson

o No data are available for cross sections nor for the T(25)/T(1S) cross section ratios.

—— Model, @ = 0.1 GeV*

o viasy [0

B

Model, 0" = 0.1 GeV*
—— Model, G = 3.2 GeV*
Model, G =7 GeV*

Model, " = 16.0 GeV*
—— Model, O = 22.4 GeV*

107 10° 10 10
Wi, [GeV] W,y [GeV]

=0.1GeV* — Q=01 GeV?
=320Gev? 7322:32652\11
[ =7GeV [ — Q?=7GeV:
? = 16 GeV* — Q*=16GeV*
r =224 GeV? r —Q?=224GeV?

Wi, [GeV] W,, [GeV]
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Mass and scale dependence of the position of the dissociative maximum

@ We investigate the energy Wgss at which maximum is reached.

@ Due to random fluctuations we take 1% of the largest cross section around the
maximum at energy value Wgss as an uncertainty interval.

@ Maximum is shifted towards higher Wgss with increasing Q? and mass M of given

vector meson — linear fit describes the behavior with a slope (41 +2) GeV ™.

@
=3
=]
=]

sss [GeV]

W,
o
S
S
S

4000

[ ST

3000

2000

1000

L
20 40 60 80 100

=)

Q%M? [GeV?|
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Geometrical vs GBW saturation scale

@ Comparison of the geometric saturation scale with the saturation scale obtained
from the GBW model:

Qs(x) from GBW model

HERA (15 = 318 GeV)

eRHIC (s = 141 GeV)

JLEIC (s = 63 GeV)

4%

C ' p § v (29)

oL 1o £Y (1S)

N Py 1Y (2S)

o v b b b b b b b Ly
00 0.5 1 15 2 25 3 3.5 4 4.5 5

In((Q%+M?)/GeV?)

Dagmar Bendova 9 /11



DIS: Structure function Fo(x, Q2) [6]

o Cross section for v*p scattering and structure function F,

2
* 2 f ~ 2 Q
Ar=Y [@r [avvioatn, R = Fo(or+ o)
f
- 4m?
X:X(l-i-T; , (?2:2.7Ge\/2
« 1.2
g I
x L
=L ¢ HERA data
[ — Model
0.8
0.6
L ¢ °
0.4F
02F
C Lol L Ll L
10°° 107 107 102
X

61}, Cepila, J. G. Contreras and J. D. Tapia Takaki, Phys.Lett. B766 (2017) 186-191
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Exclusive and dissociative |t|-distribution of the J/1) cross sectionl’]

o Compared with published HERA data.

o Used to tune Tp(b) parameters.

—10°

do/dt (nb/GeV

10

LT

¢ H1 data (exc)
¢ H1 data (dis)
— Model (exc)
— Model (dis)

v b N b b B b NG

05 1 15 25 3 35 4
[t] (GeV?)

7). Cepila, J. G. Contreras and J. D. Tapia Takaki, Phys.Lett. B766 (2017) 186-191
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