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Motivation

® The knowledge of QCD dynamics at very high energies is essential in order to
understand the hadronic interactions at current and future accelerators.

® Parton distributions extracted from HERA ep collider are used in the description of
hadronic interactions studied at Tevatron (LHC).

°

LHC will probe pdf’s (gluons) at very low-z, which are not constrained by current
accelerators data (information gap!).

Is a simple extrapolation of DGLAP/BFKL evolution enough ?
How do we treat processes characterized by low momentum scale ?
Are the current estimations for small-z nuclear shadowing reliable ?

Does the gluon distribution saturate at small-x ?
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The high energy HERA data are reasonably described by saturation models
(within the color dipole approach), but several open questions remain ...

Our goal: use photoproduction of heavy quarks and vector mesons to perform
phenomenology with saturation physics. Coherent pp/pA/AA interactions at LHC

energies are a good place for an alternative search.
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Outline

Small-x Physics;

Parton Saturation;

Color dipole results for charm/bottom photoproduction;
Some aplications for Q@ photoproduction at UPCs;
Color dipole results for meson photoproduction;

Some aplications for V), photoproduction at UPCs;
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Summary.
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Small-x thsics

® From HERA data: ® For high energies (smgll x) the
hadrons are characterized by a

, , high density of gluons.
Q2 =20GeV

® In this regime, the recombination
T 02 = 200 GeV? process gg — g cannot be
disregarded.

= Modification of the evolution

[ Q2=5Gev equations with the inclusion of
non-linear terms.

xG(x,Q2)

4 = Parton saturation effects.

2
Bjorken x variable: z = <-.
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Theoretical Expectations

® |n usual pQCD approach, pdfs evolve via linear evolution equation (DGLAP),
which considers emission diagrams in its construction.

® Power-like bahavior for gluon pdf, zg(z, Q?) oc 2=, A = A(Q?).
® At very low-z, recombination process gg — ¢ can be considered.
= Modification of the evolution equations by including non-linear terms (tames the

growth of gluon density!).

®

r
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N
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High energy evolution equations

® A promising evolution equation (it allows assymptotic analytical solutions) is the
Balitsky-Kovchegov (BK 1996/1999) and its corresponding extentions.

® Projectile can be described as a quark-antiquark dipole and the target described in
terms of its color field.

® BK gives QCD evolution equation on rapidity variable Y = In(1/xz) for the
dipole-target amplitude, N (r, b, Y), including single and multiple scatterings.

The dipole transverse size is » and b is the impact parameter.
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Several numerical calculations for the solution are available (small depedence on
the initial conditions).

® In the toy model for (0 + 1) dimensions, where N = N(Y):

dN ekY
— — k(N — N? N(Y) =

, (k>0)

® Solution is logistic curve. Important property: amplitude saturates at high energies
N(Y — o0) = 1.
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Saturation scale

Fa

Q,(v)
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® Solution has 3 behaviors: (1) regions where amplitude is small and non-linear
corrections are small; (2) transition region and (3) asymptotic region where N ~ 1.

® Limit of transition region is characterized by saturation scale Qs(Y). BK leading
logarithmic solution gives Qs o exp(a?\Y) ~ z~ .

® For small size dipoles, r < 1/Qs — N < 1, and for large size dipoles,
r>1/Qs — N ~ 1.

® Saturation physics is important for processes characterized by momentum scale
near or below saturation scale.

Workshop on Photoproduction at collider energies: from RHIC and HERA to LHC, 15-19 January 2007, ECT™ Trento, Italy — p.



Todax: Anx evidence of saturation ?

® HERA: /5., = 300 GeV.

Geometric scaling on 7 = Q2 /Q?2:
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= Evidence of the non-linear regime of the QCD dynamics.
However, more definite conclusions are not possible due to the small value of Q) s in the

kinematical range of HERA [Q2 = Q2(%2)* =~ 1.0 GeV?].
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Today - any signal of saturation ?

® Saturation at HERA: ® Saturation at RHIC:
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Evidence of the universality of the saturation physics!
= F» structure function and charged particle production at RHIC computed using the

same dipole cross section.

Goncalves-Kugeratski-MVTM-Navarra [PLB643:273 (2006)]
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Todax - any signal of saturation ?

® F5 is less sensitive to saturation corrections than F.

® [ is directly dependent on the gluon pdf.

® Direct measurement of F;, would be nice!
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Future: ep and collisions
® THERA: /s, =1 TeV and LHC: | /5,, = 14 TeV.
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Future: e¢A collisions
® eRHIC: \/sc4 =100 GeV and THERA: /sca =1 TeV.

Main motivation:

Saturation scale:
Q2(z; A) = A®Q2(z;p) = A% x Q3 (Z0)

= The nucleus amplifies the
dynamical effects associated to
the high parton density.
=- Saturation scale can grow up
to Q% ~ 5 GeV? at LHC.

1/x
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A good alternative bezond HERA:

Photoproduction in pp (pA) or AA collisions:

® +p Processes:
o(pp — X) =np(w) ® c"P(W,p)
o(pA — X) =na(w) @ a7 (Wyp)

vA Processes: 0(AA — X) =na(w) @ o7 (W, 4)

L I

~vv Processes: 0(AA — X) = ni1(w) @ n2(w) ® 77 (W)
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PhotoRroduction calculation

® The photoproduction cross section is given by,

olhuhz — X)(W5) = [ s (@) 0 (W2, = 205)
® The number of equivalent photons:

2 720em 72
ng(w) = ———

_ _ _ n _ _
Ko () Ky (1) + L (K2 () — K3 <n>)] ,
TWw 2
where 1 = wReff/fyL, with Reff = Rp+ Ra (Reff =2R,) for pA (AA)
collisions.

Olem

2T w

np (w) =

6 Q 202 303

1+<1 w)2 (1(2 11+3 3+ 1)
_ nQ_ — 42 _ ,
VSNN

where Q =1+ [(0.71GeV?)/Q?% . Jand Q2. =w?/[v2 (1 —2w/\/3)].
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Advantages of Rhotonmduction

Center of mass energy:

LHC | pPb(Ar) | Wo, S 1500 (2130) GeV
LHC PbPb Wya S 950 GeV
HERA ep Wop S 200 GeV

® Photoproduction can help us to gain information on the dynamics of vp and vA
reactions for energies higher than HERA.

Final state:

® Inthe inclusive heavy quark photon-hadron production the final state is
characterized by one rapidity gap due to the dissociation of the hadron target.

® In contrast, in the vector meson production the final state is, in general,
characterized by two rapidity gaps.
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Heavy Quark Photoproduction

Considering vh scattering in the dipole model, the probing projectile fluctuates into a
quark-antiquark pair (a dipole) with transverse separation r long after the interaction,

which then scatters off the proton. The QQ production cross section reads as,
ra) 2 2 2
og(vh — QOX) = Z /dzd r Ul (2,r,Q%) ogip(z,7) U] (2,7,Q7)
i=T,L

® The basic blocks are the photon wavefunction, ¥ and the dipole-target cross
section, o 4;,.
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Dinole Cross section

The dipole cross section o 4;, can be put in the following way,

adip(x,r) :2/d2bJ_ [1—8(:13,’)",1”_)] ]

where S is the S-matrix element which encodes all the information about the hadronic
scattering, and thus about the non-linear and quantum effects in the hadron wave
function.

® S - 0:Black disc limit
S — 1: Color transparency

® Typical solution:

2 Yeff
S(z,r,b;) =exp (—'r2 —Qs(Z’bL)>

where Q2,, defines the onset of the saturation phenomenon, which depends on
energy.
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Dipole-proton cross section

® Saturation model [Golec Biernat - Wusthoff, PRD60:114023, 1999]

2 2
r
JCSl;?)T(i, r?) = og {1 — exp (— a4 (7) ) ]

4

2
ajo )\ ~ 4m
() = (z) GeV? Z=uwp; <1+ Q2f>

® CGC phenomenological model [lancu-ltakura-Munier, PLB590:199, 2004]:

=2\ Vet (Z,7)
o§SC (2,7) = 09 No (T)
1 —exp[—aln? (b7)], for7>2,

: forT < 2,

where 7 = rQsat (Z) and veg (T, 7) = Ysat + lnéi/;) , Where ~vsat = 0.63 is the LO

BFKL anomalous dimension at saturation limit.
Parameters (xg, A, o) fitted from small-x DESY-HERA data.
Good quality of fit using the more recent F» data.

Mass of quarks are input of the model (m, = 0.14 GeV/m. = 1.5 GeV for GBW
and my = 0.14 GeV/m. = 1.3 GeV for CGC).

L 0 I
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Dipole-nucleus cross section

® Model can be extended for nucleus scattering using the
Glauber-Gribov picture [Armesto, EPJC26:35, 2002].

1
aﬁ‘ip(:i, r? A) =2 /d2b { 1 —exp [—5 ATA(D) chi;;‘;T(i:, r2)] }

® Describes data for the nuclear ratios at small-z.

x=0.0125

Q% GeV?
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The charm structure function

® Saturation models give good results for charm SF.

2

cC Q _
F5%(z,Q%) = T Otot (VP — ccX)
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(az(az Ehotoproduction in VP

Problems ?! Saturation models overestimate high energy HERA data.
Some room for resolved photon contribution.

Threshold factor has been included.

L I

Goncalves, MVTM, [Eur. Phys. J. C30 (2003)]
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(az(az photoproduction in 114

® Calculation using saturation model + shadowing.
® Saturation models give a lower bound for nuclear cross sections.

® No evidence for very strong nuclear shadowing at W, 4 < 1 TeV.
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Photoproduction in pp collisions

Heavy Quark Photoproduction in pp collisions

® The ~p cross section enters as input in pp coherent process.

® Goncalves, MVTM, Phys.Rev.D71 (2005)

_ dnP
o(pp — QQ pp) = 2 / n;usw) 0 paqq (W) dw

(J() | COLLINEAR pQCD | CGC model

LHC | cc 16 ub S ub
bb 230 nb 110 nb

Workshop on Photoproduction at collider energies: from RHIC and HERA to LHC, 15-19 Januar y 2007, ECT™ Trento, Italy — p.2:



Photoproduction in p A collisions

Heavy Quark Photoproduction in pA collisions

® The «p cross section also enters as input in pA coherent
process.

® Goncalves, MVTM, Phys.Rev.C73 (2006)]

_ dn’}
olpd = Q@A) = / nZluE@ Ty p—qQ (W) dw

® Integrated cross section (event rates/month) for the photoproduction of heavy
quarks in p A collisions at LHC:

X | COLLINEAR pQCD CGC model

LHC | cc 8 mb (108) 5mb (1-109)
bb 40 pb (107) 80 ub (6 -107)
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PhotoEroduction in AA collisions

Heavy Quark photoproduction in AA collisions

® Photonuclear cross section enters as input in AA coherent
process.

® Goncalves, MVTM, EPJC 31 (2003)

® PDbPb at LHC.

Collinear pQCD | CGC model
cC 1200 mb 633 mb
bb 5.0 mb 8.0 mb

= A lower value for charm but near value for bottom.
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Diffractive QQ Eroduction

® |iis possible to study the QCD dynamics considering the diffractive heavy quark
photoproduction, which is much more sensitive to large-size dipoles than the
inclusive one.

® |n the dipole approach, the total diffractive cross section is
d D

Bp is the diffractive slope parameter.

1
—Bpltl = /d A2y (WY 212 -2 (4

© o <z r Z, T, o x,Tr
t=0 167 Bp W (27 Q%)% 0g,, (2, 7)

L I

The diffractive contribution grows when considering higher energies and nuclear
targets.

® In the black disk regime the contribution approaches 50%.
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Diffractive HQ photoproduction

® Calculations for Ca and Pb.

® Diffractive contribution is at least 10% of total cross section.
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Vector Meson Photoproduction

® Photoproduction of vector mesons (V' = p, J/W¥):

ImA(yh — Vh)= /dz d*r U7 (z,7) ogip(Z,7) UV (2,7),

where ¥ -(z, r) and ¥, .(z, r) are the light-cone
wavefunctions of the photon and vector meson, respectively.

® TJotal cross section:

o [Zm A(s, t = 0)]?

o(yh — Vh) =R 67 Bu

(1+ 5%

where 3 is the ratio of real to imaginary part of the
amplitude and By labels the meson t-slope parameter.

® R, is correction for skeweness (exclusive process).

® We consider DGKP meson wavefunction (small sensitivity to
the choice).
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Photonuclear cross section

® The photonuclear cross section is written as

[ aroP

t=0 tmin

do (vA — V A)
dt

oc(yA—V A) =

® 1, = (m%//4w)2.
® F(t) is the nuclear form factor.

#® The color dipole model allows to consider calculation of light
and heavy meson in the same theoretical framework.

B
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ComRarison with HERA

Photoproduction of vector mesons (V' = p, J/¥):
® Goncalves, MVTM, Eur. Phys. J. C38 (2004).

10° ¢ ————— —— 10 ¢ e
b e HERA data (H1 Coll.) : L O HERA data (ZEUS Coll. e:ei)
m HERA data (ZEUS Coll.) 1 0 ® HERA data (ZEUS Coll. 08 I.L)
10" L | 10° £ | A HERA data (H1 Coll.) E
Pb
T T 210"
E L - ! =
z tE——— <
< ===
"o Ca =40 |
A A :
| -1 | ) i
E’ 10 <§.1073
o PROTON = -
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107
10"
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10’ 10° 10° 105 10° 10°
W [GeV] W [GeV]

The solid lines stand for the QCD color dipole approach and the dashed ones for the soft
dipole Pomeron approach. Experimental high energy data from DESY-HERA collider on

proton target are also shown.
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Photoproduction in pp collisions

Vector Meson Photoproduction in pp collisions

® (Goncalves, MVTM EPJC 40 (2005) .

® Results consistent with J. Nystrand calculation.

dn’ (w)
dw

o(pp — Vpp) = 2/

Oy p—v (W) dw

Vs=14TeV | J/¥ (3097) | #(1019) | w(782) | p(770)
LHC 132 nb 980 nb 1.24 ub | 9.75 ub
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Photoproduction in p A collisions

Vector Meson Photoproduction in p A collisions

® Gongalves, MVTM, Phys.Rev.C73 (2006)

dnf (w)
dw

Oy pov (W) dw

o(pA — VpA) = /

® Integrated cross section (event rates/month) for the
photoproduction of vector mesons in pA collisions at LHC:

Vector Meson CGC model

LHC D 14 mb (1 -1019)
J/ ¥ 95 ub (7 -107)
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PhotoEroduction in AA collisions

Vector Meson Photoproduction in AA collisions

® Goncalves, MVTM, EPJC 40 (2005)

dné (w)
dw

og(AA -V AA) = 2/ 0y A—V (W) dw

HEAVYION | J/W (3097) | ¢(1019) | w(782) p (770)

LHC CaCa 436 ub 12 mb 14 mb 128 mb
PbPb 41.5 mb 998 mb | 1131 mb | 10069 mb

=- The cross sections are large, mostly for light mesons at LHC
energies.
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Summarz

#® The high energy regime of QCD can be investigated in
photoproduction at HERA and in coherent pp/pA/AA
collisions at LHC.

® We analyze two specific final states (heavy quarks and
mesons) where the experimental identification could be
feasible.

® Photoproduction of heavy quarks (inclusive and diffractive)
IS a good place to investigate models for parton saturation
and nuclear shadowing.

® Meson photoproduction is computed using an unified
framework for light and heavy mesons.

® The photoproduction of p mesons is dominated by physics
below saturation scale, which implies that the cross section
is determined by saturation region,
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