$
UFRGS

Introduction
to
Diffraction

Maria Beatriz Gay Ducati
GFPAE — IF-UFRGS
beatriz.gay(@ufrgs.br

CTEQ :: 2012 Summer School
July 30-August 09, 2012 — Lima, Peru

GFPAE



Outline

> Review of diffraction
v Mandelstam variables
v Regge Theory

v Pomeron

» Diffraction at HERA

v Deep Inelastic Scattering
v Diffractive DIS

v’ Diffractive Structure Functions
» Diffraction at Tevatron

v’ Diffraction at Tevatron
v' Hadronic case

v’ Diffractive Structure Functions

» Diffraction at LHC

v’ Partonic Structure of the Pomeron

v’ Results

v W / Z production
v Higgs Production



Processes In channels s and t

« Two body scattering can be calculated in terms of two independent
iInvariants, s and t, Mandelstam variables

g = (A_|_ B)2 _ (C n D)2 Square of center-of-mass energy
where

2 2
t = (A— C) _ (B _ D) Square of the transfered four momentum

S
A C A t B

B D 9) D

A oo (S, t) = Az 5o (t, S) > by crossing symmetry

2

~_9 .
A(s,t) = m2_t LC—> pionexchange

g = coupling constant

Singularity (pole) in non-physical region t > 0 in s-channel diagram == t = m? 3

T



What is Diffraction?

= Diffraction is characterized as a colour singlet exchange
process in pp physics

= Described in terms of t channel exchanges




What is exchanged in t
channel?

{ P Elastic
P Pant

_qt,
—oi o=

=




Regge Theory

. meson
v Ressonances as observables in f channel > exchange

v  t channel trajectory ‘ Ressonances with same quantum numbers

a(t)=a(0)+a't
a

slope

v" Amplitudes through partial waves decomposition

A(s,t) = i(ZI +1)A (t)P, (cos8)

J=a

A1 (’[) :> sum on poles (Reggeons)

d 1 - 2a(t)-2
%~ = |A(s t) = g(t)(—j R
dt S SO Good for hadron interactions with 6

low momentum transfer 7z~ p — z°n




Regge Theory

e At fixed t, with s >> ¢

* Amplitude for a process governed by the exchange of a trajectory « (t) is

A(s,t) ~ (Sf S, )H{r)

* No prediction for ¢t dependence

e Elastic cross section

do, (2a(1)-2
dt

*Total cross section considering the optical theorem



Diffractive scattering

Considerelastic AB — AB

do, 1
dt “’32;

200(t)-2

optical theorem

A
%tZZ—SZ — X :2_52 ZE . a(0)
X X

vacuuin trajectory
Pomeron app (t)
vacuum quantum numbers g

by Regge

a(0)=1+e, a(0)<0.5

oemmmn SNEm  E——



Regge theory

or o IPexchange

T
O 4if vacuum quantum numbers
/ Elastic
Hadrons

Single
diffraction

scattering xDouble
@ \ Double Pomeron Exchange

_ _ Totally Inelastic
Following particle

distribution in rapidity



Rapidity

L}
Inelastic — :: %

scattering =

[ A

Rapidity y=% '

E+p,
E-p,

0
~—Intan—=
) n

N mm) pseudorapidity for a particle with (£:P1- P=) and polar angle

Diffraction defined by
==md |eading proton

=) |arge rapidity gap
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Dittractive processes
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Regge phenomenology in QCD

o Elastic amplitude |:> mediated by the Pomeron exchange

P Ag (1) =€ {z — ctgﬂalg(t)] (i) ap (t) 1)

S0

ap(t) = a%, e cxipt

What is the Pomeron?

o A Regge pole: not exactly, since ajp(t) varies with Q? in DIS
o DGLAP Pomeron =) specific ordering for radiated gluon

ki, <ki<@’ and z <z <

0 BFKL Pomeron = no ordering —) no evolution in Q2

o0 Other ideas?

12



The Pomeron

“* Regge trajectory has intercept which does not exceed 0.5
< Reggeon exchange leads to total cross sections decreasing with energy

% Experimentally, hadronic total cross sections as a function of s are rather flat around

ﬂﬂ L] T T

2 e |
Js ~ (10— 20) GeV |

T -

INCREASE AT HIGH ENERGIES

% Chew and Frautschi (1961) and Gribov
(1961) introduced a Regge trajectory with
intercept 1 to account for asymptotic total

Cross sections

% This reggeon was named Pomeron ( IP )



The Pomeron

o From fitting elastic scattering data

< IP trajectory is much flatter than others

b ~0.25 GeV
o For the intercept =mmmsp total cross sections implies
ap(0) ~1
o Pomeron ====pdominant trajectory in the elastic and diffractive processes

o Known to proceed via the exchange of vacuum quantum numbers in the
t-channel

IP:. P=+1, C=+1;, I=0;

14



Pomeron trajectory

Regge-type C(ij_o- (VV) exp (b t)N 2[2a|p (t)+2 W 2 — (q + p)E
t
Soft Pomeron values
* First measurements in h-h scattering & (0) ~ 1.09
a(t)=a(0)+a't X’ ~0.25

v a(0)and o’ are fundamental parameters to represent the basic features
of strong interactions

V' 4(0) wmmmp energy dependence of the diffractive cross section

d_(ty(\/\/) :W4ﬂ9b4exp(bt) b=Db,+4ca'In(W)

=

V o w— s]ope 15



Ditfractive scattering

o, (t) =1.085 + 0.25t (P P, pP)

The interactions described by the exchange of a IP are called diffractive

SO

datﬁtB ~ ﬁilp(t)ﬁélp(t) 5 2ep—2
dt 16z

Pip == Pomeron coupling with external particles

Valid for S — o0, % L O

e ”U:> GtﬁtB zIBAIP(O)IBBIP(O)SaIP_l

16



Studies of diffraction

o In the beginning ====p hadron-hadron interactions

VM
SOFT

IP low momentum transfer

P _———_P
o Exclusive diffractive production: p, @, J/w, Y, vy

VM

HARD

high momentum transfer

Gluon exchange
17



Studies of diffraction

o0 Cross section O(W ) - Wa

0 0 expected to increase from soft (~ 0.2 is a “soft” Pomeron) to hard (~ 0.8 is a
“hard” Pomeron)

o Differential cross section d O

o e—b/z/

dt

o b expected to decrease from soft (~ 10 GeV-?) to hard (~ 4 - 5 GeV-?)

18



Froissart limit

= No diffraction within a black disc
= It occurs only at periphery, b ~ R T=) in the Froissart regime, R oc |n(S)

= Unitarity demands

Oiop OX Og OX In? (s)

= e 0sd/otot < 1/ 1In(s)

osqa < In(s) ,
" Donnachie-Landshoff approach — may not be distinguishable from

logarithmic growth

Any s* power behaviour would violate unitarity

@ At some point should be modified by unitarity corrections

 Rate of growth ~ s%98 would violate unitarity only at large energies 19



Some results

v Many measurements in pp

v/ Pomeron exchange trajectory a(t)~110+0.25 ¢
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Pomeron universal and factorizable
applied to total, elastic, diffractive dissociation cross sections in
ep collisions AL



DIFFRACTION AT HERA
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HERA experiments and diffraction

HERA: ~10% of low-x DIS events are diffractive
=>» study QCD structure of high energy diffraction with virtual photon

Falle NORD (H1) \.

Hall NORTH (H1)
Hall nord {H1)

Halle OST (HERMES) |
Hall EAST (HERMES)
Hall est (HERMES)

p (920 GeV)

g ;
= "\/,«//’/

¢ (21.6GeV)

Halle WEST [HERA-B]

Hall WEST (HERA-B)

Hall ouest (HERA-B) Elektronen / Positronen

~a— Electrons / Positrons

Electrons / Positons
Protonen

~@— Frofons
Protons
Synchrotronstrahlung

='W Synchrotron Radiafion

Rayonnement Synchrotron

Halle SUD (ZEUS)

Hall SOUTH (ZEUS)
Hall sud (ZEUS) /




DEEP INELASTIC SCATTERING

* Scattering of a charged (neutral) lepton off a hadron at high momentum transfer

X

Q2

QZ

B 2P -q :Q2+W2—m,f|

Bjorken's x

* Measurement of the energy and scattering angle of the outgoing lepton

P® DIS

Inclusive DIS:
Probes partonic

structure of the
proton (F,)

v Electron-proton centre of mass energy

s=(k+P)? ~4E,E,
v’ Photon virtuality
Q*=-q° =—(k—k')* = 4E_E_sin? g
v’ Photon-proton centre of mass energy
W? =(q+ P)’

v’ Square 4-momentum at the p vertex

t=(P-P)2



DEEP INELASTIC SCATTERING

* Introducing the hadronic tensor W#

W e zzijd“ze‘q'z <N[J*(2)3"(0)|N >
T

* Spin average absorved in the nucleon state | N>

* The leptonic tensor L, defined as (lepton masses neglected)
L, =2(1+11,—g,.1-1

e The differential cross section for DIS takes the form

2 .
—dg — em E L WH Solid angle
dE'dQ 2mNQ4 E “ identifying the

Q= (9, go) direction of the
outgoing lepton
* It can be expressed in terms of two structure functions W, and WV,
do  4a’ E”

dE'dQ O

[Z\N1 sin? < +W, cos’ ﬁ}
2 2 25



DEEP INELASTIC SCATTERING

* Introducing the dimensionless structure functions
2y _ 2
FL (% Q%) =mW,(v, Q%) WO

F,(x,Q%) =W, (v,Q")

* The hadronic tensor in terms of F; and F, reads

W, [gﬂﬁquF(XQH KP,J—P;qqﬂ](a—P;quﬂFz(x,QZ)
q (P-q) q q

e The differential cross section for DIS takes the form

do  4mals|. , ) B _Xym
dxdy O {xy F (X Q )+£1 y ]F (X, Q )}

- Arlor
F, = 2xF, "N (x,Q%) =—F,(x,Q%)
F =F,—-2xF, < *




DIFFRACTIVE DIS
Y 7 v’ Proton escapes in the beam pipe

DDIS: v/ no quantum numbers exchanged between

Probes structure
of the exchanged
color singlet (F,P)

y* and p

NO COLOUR FLUX

LARGE RAPIDITY GAP

v pQCD motivated description of strong

DDIS interactions 27



Kinematics of DDIS

c c v’ Described by 5 kinematical variables

v Two are the same appearing in DIS:
> Bjorken’s x

2 2 2
x:2Q — 2 Qz 2§ 2Q 2
Pg W°+Q '—-my W +Q

M » Squared momentum transfer at the lepton
X vertex

Q° =—q° =—(k—k")*
\_JS7 My
p v 3" - or
_Pg _Q°
Pk xs 28

y



Kinematics of DDIS

’ v New kinematic variables are dependent of
the three-momentum P’ of the outgoing proton

Pl

Xg

v’ Invariant quantities t=—(P-P)? ~—

_(P-P)-q M*+Q°-t ~M2+Q2—1
P.q W?+Q*-mi W?+Q?

v’ M? is the invariant mass of the X system

XIP

_XF

X v xr is the Feynman variable | p. |
Z

.. Y v Bisthe momentum fraction of the parton
inside the Pomeron

8= Q’ _ Q’ 5 Q’
2q-(P-P') M*+Q°-t M*+Q* 29




Diffractive Structure Functions

v DDIS differential cross section can be written in terms of two structure
functions

D(4
= ) and FZD(4)

v Dependence of variables =mmmmd>  x (2 x,, t

v Introducing the longitudinal and transverse diffractive structure functions

FLD(4) _ |:2D(4) _ 2X|:1D(4) FTD(4) _ 2X|:1D(4)

v DDIS cross section is
do” A7y 2 2

yp _ em J] _y4 y 1 LEDPE) X, 2,X 1

dxdQdx,dt  xQ* { g 2[Z|.+RD(4)(X,Q2,X,P,’[)J} £O0@xe.1)

D(4)
v RDM _ P is the longitudinal-to-transverse ratio
F.D®) 30




Diffractive Structure Functions

v’ Data are taken predominantly at small y

v Cross section ===mp> ljttle sensitivity to RP®

v R <R for B<0.8-09  =mmmPpeolect RP@ at this range

do® 2 2
27 p _ 47Tajm 1_ y+y_ FZD(4)(X,Q2,X|P,t)
dxdQ<dx,dt  xQ 2

v FZD(4) —> proportional to the cross section for diffractive y*p scattering

Q? do®

7'
Arar’ dX,dt

FL® (x, Q% X ,t):

v ) == jimensional quantity
F.D(4) _ dF,” (x,Q%, X;p, 1) F,” is dimensionless
o dx,, dt

31




Diffractive Structure Functions

v When the outgoing proton is not detected

C no measurement of ¢

v' Only the cross section integrated over t is obtained

do"

- Ao’ y°
VP — em 1_ 42 FD(3) X, 2,X
dxdQ%x,  xQ* ( y 2] § ( Q 'P)

) D(4) . .
v The structure function P is defined as

FZD(g) (X, QZ, X ): IOOO d | t | FZD(4) (X, QZ’ Xip ,t)

32



Diffractive Parton Distributions

v’ Factorization theorem holds for diffractive structure functions
v" These can be written in terms of the diffractive partons distributions

v’ It represents the probability to find a parton in a hadron ki, under the condition
the h undergoes a diffractive scattering

v QCD factorization formula for FZD is

dF (%,Q% X, ) o ey L Of (G 12 X ) 2 (X 5
dx,. dit _ZI O et F{g’Q ’”j

vodf (& 1%, Xp,t)/dx dt is the diffractive distribution of parton i

v’ Probability to find in a proton a parton of type i carrying momentum fraction §

v Under the requirement that the proton remains intact except for a momentum
transfer quantified by x;p and ¢ 33



Diffractive Parton Distributions

v’ Perturbatively calculable coefficients

M(fQ “]

v’ Factorization scale g ,2=)/
v’ Diffractive parton distributions satisfy DGLAP equations

v’ Thus

0 df (g,,uz,x,P,t) dg dfj (f’ﬂz’XIP’t)
oln u? dx,dt Zj ( @ u )j dx,dt

v’ “fracture function” is a diffractive parton distribution integrated over t

d1:i (énuZ’XIP) :J'OZ ) d |t| d1:| (énuzixlmt)
dx, i dx,dt

1-Xp

34



Partonic Structure of the Pomeron

v It is quite usual to introduce a partonic structure for F,"

v’ At Leading Order === Pomeron Structure Function written as a superposition

of quark and antiquark distributions in the Pomeron
IP 2 2 2 IP 2
FP(8,Q%) =Y 241" (8,Q°)
g.9

X
v f=—— wmmp interpreted as the fraction of the Pomeron momentum

carried by its partonic constituents

v(q" (8,Q%) === probability to find a quark g with momentum fraction 8
inside the Pomeron

v’ This interpretation makes sense only if we can specify unambigously the
probability of finding a Pomeron in the proton and assume the Pomeron to be a real

particle (INGELMAN-SCHLEIN / 1985) 35



Partonic Structure of the Pomeron

v’ Diffractive quark distributions and quark distributions of the Pomeron are related

0f, (8,Q% X 1)

19 xz"“9" (8,Q°)

dx, dt 16 ’
e’ e
: * Introducing gluon distribution in the Pomeron
' Q IP 2
- o 9" (8,Q%)
\  Related to df_ /dx,dt by

¢ IX
df, (,Q% X t)

e dt T 2IQJ.p(t)I eV 4051 T")
IP

Largest gap in event * At Next-to-Leading order, Pomeron Structure
Function acquires a term containing " (5.0%)

Representation of D* diffractive

production in the infinite- 36
momentum frame description of

DDIS



QCD factorization

PDFs from inclusive diffraction predict cross sections for exclusive diffraction

inclusive Exclusive
(dijet)

hard scattering QCD
_matrix element perturbatively
calculated

Diffractive parton densities are
the same for all processes

[ p P

PP Xp) = > (6Q% e 1) - 07 (x,Q%)

parton_i

o === universal hard scattering cross section (same as in inclusive DIS)

f D_>diffractive parton distribution functions — obey DGLAP

! universal for diffractive ep DIS (inclusive, di-jets, charm) >
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Results from inclusive ditfraction (2002)

fiD(X1Q2’X|P’t) = fIP/p(XIP’t)° fiIP(IB: X/XIP’QZ)

' N

pomeron flux factor

o9 = flux(xp) - AanZ)
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Results from inclusive diffraction (2008)

3.5=< 0% <1600 GeV?

Gives a reasonably good
description of inclusive
data from

3.5 GeV? -1600 GeV?

Data on low B for high Q2
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Ditfractive Parton Densities (H1-02)

e Determined from NLO QCD
analysis of diffractive structure function

* More sensitive to quarks

* Gluons from scaling violation, poorer
constraint

* Gluon carries about 75% of pomeron
momentum

* Large uncertainty at large z,,
If factorisation holds, jet and HQ

cross sections give better
constraint on the gluon density

z 5(z,Q%)

H1 2002 g, D NLO QCD Fit

Singlet e

" o

D2 N
=)

01 (¥}

0

0.2

04

0.2 04 06 D48 1

Z

H1 2002 o 0 HLO QCD Fit
1 (exp. error)

(exp.+theor. emor)

— H12002 50 LO QCD Fit

.1

0

.1

H1 preliminary

Gluon

_4-"/’/—._\

0 ' 0| '
ME_/\ 1&
01 |
: —y,

0.2 04 0.6 048
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Ditfractive Parton Densities (H1-06)

~ Gluon 5
g & Gev?
N E '
O b = - - 8.5
N 0.5 A =
0 : =
) :_\\ g
o : R :_
0.5 2 20
: ——— -
0 " A :
BN :
E \ N E
0.5 E %0
z ™ g
0 -
1F \ -
K N f—
i N C
0.5 \\ -
E N\ - 3
s T i s~ —E
10 10 02 04 06 08
4 z

—— H1 2006 DPDF FitB
----- (exp.+theor. error)

H1 2006 DPDF Fit A
(exp. error)

1 (exp.+theor. error)

® Total quark singlet and gluon
distributions obtained from NLO QCD
H1. DPDF Fit A,

® Range 0.0043 <z <0,8,
corresponding to experiment

® Central lines surrounded by inner
@ errors bands

experimental uncertainties

800 @Outer error bands

experimental and theoretical uncertainties
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Diftfractive Parton Densities(ZEUS-06)

N

0?=8 GeV?
ZELS DPDF &)

5 T oy .

== JELUS DPDFC
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]
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-\

LN

- \*'\-ﬁ
02 e
n e IS T T
0 02 04 06 08 1

LI I I

00t
00

002 / \
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ZEUS DPDF &)
. unoortainty
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Rl |

ight ~* \

-\"' ——
L qh“"‘ﬂ:ﬁ-—-h

uﬂ 0.2 ILl 06 08

I1l|1ll'||rI|I'Il|'Ilr

1
Z

v Recent Zeus fits to higher
statistical large rapidity gaps

v Improved heavy flavour
treatment

v' DPDFs dominated by gluon
density

v It extends to large z
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DIFFRACTION AT
TEVATRON

44



TEVATRON




Diffraction at Tevatron

* Proton-antiproton scattering at highest & = anti-proton
energy momentum loss

e Soft & Hard Diffraction

£<0.1 = O(1)TeV “Pomeron beams™ . v
Structure function of the Pomeron

F(p,Q? . hard scatter

Diffraction dynamics?
Exclusive final states ? P

* Gap dynamics in pp presently not fully

proton remnant
understood!

§=|\/|>2</S 46



Diffraction at Tevatron

IS paper (1985)  =mmmp first discussion of high-p jets produced via
Pomeron exchange

Events containing two jets of high transverse energy and a leading
proton were observed in proton-antiproton scattering at Js-630 GeV
by the CERN UAS8 experiment (Bonino et al. 1988)

Rate of jet production in this scattering =% 1 2%
It was in agreement with the predicted order of magnitude made by IS

Since then =====p hard diffraction in proton-proton scattering was
pursued by the CDF and DO Collaborations at the Tevatron

UAS8 group reported some evidence for a hard Pomeron substructure

B (1- B) (Brand et al. 1992) 47



Diffraction at Tevatron

* Kinematical range for physical process at Tevatron ====p broader
* Experiments have been investigating diffractive reactions

* First results of diffractive events were reported in 1994-1995
(Abachi et al. 1994; Abe et al. 1995)

* Then, three different classes of processes investigated at the Tevatron

Double diffraction
Single diffraction

Double Pomeron Exchange

* Both CDF and DO detectors covered the pseudorapidity range

In|£4-5
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Ditfractive Physics at 1.96 TeV

“* Physics observed at the Tevatron described by colour exchange perturbative QCD
% There is also electroweak physics on a somewhat smaller scale

“* There is a significative amount of data that is not described by colour exchange

pertubative interaction
Tevalron Cross-Sectons sl 1.96 TeV |

Croda Section (mb)
g 8 8 % &

-
L o]

WHAT IS
HAPPENING?

=
L=]

IIIIIIIII|'|III|IIII|IIIIIIIIIIIIIIIIIIIIIIII

w

L=]

Cawsinsr E oL wasge Elesws F smed Cri'ar DT sl aw  Sogpe SiFvdimre
- - L -

Tiot = Tpt = Tel — Tdd T Tsd 49



Hard Single diffraction

* Large rapidity gap

e Intact hadrons detected

= Diffractive production of some objects can be studied

Jets, W, J/y, b ...

= Measurement of the ratio of diffractive to non-diffractive production

Hard component Fraction (R)%

Dijet 0.75+0.10
All fractions w 1.15+0.55
b 0.62+0.25

~ 1%
Jwy 1.45v 0.25

50



Hadronic case

To calculate diffractive hard processes at the Tevatron

" Using diffractive parton densities from HERA

® Obtain cross sections one order of magnitude higher

= [ MRW2005 = 2002
a3 [ == NLOQCDfus —+ CDFdama 4 "
| EM2, 7 oy IP parton densities
0F  (P=75GeV) -- = o
} |

10 —~—
ey S ~ IPflux  Universal?

gL — M2RcpacOftpel) R, = IP an effect from QCD dynamics?

0.1 1
P DO data on diffractive dijets ol



0.1

10 ¢

Hadronic case

— H1 2006 DPDFFitB

=+ Hi fit-2 ~+- CDF data

------ H1 fit-3 EYT > 7 GeV

(Q°=75GeV®)  0.035<<0.095
It]<1.0GeV’

Sy
[
- n'ﬂnll.h"'%
B i
"'ﬂ*.!“.
: =T

Factorization breakdown

between HERA and Tevatron
— H1 2006 DPDF Fit A

0.1 o ”1 IS doesn’t describe DATA
p diffractive cross section

@ Momentum fraction of parton in the Pomeron 52



Pomeron as composite

Considering Regge factorization we have

FzD(4) (X’ Q*, Xip ’t): fly (le ’t)lep (5, QZ) :

p

IP flux IP Structure function

see MBGD & M. V. T. Machado 2001

Data =) Good fit with added Reggeon for HERA

Pomeron as gluons

*Elastic amplitude T——> neutral exchange in t-channel

* Smallness of the real part of the diffractive amplitude ———> nonabeliance

Born graphs in the abelian and =k
nonabelian (QCD) cases look like Y g2 328

oYy
WM

n A
A M

53




Dittractive dijet cross section
o(pp > pX)~ F,QF, Qd(ab—> jj)

“ Study of the diffractive structure function

Fp =F)(x.0".1.9

“ Experimentally determine diffractive structure function
R (s TE0) _ FP(Q%9)
ND o(ND;)  F;(x,Q%)
DATA > @ KNOWN PDF

Will factorization hold at Tevatron?
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Gap Survival Probability (GSP)

GAP
u region of angular phase space

devoid of particles

\VAVAVAV
fa ) |Survival probability
P Large
RaGpidity fulfilling of the gap by hadrons
ap

produced in interactions of

S [>2= jd oI A(s,b) " P*(s,b) remanescent particles
[db] A(s,b)

* A(s,b) == gmplitude of the particular process (parameter space b)

of interest at center-of-mass energy s

° PS(s,b) == probability that no inelastic interaction occurs between

55
scattered hadrons



KMR — Gap Survival Probabillity

Khoze-Martin-Ryskin Eur. Phys. J. C. 26 229 (2002)

¢ Survival probability of the rapidity gaps

® Associated with the Pomeron (double vertical line)

"+ single diffraction (SD)
’ Calculated< * central diffraction (CD)
* double diffraction (DD)

N~
® FPS (cal) = forward photon spectrometer (calorimeter),

® Detection of isolated protons (events where leading baryon is either a proton or a N*)

B

S0 ST 1) D [}
i FPs) ical (FPS) icall

H:*
aa




KMR model

® t dependence of elastic pp differential cross section in the form exp (Bt)

® Pion-loop insertions in the Pomeron trajectory
® Non-exponential form of the proton-Pomeron vertex 3 (t)

® Absorptive corrections, associated with eikonalization

L IH

(b (C) idi i) )

® (a) Pomeron exchange contribution;
® (b-e) Unitarity corrections to the pp elastic amplitude.

® (f) Two pion-loop insertion in the Pomeron trajectory

S7



KMR model

® GSP KMR values

Survival probability 5= for:
Vv e 2h =1 s CD CD DD
(TeV) M {GeV == )| (FPS) {(eall (FPS)  (cal)

4.1

(1.14
[1.20]
(.27

1.13
115

(1,25

(.07
.11
(1,16

(106G
1,000
1.14

.20
.26
.34

(3,100
115
(1,24

1,050
1.14
1,23

(.05
(100

0.14

1.04
(106G
.12

.15
.21
.32

(1, 0
(1,005
1,21

(.05
[1.015)

(0. 20)

.02
[1.04
.11

.02
(1.03

(.09

.10
.15

.28

® GSP considering multiple channels
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GLM - GSP

Gotsman-Levin-Maor PLB 438 229 (1998 - 2002)

secondary interactions
by additional spectators?

i
;f
)

g
X
%
';:
i
4

)
i
i
i
)

%
W
]

¢

4
B

=

® Survival probability as a function of Q) (s,b = 0)
°Q ‘ opacity (optic density) of interaction of incident hadrons
® Ratio of the radius in soft and hard interactions ‘ a=R,/R,

® Suppression due to secondary interactions by additional spectators hadrons 59



GLM model

® Eikonal model originally =) explain the exceptionally mild energy

dependence of soft diffractive cross sections

® s-channel unitarization enforced by the eikonal model

® Operates on a diffractive amplitude in different way than elastic amplitude

® Soft input obtained directly from the measured values of .., 6, and hard
radius Ry,

®F1C and D1C ‘ different methods from GLM model

V5 (GeV) | SZ,(F1C) | SZ,(D1C) | 5%, (F1C) | 5%, (D1C) | Sp5(F1C) | 53,(D1C)
540 14.4% 13.1% 18.5% 17.5% 22.6% 22.0%
1800 10.9% 8.9% 14.5% 12.6% 18.2% 16.6%
14000 6.0% 5.2% 8.6% 8.1% 11.5% 112 %




Applications

» Electroweak Vector boson processes
» W* and Z' production

»Quarkonium hadroproduction at NLO
» Application to Heavy-Ion Collisions

»Quarkonium production in NRQCD factorization
> ]/ psi + gamma
» Upsilon + gamma
» Nuclear production

» Higgs boson production
» Ditfractive factorization
» Ultraperipheral Collisions



Electroweak vector boson production

MBGD, M. M. Machado, M. V. T. Machado, PRD 75, 114013 (2007) 62



W /Z Production

ol
13||
ol

W, Z

—_—

Leading order wmmp W and Z produced by a quark in the Pomeron

® General cross section for W and Z

dé(pp —>W/Z]X)
dx g~ 2 O, farn O ) 5 00 5) o
b a
® W* (W) inclusive cross section ® Total decay width == T, =2.06GeV
do VEGE ] £2(u?)
=2 J B T (Xa) Ty (X )[ — } -
A7,y am J "’ et esruMy [JVAZ-1 | e V,, is the CKM Matrix element

1’ =My f:—ETMWlAh/(AZ —1)J

Ge = 1.166 x 105 GeV2

® W* (W-) s dependence in t (u) -

channel



W (Z) Ditfractive cross sections

® W0 diffractive cross section

do V2iGE | £2(6?%)
= | dXpg(Xp) | dE, f 0 (X,) T~ (X 2 F
dﬂe_(e+) ;J. IPg( IP)J- T a/IP( a) b/p( b){6SFWMW:|\/ﬁ

® 70 diffractive cross section

O = Zj dXIP J‘ de J‘ dXXa T(XIP) fa/IP (Xa’/uz) fb/p(Xb”uz)|:

a,b XIP Xb a

272C5G-M? |dé(ab — ZX)
3./2s d

® f,/ip is the quark distribution in the IP mmm) parametrization of the IP

structure function (H1)

® g (xpp) is the IP flux integrated over t

0
g(XIP) - j_oo fIP/p (XIP 1t)dt
CZ =1/2-2]|e,|sin* g, +4|e, |* sin® g,

® &y is the Weinberg or weak-mixing angle
64



Energies and Mandelstan Variables

+ Total Energy — =Yy 1 cos0) 1 cos0)]
* Longitudinal ENery £ _ Y51 (1 cos0)x (1—cos0)
4
® Transversal Energy —> E _mseng
.
2

¢ Mandelstan variables of the process

f:(pc_pa)zz_é(l—cosﬁ) a\ //C

2
S 0=+ AL
0=(p-p,f = Slroose)  XSO=ETY
b \d
§:(pa+pb)2:MV%/ A=M,, /2E;

65




W*and W- Cross Sections

IS + GSP models

Tevatron [ sqrt (s) =1.8 TeV ]

3

10 T |

W+

[ [ [
Inclusive

'

Diffractive W-

| I
. W

— (- DGM
Jr—

W) ot

Nl <1.1
1.5<|n.|<2.5

S~

0.715+0.045 }CDF

Pseudo- Data R(%)
rapidity (%)
1.15+0.55
|7 |<1.1
€ 1.08+0.25| 0.715+0.045
1.8 15<7n,1<25 | 0.64+0.24
TeV |
Total W —e o 89+0.25| 0.735+0.055
Total z»e'e 0.71+0.05

GSP is an average of KMR (S? = 0.09) and
GLM (S2 = 0.086) estimations

® Tevatron, without GSP - 7.2 %

*|nl<1.1
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Quarkonium production in NRQCD

MBGD, M. M. Machado, M. V. T. Machado, PLB 683, 150-153 (2010) 67



Diffractive hadroproduction

o Focus on the following single diffractive processes

pp —> p+(3 /1y +y)+ X pp — p+(Y +7)+ X
o Diffractive ratios as a function of transverse momentum p+ of quarkonium
state

0 Quarkonia produced with large p; === easy to detect
0 Singlet contribution
g+ 9=+ (@) (= /)
0 Octet contributions
g+g—7+ @Sy )= T/,

g+ g1+ (@ P Tf)

o Higher contribution on high p+
68



T. Mehen, Phys. Rev. D55 (1997) 4338

NRQCD factorization

v 11(29) is the momentum fraction of the proton carried by the gluon
M?/s <z <1 N = inyariant mass of Jiy+y system

r1xre Y — 21 2
201 — xrey T =

v' Cross section written as

Coefficients are computable in perturbation theory

Matrix elements of NRQCD operators
69



T. Mehen, Phys. Rev. D55 (1997) 4338

Matrix elements

(0|0H ZZ (O|xT |H X)(H(N) + X|r,[0)

/ X

Bilinear in heavy quarks fields which create as a pair QQ  Quarkonium state

do mlelaalm, [10 [ s%s? 4+ t2t2 4+ u’u? T/ 3
J - - Lo Y (s
L g+ g— Tfp+7) = [9( ) o s
16 [ s2s? 4+ t2t2 4+ u? T/ a 3 tu |, g/,
—|— {a() r .19 ?‘ ‘I— - F p ':I:()"' o .Lg t:'
27 ( sitiud OS5 2 ssim?’ s (51
3 1 5 . 4tu(2m..)? T/ A
> s (25(2?’?1-,:) + 3tu — - (03" (" Fy))
2
51 = 5 — '-j:ﬂ'l fl =1 _"lﬂtz Uy =u — '-_I:TH ec:§

ag running 20



Diffractive cross section

I . ,:TTICI-;I? . ‘()
d’o SD ‘e L
— drp ~dxy dt
dy de T El in ;\i ; 1

% gp(ap 115) gy (TosTl

Vi1 xpTopy do

Momentum fraction carried by the

Pomeron flux factor fIP/p(x]PSt) X g;%P_Qr}:(t)Fz(t)

a(t) = ap(0) + ot Pomeron trajectory »



Bdo/dp,, [pb/GeV]

N
lllllml lllllml lllllml T TTIg

Re

sults for J/hy+y

LLHC
Tevatron
diff - RHIC
RHIC

- Diff - Tevatron
-+ Diff LHC

| lllllul 1 llllll‘ L

.....

8 9

* Predictions for inclusive and
diffractive cross sections

* LHC, Tevatron and RHIC

* Diffractive cross sections

considering GSP (<|S|%>)

B = 0.0594 is the branching

ratio into electrons

1< p; <20 atLH



Bdo/dp, [pb/GeV]

._.
o
12

—
L

[

—

o~

f—
N

10

10

Results for Y+y

?IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIlIIIIIIIIlIIIIIIIlIlIIIIIIIIIIIIIIlIIIIIIlIIE
B = RHIC E

= Tevatron
3 — IHC 3 e Predictions of inclusive
- ] Cross section
f  LHC, Tevatron and RHIC
_ E 1<lyl<1
3 3 « B=0.0238is the branching
- : ratio into electrons
—IIIIIIIIII|IIIlllllll|IIIIIlllII|IIIIllllll|IIIIIIIIII|IIIlllllII|IIIIIIIIII|IIIII!IIII—
3 4 5 6 7 8 9 10 11

P,
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B do/dp. [pb/GeV]

Results for J/y+y at LHC

T T T TTT

T T IIIIIII T IIIIIIII:’ T

’

' ! ! ! ! !

= [nclusive

« = Single Diffractive (Fit A)| |
.+ Single Diffractive (Fit B) | |

-I<y«l

10

s B =0.0594

- Absolute value cross section
strongly dependent

Quark mass
NRQCD matrix elements
Factorization scale

- Diffractive cross sections (DCS)
without GSP (<|S|?>)

- Comparison between two

different sets of diffractive gluon
distribution (H1)

74



B do/dp.. [pb/GeV]

Results for Y+y at LHC

I ' I '

B =0.0238

T T T T TTTIT

= Inclusive
— - Single Diffractive (Fit A)
-+++ Single Diffractive (Fit B)

» Absolute value cross section

T T T T IIIII

T T II[IIIIII
4

T T IIIIIIII

strongly dependent

Quark mass

1 1 IIIIII|I

NRQCD matrix elements

Factorization scale

» Diffractive cross sections (DCS)
without GSP (<|S|?>)

1 IIIIIlllll

- Comparison between two
different sets of diffractive gluon

L distribution (H1)
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Diffractive ratio at LHC

pT [GE‘V] 4 0 8 10
ine (J/W)|97.04|14.54| 2.82 | 0.68

“dpp pT

** C. S. Kim, J. Lee and H. S. Song,

‘iZ;TD (J/W)| 0.78 | 0.10 | 0.017 | 0.0036 Phys Rev D59 (1999) 014028
Rsp [/ | 08 | 069 0.6 | 053 1/ 4+

11 (T) 59T T 239110004t | ’

dpr

250 (7)) [0.036]0.013]0.0054[ 0.0018

i’ 2

Rsp (%) (1) 0.6 | 053] 054 | 0.44

This work - Ref **
» Slightly large diffractive 02+ m? A b= E
. : =, | ¥ R F 7ab
ratio in comparison to ** He 4 /
. i <|S|?>=0.06 Renormalized Pomeron flux
¢ Could explain the p; dependence q\
iNn our results Q? evolution in the gluon No Q? evolution in the gluon
— density density
ol=p

76
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Higgs production

MBGD, M. M. Machado, G. G. Silveira, PRD. 83, 074005 (2011)

77



Higgs production

v’ Standard Model (SM) of Particle Physics has b _J et

unified the Eletromagnetic interaction and the

weak interaction; '\ /
gap

v’ Particles acquire mass through their < — >
interaction with the Higgs Field; p

[

v Existence of a new particle: the Higgs boson l \
v'The theory does not predict the mass of H; b -j et

v’ Predicts its production rate and decay modes
for each possible mass;
» Exclusive diffractive Higgs production pp > pHp : 3-10 fb

» Inclusive diffractive Higgs productionpp - p + X+ H+Y + p : 50-200 fb

Albert de Roeck X BARIONS (2004) 78



D. Graudenz et al. PRL 70 (1993) 1372

Gluon fusion

0 Focus on the gluon fusion
pp — 99 — H

0 Main production mechanism of Higgs boson in high-energy pp
collisions

gGluon coupling to the Higgs boson in SM

triangular loops of top quarks Lowest order to gg contribution

79



M. Spira et al. 9504378 [hep-ph]

Gluon fusion

< Lowest order
partonic cross section expressed by the gluonic width of the Higgs
boson

. 00 ¢/ A
orolgg — H) = —-0(5— ms; )
miy
87
o0 = —1ro(H — gg)
My
) = Gras |3
[ro(H—gg9) - ZF% 3|2
Ag(TQ) = 2+ (r —1)f(n)]/7 f(7) = arcsin® \/7 Quark Top

S mmmm)> (g invariant energy squared

_ 2 2
v dependence TQO =) QT miy [4meg i



LO hadroproduction

v’ Lowest order ==  ty0-gluon decay width of the Higgs boson

9

Cp(l 3
ogn = Aol
0= 288\/_ o ‘ 4; ol7)
- dL99 1 dr PDFs
v ) — [ = AP M?
Gluon luminosity I /T - g, M) g(r [z, M) MSTW2008

v’ Lowest order proton-proton cross section

d LYY
orolpp — H) = ooy
U,’-TH
)2
v Renormalization scale [{(Q I =T H TH = —

81
v's === inyariant pp collider energy squared



Virtual diagrams

> Coefficient C(r,) == contributions from the virtual two-loop

corrections

» Regularized by the infrared singular part of the cross section for real

gluon emission

v Infrared part H— —

v" Logarithmic term depending on the renormalization scale u

82



Delta functions

o Contributions from gluon radiation in gg, ggq and qg scattering

. renormalization scale p
o0 Dependence of the parton densities

factorization scale M

3 d/cgg Oﬁs ) A A\[z A
ROy = /TH ar dr X 00 {_TPQQ(T) log ry + dyy(T,70)

W +12 Kl%(l — T))+ — 72— 7(1 —7)]log(1 — ”?)] }

1—7

: 99 . 1 M?
Aoy, = / d’!‘ E X (Lgu {Tng( ) [——log— + log(1 — T)—‘ —|—dgq(?,TQ)}
Q-fj

T
1 AL g )
Aoy = /Hd’rz T X —09 dye(T,70) A i /7‘

g Renormalization scale

QCD coupling () in the radiative corrections and LO cross sections
83



NLO Cross Section

< Gluon radiation == two parton final states qgqg — H
% Invariant energy s > ?n% inthe ¢g, gqg and ¢g channels
< New scaling variable 7 mmmm) SUpplementing 7y and T T

¢ The final result for the pp cross section at NLO

99

(Vg

TH— + A0gy + Aoyy + Aoy

dTH

oglpp— H+X) =0y [l—I—C’

s

% Renormalization scale in a, and the factorization scale of the parton densities
to be fixed properly

84




Diffractive processes

Single diffractive Double Pomeron Exchange g



Diffractive cross sections

Single diffractive

1,1
OlPp—H (A’{Hv ﬂjX) — Cg /0 /0 Fg/p(gp) ' Fg/ﬂj(ﬁ) ' UQQHH(A{Hv s) dp A&y

Double Pomeron Exchange
JPPHH(JE\:{H? J[}{) — OQ/I /1 Fg;.wjp(_ﬁ) Fg;p(g.}}) (ng__xH(fHH, %) diji dfp
D . 0 A B

Momentum fractions: pomeron and quarks
Cg mmp Normalization X
| Xip

Fy/p(§,) wmmmp  Gluon distributions in the proton MSTW (2008)

Nz
Fg/ip(_ﬁ) ) fIP/h (iﬁp) f@/IP (Qz ”u) H1 parametrization (2006)

P

Pomeron flux / \ 86

Gluon distributions (i) in the Pomeron IP



FIT Comparison :: SD vs. DPE

Eeu=7TeV  —_
My =u == GLM
=+ KKMR

Inclusive
Single Diffractive

10’ E

= .

= - _
. -‘-“'-.._

z10°F Te=o_ E

c F - :

107 E

A N R R R

100 120 140 160 130 20!

Higgs mass (GeV)

OpLo (D)

E I | I | I I | I E
f E., =14 TeV CED f
[ M -« GLM ]
— — KKMR
10°F E
10’ E
P - — 7
"‘l-.._‘_l‘ — _
10’5 T~ TS
- T~ .
_ 1 | 1 | 1 | 1 | 1 ]
100 120 140 160 180 200

Higgs mass (GeV)
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SD production as M, function (NLO)

Mass (GeV) Vs (TeV)

78.69(44.02

81.43(61.30

27.60(20.70

) (66.44)
2) 58.69(44.02)

0.98) 39.56(29.67) 56.07(42.21
A7) (20.70) 40.23(30.28
24) (14.97)

(
(
(
(

\_____,-"\_____,-"\_____,-"\_____,-"

19.96(14.97) 29.10(21.90
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Exclusive Higgs boson production

MBGD, G. G. Silveira, Phys. Rev. D 78, 113005 (2008)
MBGD, G. G. Silveira, Phys. Rev. D 82, 073004 (2011) 89



Khoze, Martin, Ryskin, EPJB 401, 330 (1997)

Diffractive Higgs Production

Thereacton PP —> pP+H +p

Protons lose small fraction of their energy :: scattering in small angles

Nevertheless enough to produce the Higgs Boson

Durham do _ ‘M‘
Model B

G is the Fermi constant and Q? =-Q?

90



J.R. Forshaw, arXiv:0508274[hep-ph]

2-gluon emission

X', Q; X, Qk; X', Qr x, Q -k,
dG(x dG(x,Q;)
T dln(Q )

The probability for a quark emit 2 gluon in the t-channel is given by the
integrated gluon distribution

f(x,Q)=KaoG(x,Q)/0InQ°

The factor K is related to the non-diagonality Ko~ _Mgu_ AN +5/2)
of the distribution v T(A+4)
2
do  a,Gev2| ;d*Q,
d ~ 2 j f( 1’QT) (Z’QT)
y 9 Qf

91



J.R. Forshaw, arXiv:0508274[hep-ph]

Sudakov form fators

The former cross section is infrared divergent!

The regulation of the amplitude can be done by suppression of gluon
emissions from the production vertex;

The Sudakov form factors accounts for the probability of emission of one
gluon

C'yoxg /m?f /4 dp% /mu..-“'i‘ dE  Caaq 2 ( mi:)
. 2 Ry 52
' (..?%- E_}T o P E "]:.l'l. (.JT

—

Il

The suppression of several gluon emissions exponentiates

2

) m2 /4 d 2 Yo 1—A
5 _ exp (_ / n/t dpy (l..{pT) /ﬂ dz [2P,y(2) + ) qu{:)])
. : g

Q. pr 2m

Then, the gluon distributions are modified in order to include S

~ " 0 oy
f'.[\il?. QT} = m (C_S"E G[_;I.‘._ ((JT:I) o



Photoproduction mechanism

The Durham group’s approach is applied to the photon-proton process;
This is a subprocess of Ultraperipheral Collisions;

Hard process: photon splitting into a color dipole, which interacts with the
proton;

Dipole contribution

sk o (20 [ORT 0P o
- ZE ( [ /0 (1 —7) + Q2 (1 — )

daydr.| 93




YP Cross section

» The cross section is calculated for central rapidity (yy = 0)

2 2
d SZp [ Q2aMi\° © dk®  _sue.m ,
- = 278 (C;A?’T‘f) (Z e§> [/ € M £ (x, k%) X (K, Q)
- .

dy,, dt

.VH:r:O

» Proton content': asCr/m — fo(x,k*) =K Aenk2y X8 (X, k?)

Gap Survival Probability*: Sz, — 3% (5%) for LHC (Tevatron)

Gluon radiation suppression®: Sudakov factor S(k*, M§) ~ {n? (Mf;/ﬂsz)
Cutoff k;: Necessary to avoid

Electroweak vacuum expectation value: v — 246 GeV

vy v v v Y

Gluon-proton form factor: B = 5.5 GeV ™~

1Khoze, Martin, Ryskin, EJPC 14 (2000) 525
2Khoze, Martin, Ryskin, EJPC 18 (2000) 167
3 Forshaw, hep-ph/0508274



Ultraperipheral Collisions

g
Photon emission from the proton 13;

\/3/2 n. T
(pp(A) — p+ H + p(A)) = 2[_ du % (w0, Myy). [ %:»;

with photon fluxes 1

dw 2TW

RAEETIPIIPOREL _g

n 2 Lem ""2
dna _ 2Z [;L.Ko(u)Kl(,u-) — KR - Kéus)@ -

dw Tw

The photon virtuality obey the Coherent condition E
for its emission from a hadron under collision
W
Q2 < :|_/F;’2 ANNNANL

95



Photoproduction cross section

| | | | I | | | | Subprocess|GSP (%) |, (fh)
PP 26 | 3.00
PIP 0.4 (.47
vy 100 0.12
" 30 | 177
» 0. | 5.9
M, =120 GeV

Cross section = 1.77-6 fb

— MRST20010 = GS5P 3%
== MRST20010 = GSP 10%

ol — —  MSTW2008I0 = GSP 3% ™~ _ _ _
107 = = =« MSTW2008I0 = GSP 10% _\ Estimations for the GSP in the

A R T N R LHC energy
100 120 140 160 180 200

Higgs mass (GeV)
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DA

Process o (fb) BR xo L (fb~1)  Eventslyr
p 1.77 1.2 1.(30.) 1 (30)
p 5.92 4.26 1.(30.) 6 (180)
pPb 617. 444, 0.035 21
pPb 2056. 1480 0.035 72
1[)4E | T | T T I T 3
© LHC .
103§ Au E
BR(H—bb-bar) = 72% g 1% A T
& E e -
10t o -
SR MSTW2008lo |
10° GSP 3% —
E 1 | | | | | | ‘ | 7
100 120 140 160 180 200

Higgs mass (GeV)

collisions

T | | T T ‘ T
4
10°F LHC Pb
10° E
. Ar
1025— ---- 3
= O —
10 - - _
10 - - 7
- MSTW2008lo -
- GSP 10%
| | | | | ‘ | ‘ |
100 120 140 160 180

Higgs mass (GeV)

200
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Summary results

v’ Diffraction with absorptive corrections (gap survival probability)
———— describe Tevatron data for W* and Z° production
— rate production for quarkonium + photon at LHC energies
RUW., =0,8-0,5% RM¢y =0,6 — 0,4 %(first in literature)
——— predictions for heavy quark production (SD and DPE) at LHC
energies possible to be verified in AA collision
(diffractive cross section in pp, pA and AA collisions )
CC BB
A = Lead and Calcium

Higgs predictions in agreement with Hard Pomeron Exchange

98
Cross sections of Higgs production 1 fb (DPE); 60-80 fb (SD)




Summary results

v Exclusive photoproduction is promising for the LHC

——— strong suppression of backgrounds

_» cross section prediction w=—p 2.6 {h

— expecting between 1 and 6 events per year

additional signature with the H associated production

—> High event rates for pA collisions

0=1pb === pPb collisions 99



Where we are

IP approach =—> successes and failures

Perturbative + non-perturbative QCD—> How exactly contribute?

v’ Diffraction at HERA (Soft diffraction) described by factorization model (IS)

v Same model doesn’t describe Tevatron data (Hard diffraction)
v Solution? E—=> Factorization + Gap Survival Probability is a possibility,

BUT NOT THE ONLY ONE

v’ Breaking of factorization?

NEXT " =—> Overall theoretical understanding
—> LHC — Diffractive Higgs production?
— Diffraction at nuclei collisions?

— Diffractive production of X_, X, ... ? 100



Next

DIFFRACTION IN NUCLEAR COLLISIONS

v' Gap survival probability for nuclear collisions

v’ Dijets in hadronic and nuclear collisions

101



BACKUP
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Predictions (LHC — 14 TeV)

High diffractive ratio

1
. _[ O diffractie
Roaa = ‘i =0.311

jainclusive
—1

Large range of pseudorapidity

-6<717<6
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A. Bialas and W. Szeremeta, Phys. Lett. B 296, 191 (1992)

Bialas-Landshoff approach

p+p— p+QQ+p

1 ) ‘ 2
5p(BL) = 7 / LA [F (1) F (t2))? dPH

£ (¢) ====p nucleon form-factor
F(t) = exp(bt) h = 2 GeV—2

Differential phase-space factor

dPH = d*k6 (Af) d*ks 6 (Aﬁ) d*ry & (Tf — *mé?)

x dryd (r; —mg) © (KY) © (k3) © (1)) © (r3)
x 6 (py +py— ki —ka— 1) —19),

m =P mass of produced quarks 104



Bialas-Landshoff approach

Sudakov parametrization for momenta

’ J Y1
Q = —p1+ —p2+ 0, ]{?1 — x1p1 + —po + vy,
S S S
L2
V1, V2, VQ —> two-dimensional four-vectors describing

U, the transverse component of the momenta

Pis D2 (ky, ko) === momenta for the incoming (outgoing) protons

ro (1) mms)> momentum for the produced quark (antiquark)

Q) mm)> momentum for one of exchanged gluons
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A. Bialas and W. Szeremeta, Phys. Lett. B 296, 191 (1992)

Bialas-Landshoff approach

Square of the invariant matrix element averaged over initial spins and summed
over final spins

Myl = iy H ) 4mg, ,
i (sanyQ)Q (5162)1+26 65(1%16%% T 5910, exp [20 (t1 + t2)]

. . _ —2
51:1_$1352:1_y2§t1:—’0f’tzz—yé ﬁ—lGeV

exp [20 (t1 + t2)] mm)>  cffect of the momentum transfer dependence
of the non-perturbative gluon propagator

: 2
H=52 x2 [47”’”’@ (G2D0)3“4] (%)2

ap 9 (27)? i

e =0.08, o/ =0.25 GeV~2, = 1.1 GeV

G*Do =30 GeV— 1yt
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Partonic Structure of the Pomeron

v’ Diffractive quark distributions and quark distributions of the Pomeron are related

0f, (8,Q% X 1)

19O xz"“9" (8,Q7)

dx . dt 16 ’
e’ e’ * Introducing gluon distribution in the Pomeron
ra? _ 9" (5,Q%)
+ g cD*| ¢ Related to df, /dx,dt by

‘ X, (5.Q7 1)

dx,dt 16 2 19, (®) x Za'P(t)glp(ﬁ,Qz)
IP

Largest gap in event * At Next-to-Leading order, Pomeron Structure

Function acquires a term containing g"*(3,Q?%)

Y

Representation of D* diffractive production in the 107
infinite-momentum frame description of DDIS



Ditfractive processes

= Hadronic processes can be characterized by an energy scale

) Soft processes - energy scale of the order of the hadron size (~ 1 fm)

pQCD is inadequate to describe these processes

a,,.(t) =1.08+0.25¢

) Hard processes - “hard” energy scale (> 1 GeV?)
can use pQCD
“factorization theorems”

Separation of the perturbative part from non-perturbative

a, .(t)=1.30+0.02¢

= Most of diffractive processes at HERA ==mmp “soft processes” 108




Pomeron as composite

« Considering Regge factorization we have

FzD(4) (X’QZ’ Xip ’t): fIP (le ’t)lep (ﬁ’QZ)
-S>

IP flux IP Structure function
see MBGD & M. V. T. Machado 2001

Data =) Good fit with added Reggeon for HERA

Pomeron as gluons

*Elastic amplitude T—)> neutral exchange in t-channel
* Smallness of the real part of the diffractive amplitude ——> nonabeliance

o'y
A

Born graphs in the abelian and
nonabelian (QCD) cases look like

-2
e
L
3

. -
CLOT O

- i
m_ R

= 109

-




The Pomeron

o From fitting elastic scattering data IP trajectory is much flatter than others
o For the intercept a, ~0.25 GeV ™ total cross sections implies 5 (0) =1
0 Pomeron =====p>dominant trajectory in the elastic and diffractive processes

o Known to proceed via the exchange of vacuum quantum numbers in the ¢-channel
Regge-type 05(’[) = 05(0)+ o't
First measurements in h-h scattering

do
2 — _ oxn (bt Wy 22ae ©+2]
W2=(q+p) dt (VV) Xp(O)N

v a(0)and o’ are fundamental parameters to represent the basic features of strong
interactions

b = by, +4e'In(W)

|7

110
v o - energy dependence of the transverse system



Pomeron structure function

® Pomeron structure function has been modeled in terms of a light flavor
singlet distribution X(z)

® Consists of u, d and s quarks and antiquarks and a gluon distribution g(z)

® z is the longitudinal momentum fraction of the parton entering the hard
subprocess with respect of the diffractive exchange

® (z =B ) for the lowest order quark-parton model process and 0 < 3 < z for
higher order processes

® Quark singlet and gluon distributions are parametrized at Q32

2\ _ Bi (1 _ 7)Ci —O.—Ol
zfip (2,Qp) = Az (1-2) exp{ (1—2):|
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Pomeron structure function

Parameter Value
a'p 0.06%19GeV 2
Bp 5.520GeV

ar(0) 0.50+0.10

a'r 0.3'%GeV 2
B 1.675°GeV
m, 1.4+0.2GeV
my, 4,5+0.5GeV

dg (5) (M,2) 0.118+0.002

DESY - 06-049 May 2006

® Values of fixed parameters (masses)
and their uncertainties, as used in the
QCD fits.

® o' ,p and B (strongly anti-correlated)
are varied simultaneously to obtain the
theoretical errors on the fits (as well as
o' ;g and Bg).

® Remaining parameters are varied
independently.

® Theoretical uncertainties on the free
parameters of the fit are sensitive to the
variation of the parametrization scale Q?,
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* Fazio, Summerschool The HERA COlllder

Acquafredda 2010

Publications on diffraction made by H1 Collaboration * @

Event Number of papers

Diffractive Cross 11
Sections (SD, DD)

Diffractive Final States 14

Quasi-elastic Cross 20

Sections
Total cross sections / 2
decomposition

Similar numbers to ZEUS Collaboration fv“s 113



The Tevatron Collider

Publications on diffraction made by CDF Collaboration

Soft Diffraction Mesropian, Summerschool Acquafredda (2010)

Single Diffraction - PRD 50, 5355 (1994)

Double Diffraction - PRL 87, 141802 (2001)

Double Pomeron Exchange - PRL 93, 141603 (2004)
Multi-gap Diffraction - PRL 91, 011802 (2003)

Hard Diffraction J/y - PRL 87, 241802 (2001)

Dijets - PRL 85, 4217 (2000); PRD 77, 052004 (2008)  omanPot Tag Dijets - PRL 84, 5043 (2000)
Di-photons - PRL 99, 242002 (2007) Jet-Gap-Jet 1.8 TeV - PRL 74, 855 (1995)

Charmonium - PRL 102, 242001 (2009) JetGap-Jet 1.8 TeV - PRL 80, 1156 (1998)
W - PRL 78, 2698 (1997) Jet-Gap-Jet 630 GeV - PRL 81, 5278 (1998)

114
b-quark - PRL 84, 232 (2000)



Ditfractive processes

= Hadronic processes can be characterized by an energy scale

) Soft processes - energy scale of the order of the hadron size (~1 fm)

pQCD is inadequate to describe these processes

a,,.(t) =1.08+0.25¢

sm) Hard processes - “hard” energy scale ( > 1 GeV?)
can use pQCD
“factorization theorems”

Separation of the perturbative part from non-perturbative

a, .(t)=1.30+0.02¢

= Most of diffractive processes at HERA === “soft processes” 115



Pomeron flux factor

® X;p dependence is parametrized using a flux factor
B,pt
e IP

fIP/p (Xip, 1) = Ap 20,0 (t)-1
Xip

® IP trajectory is assumed to be linear mp  p(t) =ap(0)+a'pt

* Bp,dp obtained from the fits to H1 forward
their uncertainties proton spectometer (FPS) data

Normalization parameter X is chosen such that xlp_f”“” fippdt=1 at x, =0.003
t

cut

® |tun Mo /(1-X,) IS the proton mass
® |t [F1.0 GeV?is the limit of the measurement
116



Jhy+y production

v' Considering the Non-relativistic Quantum Chromodynamics (NRQCD)
v" Gluons fusion dominates over quarks annihilation

v’ Leading Order cross section smmm convolution of the partonic cross
section with the PDF

v  MRST 2001 LO =) no relevant difference using MRST 2002 LO
and MRST 2003 LO

NLO expansions in as

v Non-perturbative aspects of quarkonium production _ :
one virtual correction

and three real
- Expansion in powers of v corrections

o Vv is the relative velocity of the quarks in the quarkonia
117



T. Mehen, Phys. Rev. D55 (1997) 4338

NRQCD Factorization

g+g — v+ (co)[?S].7 57
g+g — v+ (co) ['S5.° PY]

U Negligible contribution of quarks annihilation at high energies

4" Ting = [ dxyg,(2q, ;_g%) gp (22, ,u%)‘ 41}111’2_[)? dﬁf
dydpr 201 — ;13;:@ dt

Tr = 2mr/\/s mr = w R

9.2 GeV?

\/s s the center mass energy (LHC = 14 TeV )
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E. Braaten, S. Fleming, A. K. Leibovich, Phys. Rev. D63 (2001) 094006
F. Maltoni et al., Phys. Lett. B638 (2006) 202

Matrix elements (GeV?)

. OrL(3s
(OIT/?*'"(':;»S"l)) 1.16 (O (*51)) 10.9
0{/"(35,)) |119x10% (OT (3S1)) | 002
0/ (1s, o
O 50 g0y (OL (150)) 0.136

T/ 1o N
<08 ( PU)> 0.01 x m?, <Og(1po)> 0

m,=4.5 GeV

m, =9.46 GeV/c?
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Variables to DDIS

Cuts for the integration over X

: min Trey —2
" < zp <0.05 Tp = ;;;—y _;
Scales
2_ 2 — ,_(pz+m?)
Qo= 2.5GeV Agep =0.2 e =
rirprre Y — 27
Lo = —
201 — rreY
~ ] n 2 - |
§ = maxexrps, t=m3 — xo/smpe’
. 2 _ —
U = m3 —rirp/smre Y.
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Heavy quark production

MBGD, M. M. Machado, M. V. T. Machado, PRD. 81, 054034 (2010)
MBGD, M. M. Machado, M. V. T. Machado, PRC. 83, 014903 (2011) 121



M. L. Mangano et al, Nucl. Phys. B 373, 295 (1992)

Heavy quark hadroproduction

o Focus on the following single diffractive processes
op - p+(cc)+x pp — p+(bb)+X
o Diffractive ratios as a function of energy center-mass E,,

g+g >Q+Q

- <

o Diagrams contributing to the lowest order cross section
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P. Nason, S. Dawson, R. K. Ellis Nucl. Phys. B303 (1988) 607

NLO functions

) ) 3606 ) 11 ) ) )
1536~ [125 In*(83%) — 75 In(83°%) + E?TQI + {ao + 3%(a; In(83%) +

as3* In(83%) + p*(asInp + asIn* p) + plagln p + a7 In” p)}

)

2 -

p I+ ,
nyy — 4 1 — 28|
S ToTE {n (1 - 5) ]

a, | 0.108068 | a, | 0.0438768 Auxiliary
a, | -0.114997 | a; | -0.0760996 functions
a, | 0.0428630 | a, -0.165878 5= =7
a; | 0.131429 | a, -0.158246

1 ; 5 g Noo 145 A 9 L
= HZ,U(D‘J;) + 198p — 288) In (l — ),) + 12p(p~ + 16p + 16)ho(3)

6p(? — 16p -+ 82)h (9) — - 374492 — 3328 + (24)} +1270(p) | ( P )]
3] -




M. L. Mangano, P. Nason, G. Ridolfi Nucl. Phys. B373 (1992) 295

Total cross section LO

| 1
. f f_' o~ o
Thihg (51 Tﬂ?}) - Z , /p 01 /_P_ d, fi” (Ila }'-‘r-i‘).f:iu(x?! f""‘i)m.i (51 m?;“ l"-‘r-i‘ﬂ }'-I'JZLE)
1,7 _—

_ Am? i
P = = S = X X,S X, , are the momentum fraction

Fl(wy, 13) £ (22, 17)  are the parton distributions inner the hadron i=1 and j=2

20,2
Partonical cross section Gij(5,m*, 1) = a“’(%‘! )f P, "
m? m?
2
pe (g ) w— ¢ torization (renormalization) scale ae =2
) *1.1'1

7gg — QQ) = oo (5o ){smmz( ~2)(1+p)+ pl6p— N?)]




M. L. Mangano, P. Nason, G. Ridolfi Nucl. Phys. B373 (1992) 295

NLO Production

g+g—->Q+Q+g
i i ‘ (.1,2( o0 " k Mg
7i;(5, -m%ﬁ_ He, 1) = 3 Arad(pr))™ > fi ) In’ —g
mg o 1=0 e,
Faalp: 12 /m%) = £ (0) + 0* (%) [ £2 () W/ m®)] +O(g")
Running of the coupling constant dﬂl%‘(ﬁ-‘?) — _bhya? — blad + O(ai)
dIn(p?) | ) )
; 33 — 2ny o 153 — 19n4¢
0T T o 1T T o2 ny,= 3 (4) charm (bottom)
Tod () = 192 j(,o + 16p + 16) In (1 .y 28 — 31p
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Diffractive cross section

1 1

(}';)LL(S, my) = Y / dx, drs

i.i=qd.g P Jplzq

P drr — 1 P a4 ¢
X / i f&*;‘h] (1"[ .f;;;h_z(-'l’fzai-f-z) ffa:,j(=?1m?gaf-f-2) + (1+2)
J I rﬂ_)
1
f]P h ( ) mmmm) Pomeron flux factor
/1 L X

ﬁfa/ga(ﬁ, ;1,2) =) Pomeron Structure Function (H1)
KKMR mode| = <|S|2> = 0.06 at LHC single diffractive events

Parametrization of the pomeron flux factor and structure function =) H1
Collaboration
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Heavy quarks production at the LHC

Heavy Quark|cinec(v/s = 14 TeV) |oain(v/s = 14TeV) | Rain

cc 7811 [pb] 178 [ub] 2.3 %

bb 393 |pub] 7 |pub] 1.7 %

Heavy quarks cross sections in NLO to pp collisions

GSP value decreases the diffractive ratio (<|S|?> = 0.06)

Inclusive nuclear cross section at NLO

o4 = A%0nN Apipp = 208 (5.5 TeV); 40 (6.3) TeV

pr = 0.76 (O 018) IIlb

oBDbE = 32.5(0.32) ub .

charm (bottom)



Diffractive cross sections @ LHC

\

Pb-Pb (CC)

Pb-Pb (BB)

oalmb] | 188165,16 | 7340,23
Coherent|  PbPb (cc) PbhPb (bb)
Teon/A° 3.7 mb 0.06 mb

g 19686 — 0.16 mb | 156 — 0.003 mb
Reon |4] 36 35
R¥5197) (5.2 —8.6 x 1077 [2.1 = 3.5 x 107°

Nucleus-Nucleus collision

App = 240

s Coherent
@ Pomeron emmited by the

nucleus

A+A— X+A+[LRG] +A

F(t) =~ exp(R%t/6)
R‘.Jl = ?'D_**-l]"l;a 'n = 1,2 fin

+*Predictions to cross sections
possible to be verified at the LHC
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PA cross sections @ LHC

obp, = 0.76 (0.018) mb

charm (bottom)

Aer = 4.39
S¢. =0.0287

10

10

10
-SEA_A_“AAM__A_A_A.MAMI_A_A_“AMI_A_
10 >

0
charm
10
— 1
= -
=3 1E
b'% 10 E
E
E

3
10 10
Vs (GeV)
o (pA = XQQA) = A.;y 0"

(pA — XQQp)

Similar results that

B. Kopeliovich et al, 0702106 [arXiv:hep-ph] (2007)

s Suppression factor

p+p — QX +p
- 1 otr (s)

h= {1 o7 Bia(s) + 2B (s)
1 ¥ (s)]

(47)2 BPP(s) [Boa(s) + B (s))

+

than is suggested by Eq. (70). Therefore, the predicted
energy dependence of the survival probability Eq. (70)
might be quite wrong and the diffractive cross section at
the LHC energy may be overestimated.

0,5~ 0.8 mb (charm) Acpp & 10.



Diffractive cross sections @ LHC

- Incoherent
Incoherent PbPb (cc) PbPb (bb)
5 — — Pomeron emmited by
Tinc /A 1.68 mb 0.03 mb
- — _ — a nucleon inner the nucleus
i 4356 — 0.07 mb | 85— 0.001 mb

Rinc|%) 38 19 A+A— X+A+[LRG]+A
Ribs1o7] 12,28 —3.8 x 107°[1.14 — 1.9 x 107°

A2
OAgirs = ATON,

o to for single diffractive events in AA collisions

L)

s Estimations to central Higgs production s <|S|*> ~ 8 x 10/

¢ Values of diffractive cross sections possible to be verified experimentally

Ap, = 240 130



DPE results at LHC

pp collisions LHC (14 TeV)

QQ Oine [1b] oppe [b]  Rppe [%)]
ce 7811  13.6-0.53 0.17-7x107° )
SZ = 0.026

- _ gap
bb 393 /0.0530.0%\0.010.007

N\
Ingelman-Schlein Bialas-Landshoff

CaCa [c?] PbPb [cc] CaCa [bb] PbPb [bb]
oR5E [ub] 228 28 31.1 4.2 0.25 0.14 0.32-0.2
REVEI] 3—-04x107%2-02x107* 8—4x1077 4—-3x107°
S2 =0.032(0.031) A2, =952 (6.21 o
eap ( ) eff ’ ) AA collisions LHC
2 _
Siap = /[0 + In(y/5/50) CaCa (6.3 TeV)

_ : — A _ 2
a = 0.126 b = —4.688 357 =1GeV 131

Ingelman-Schlein > Bialas-Landshoff PbPb (5.5 Tev)



d functions

To = My /4mg, < 1 2
oo (T 1 1 —7)°
Considering only the dog(7,7Q) — _7( 7
heavy-quark limit g2
deo(T,70) — —1—|—2T—?
Region allowed by 39 ‘
. . . < A3
Tevatron combination deg(7,70) — F( —7) -



CDF Detector

Central Calorimeter (E H)

Wall Calorimeter (H)

Plug Calonmeter (EH)

,"

Forvward Mugn

pr—

\‘\ o \ B =
A AN 7
V%

‘alﬂ.u.. | FKI‘.

Forward Calorimeter (E)

AT N o
fy A . .m, m
- E nw
(A - 2
“_ ___, mm%
VAR = R=xc
¥ % - - m M w
{ . el > 33
B LD LW
t\\\whwa\ T R
C = &
s
) TN g
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DO Detector
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