An Introduction to Diffraction

Alan Martin (IPPP,Durham)
Wilhelm and Else Heraeus Physics School

“Diffractive and EM processes at HE”
Heidelberg, September 2-6th 2013




What Is diffraction ?

Two alternative definitions:

1. Diffraction is elastic or quasi-elastic scattering caused,
via s-channel unitarity, by the absorption of components
of the wave functions of the incoming particles

€.g. pp=2>pp, N
pp->pX (single proton dissociation, SD),
pp—2> XX (both protons dissociate, DD) ——x

quan.no. of p

2. A diffractive process is characterized by a large rapidity
gap (LRG), which is caused by t-channel Pomeron exch.
(or, to be more precise, by the exchange corresponding
to the rightmost singularity in the complex angular
momentum plane with vacuum quantum numbers).



Let us start with the

s-channel viewpoint

Unitarity gives us the optical theorem
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Optical Theorem| |Ttot = 2 ImTy(s,t = 0)
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1. The sum over all inelastic channels forms a “shadow”,
which “generates” elastic scattering
- diffraction - can generalise
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2. As s iIncreases Im T,(s,0) is the sum over increasing
number of positive terms. No such constraint exists for
ReT,. T,(0)is predominantly imag. at HE.

3. Away from forward dir", phases in 2ImT,~ T T vary.
T, (s,t) rapidly decreases away from t=0.



Eikonal (€2(s,b)) parametrization
2 Im7,, = Z Tt — n)\2 = 'T;el\Q + Gl

best to work in b space, since at high energies the value of b is frozen
>

2 ImTu(s,b) = |Tu(s.b)]? + Ginal(s.b) IB
Otot = 2/(121) Im7,(s,b) — 2/(-{25) (1 — e=/2)
Tel = /de Tu(s,b)|? — /d?b (1 — e %/2)2
Tinel = /d:zb [2ImT (s, b) — | Tu(s. b)]?] = /dzb (1 _e_Q)

with Re(2 > 0. Amp ~ 1mag. at HE so eikprfal €2 is real

Note esb) js prob. no inelastic inter" occurs at b




At HE the inelastic contribution, Gj,., dominates; €(s,b) > 1.
In this so-called "black disk” limit Im7(s,0) =1

Example: black disc of radius R

for B<R, Q=eo €M=zrcf(1-e:‘1)bdb = TTR*

(Ty =4) total aksorptien-
for b>R, 2=0 Set = TR* {shadow due to absorption
1 ’ o) leads to elastic scattering
d::
St = QTR
Sinc 4o = |Im7, 2 (1 2 -
1nce W = ’ 111 el(S;\ t)’ ( +p ) Fourier transform

to b-space:
\ . ('t =
b — a:l_

wide narrow

data  directly determines Tm7y (s, 0)
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0 0.5 1.5 2 2.5 k fm3'5 see later




So far only discussed elastic diffraction
—_— 9

What about inelastic diffraction ?

T

Inelastic diffraction | is a conseqguence of internal struct of p

p >

NP
At HE fluctuations of p are frozen.
A constituent of p can scatter and
destroy coherence of fluctuations

- Inelastic, as well as, elastic diffraction
(single diffractive dissociation)



Good-Walker formalism for low-mass diff¥e dissocn

Wewrite  [p> = X ap |@py where (Do) dia.gmaﬁiw'r
The [®p)> undergo “elastic-type” scatt <@[T|¢&>= O g;t,k)

|¢> — diffractive eigenstates |@g> - muflich | ekoral
InT = aFa" whore <& |Flgey = Fp Sk

Blastc amp. GIBaTIp> = ¥ laf" Fp = <F)

average of F over the initial prob. distrib. of diff. estates
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Summary of the s-channel viewpoint

- s-channel unitarity plays a key role.

- Impact parameter representation best.

- Inelastic scattering generates elastic amp.

- Eikonal formalism preserves unitarity.

- Slow approach to black disc limit at small b.

- Multichannel eikonal necessary for proton dissociation.
- Diffraction mainly in the periphery (large b).

- Need t-channel approach for high-mass dissociation.



t-channel picture of Diffraction see Martin

__— Poghosyan’s talk
First, v. brief overview of Regge Poles
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whereas from unitarity

T(G,6=0) £ cslog’s
so sl violates unitarity if j> 1.

Beab) ~ (coh B

So we need a way to sum partial-wave series
(Sommerfeld-Watson transform  see MP’s talk)



Consider particles lying on a single linear Regge trajectory
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poe. m L% (k-ch) tartial tmie oK
£ .ﬂ{i = BE) ! 1 e s??hlrleng_
o Mf’t // Mn- >t
(JL:-. «, +<><"Mf) el Y
phy. veq. | phys 124
¢
ks Z(ﬂﬂ)(%t) o 2 ”“2_22;&“ © BE) ()
Swed t /3(1—;) S°<(-1'—‘) L

5 be(t)-
%i";’sl"le(%t)l ~ F) ('Si)z g R ( ) [Zd g5, ¢l

so we have shrinkage of forward peak, exp(- Bt) as s increases




e.g

T ¥

~.

a,(t)~05+0.9t

da/df(pb GeV?)

obtained from data with

do/dt (- p>7°n)

100

10 r

- p =20.8 GeV/c
- ¢
4 ¢t
1 T05
t (GeV?)

1 shrinks with

Increasing s

t=im?,
. { i " i G V2
1 +/fo‘5 0 . 05 t (GeV?)
+ #(Gev?)
s-ch region t-ch region

p=20-200 GeV/c



HE behaviour dominated by leading (highest) Regge-exch. trajectory

o,,:(hadron-hadron) - const. (actually slightly rising as s-2infinity)

that Is T(S, t:O) ~ S (actua”y 31.08)

(In our discussion on Regge poles we use more usual normal"of T
such optical theorem reads 2Im T,(s,t=0) = flux ,,; = 2S G, )

Implies Regge-pole exchange with a(0) =1 (1.08 ?)

called the Pomeron

We shall see later that the Pomeron is represented by

gluon exchange — we need two gluons to form colourless
exchange. But, for the moment, let us consider the Pomeron
as a simple (effective) Regge pole



Donnachie-Landshoff type
simple Regge pole fit to

o, and do,/dt for
PP, pp, mp, Kp,...

Good description up to
Tevatron energies with

apef(t) ~ 1.08 + 0.25 t

ag(t) ~ 0.5+ 0.9t

~ t=0
Oyor ~ SUE0) /s

OLet 4

, so(0)-1 — g0.08

PP = P+f+o+a,+
S |

PP =P+F-p+Aa-W

l | — S
CERN ISR Tevabiorn LHC



Impact parameter picture of Regge pole exchange

Y ' sig.factor §
TGh) = J Cst) &7 43 - see MP’s talk
. |
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Im Tpom(S,b) exceeds black disc limit, at small b, before LHC energies

Pom






Recall low M diffraction
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High M diffraction ?
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Mueller optical theorem

£ Ec (AB-acx) = % Disc , T(ABT- ARC)

A @a A C Co_: 8
$= 2 K| = A 3fpcke | - tog, 20
4 X x(Z ‘B R i

Proof is not trivial. C is an outgoing particle and we
are not in the physical region of the elastic process.
We need to make a delicate analytical continuation

of a many variable 3-body amplitude.



high mass

Triple Regge region

diffve dissocn
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3 265 ()1, \Xp(0)-1
Single dissocation: 4yze ~ é N $3p (i‘z) (Mz) ’
Double diffractive dissociation __ i%a?
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So far Pomeron regarded as an exchanged particle.

But Pomeron with “intercept” A = a(0) -1 > 0 leads to a
violation of unitarity as s=> infinity: c,,~ s%, 6gppp~ S**

el
2 20‘?@’) -1 .
2. ZMZ; (

dM. de_ de E N For M:)

Multi-Pomeron exchs suppress this
growth and restore s-ch unitarity.
Called unitarity/screening/abs corrns




. — < why Is A sufficently large, that enh.
find gsp=A gy A~0.2 multi-Pom diagrams important at HE ?

naive argument without absorptive effects:
2

p— — 7 —

\ap(t = op \ IIOJIP — ap(t) g - ap(t)
or® Oy foe® .
_O=x _O=0__ o (0)
p A~
M?dosp dM?
oD — FIVE 2 ~ A |n(S/M02) O

so at HE collider energies ocgp(large M) ~ G

SD is “enhanced” by larger phase space available at HE.



Summary

Ototal

2
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Optical theorems

2

at high energy
use Regge

SR
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High-mass diffractive dissociation
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at high energy

Optical theorems

use Regge
2
Ototal = Z ;FX = Im = \lrgld\lp(())
' A
but screening/s-ch unitarity , (S ap(0)—1
important so o, suppressed On (3_0)

High-mass diffractive dissociation

p
p—t/ 2 _/ \7 —gM\ /
ap(t)\ : fap(t) = or() \’foup(t)
_O=x OO o (0)
p ~o~
triple-Pomeron diag
; M2\ PO~ o\ 20p(t)-2
In“O3p (E) (W)
but screening even more important

0
3
G
[




Elastic amp. T,(s,b) bare amp. /2 =

—1
o0 I , , W—I
Im Tel — ' ' —_— 1_8—9/2 — Z i i oo EQ/Z (_20%)
(s-ch unitarity) n=1 .
p
Low-mass diffractive dissociation | —~multichannel eikonal
introduce diffve estates ¢;, ¢, (comb"s of p,p*,..) which only
undergo “elastic” scattering (Good-Walker)
i | | | ('40%)
Im T3 — — 1 — e /2 — | - 10, /2
Q " ¢ 2 4]  S2af
include high-mass diffractive dissociation (SD -80%)
Qi = | + Y v R
—k M iy




Multi-Pomeron couplings

So far, considered only triple-Pomeron coupling - leads to
o, Which decreases at asymptotic energies.

More reasonable to include
m - n Pomeron vertices

m —_
g n -~
Data favour

g™, = Osp (AQy) ™4

(this form satisfies AGK cutting rules).

see EPJC71(2011)1617 for more discussion.



Summary of t-channel viewpoint

Regge formalism appropriate for HE (large s) and

forward scattering (t~0) --- for “soft” HE hadron inter"s

Constant or increasing c,.(s) with s > Pomeron -

> <

-> valuab
(b) soft multiparticle

 (a) processes with large rapidity gaps

e exclusive HE data
oroduction

- vital to understand the underlying event
\ to rare New Physics processes at the LHC

Triple Regge needed for high-mass dissociation

Importance of absorption (unitarity corrections)
- multi-Pomeron exchanges



s-channel unitarity and Pomeron exchange

Unitarity relates the Im part of ladder diagrams (disc T=2 Im T)
to cross sections for multiparticle production

Exch. of one Pomeron | 2
2Tm Jp ~Z B o~ ¥ E
n | o
e -
— —H— | ——
S—

The coherence of y(beam) is destroyed by interaction of last
exch. pt. with target. Leads, not only to inelastic high-multiplicity
production, but also, via unitarity, to elastic scattering.

Elastic scattering is due to the absorption of an initial coherent
component, and originates from the remaining part of y(beam)
which preserves its coherence



eikonal multi-Pom diagrams: Im T = 1-e¥2=Q/2 - Q?/8+...

Exch. of two Pomerons

now three types of “cut” diagrams

-1 — -4 2
Im = + - +
sl -
(a) (c) d

contrib" to o(tot) is —ve — =
PxP is out of phase + — 4+ = E
with P . A i el s

c,=c(el), no | | o;, single P multiplicity s,

multiplicity abs. corr. to one P amp

-- Factors 1, - 4, 2 come from AGK cutting rules (see MP’s talk)
-- 04, 0, Must be positive (real final states)
-- A multi-Pom diagram describes several different processes




Partonic model of the Pomeron ?

f we had a partonic model of the Pomeron
perhaps we could merge “soft” and “hard”
nigh energy pp interactions ?

Could lead to a reliable all-purpose Monte Carlo
which describes all aspects on minimum bias data —
total, differential elastic X-sections, diffraction,
multi-particle production, jet production —

In a unified framework ?

Very important to precisely describe the underlying
event to the rare New Physics signals at the LHC



Ladder structure of the Pomeron after QCD

Shortly after the discovery of QCD it was proposed

that (colourless) two-gluon exch. had properties of

QW

Pomeron exch:

vacuum gquantum no’s, singularity at j=1

--Later, using the BFKL formalism, in which the t-ch gluons
(rather than hadrons) become Reggeized, it was found
possible (for sufficiently large k;) to describe HE (low x)
Interactions in pQCD.

--BFKL sum up the leading (o log1/x)" contributions and build

up the hard/pQCD/BFKL Pomeron.
--The Pomeron, is not a pole, but a branch cut in the complex
angular momentum plane, plus more complicated cuts at HO



[ 1] [ 1]
“Soft” and “Hard” Pomerons ?
N4 N

A vacuum-exchange object
drives soft HE interactions.
Not a simple pole, but an
enigmatic non-local object.
Rising o, means multi-Pom
diags (with Regge cuts) are

necessary to restore unitarity.

oo, dog/dt data, described,
In a limited energy range, by
eff. pole o= 1.08 + 0.25t

Sum of ladders of Reggeized

gluons with, in LLx BFKL, a

singularity which is a cut and

not a pole. When HO are

Included the intercept of

the BFKL/hard Pomeron is

0 (D) = 4L.2
A=ap(0)-1~0.3

apm~1.08 + 0.25t
up to Tevatron energies

(Gtot - SA)

- apPae~ 1.3+ 0t

with absorptive
(multi-Pomeron) effects




BFEKL stabilized A=0p(0)-1

AL LL1/X: Ay= Ol 4ln2
Intercept A = a,,(0) -1 ~ 0.3
A depends weakly on k,
03 [ resummed for low k,
BFKL
DGLAP: 0,InQ?
BFKL: alnl/x
< » Ol

NLL1/X: A=Aqp(1-6.5 Oy )

Small-size “BFKL” Pomeron Is natural object
to continue from “hard” to “soft” (low k;) domain
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Vector meson prod" at HERA hard energy dependences
~ bare QCD Pom. at high Q2 1.6 ———— .
~ no absorption il ot :
— OLP(O) ® H1 HERA-1prel. A H1HERA-1 prel.
_q Y M H1SV N ZEUS

e O ZEUS

2 il

—

.

) -
T Eq 2 *  H1 I
= - #r ZEUS jr

I: -'-.-':

SIS 1.2 | # |
D - ?
OL’P(O) ~0.25 a’Pbare(O) ~0 i?% i A
after absorption v H1Dves e (0=
Q- ' " o production | 9 - 1 — '
2 o » A ZEUS _ 10
, - Q*+M? [Ge [/?
op R [ ]
° 1] -
T 11 ap(0) ~ 1.1 apP2(0) ~1.3
:Jhu production DVCS : after abSOI’ptIOH
| * Hi1 * ZEUS - H1 (upper limit) T
el R R S S S

(Q%+M?)/4 [GeV?]



logical hi
Phenomeno'®9ca hints that Ry,e pom << Ryroton

{”tE; o 1“f<;1f} X R%Dl‘ﬂ

small slope o', ~ O
success of Additive QM Yqq ~ Hpom < I,
small size of triple-Pomeron vertex

small size of Bose-Einstein correlations at low N,

Pomeron is a parton cascade which = |2
develops in In(1/x) space, and which = | =
IS not strongly ordered in K. T

However, above evidence indicates

the cascade Is compact in b space and so the parton k,'s
are not too low. We may regard the cascade as a hot spot
Inside the two colliding protons



Probe of hot spots - Bose-Einstein correlations

identical pion correlations measure size of their emission region

dist. between Pomerons

|

(r) multi-Pomeron

l

one-Pomeron

large N, from
saturates alfz high-E- process
Ryp~ Bel(S) from one ladder

ol

l one-Pomeron

size indep. of s -- Pom. universal,
butr >Ry, due to hadroniz"

Pom

bkgd due to pions from resonances
-- reduced for pions of larger k;




Partonic structure of “bare” Pomeron

| Y
BFKL evol" in rapidity generates ladder "
Oy k) e E
By D= a [ K (k) QG k) K

@® Ateach step k, and b of parton can be be
changed — so, in principle, we have 3-
variable integro-diff. eq. to solve Khoze,Martin,Ryskin

® Inclusion of k, crucial to match soft and hard domains.
Moreover, embodies less screening for larger k, comp®s.

y=0

® KMR use a simplified form of the kernel K with the main
features of BFKL — diffusion in log k&, A=ap(0) -1~ 0.3

@® b dependence during the evolution is prop’ to the Pomeron
slope a’, which is v.small (a’'<0.05 GeV-?) -- so ighore.
Only b dependence comes from the starting evol" distrib"

® Evolution gives == | () = ) (y, ky, D) ‘




How are Multi-Pomeron contrib™s included?

Now include rescatt of intermediate partons

|
Iy

AN

\
with the “beam” i and “target’ k (KMR) RAR AN K
4 evolve up from y=0
O (y - , ; —Y
(;”; ) — &'S/dzkt exp(—=MNQr(y) + (") /2) K (ke k7)) Qe(y)
evolve down from y’'=Y-y=0 -
y y y'=Y-y

\

Qi (y')

C)y _ a-gfd%; exp(—A(Qu(y) + Q) /2D K (ke k) )y
0

where LQ;  reflects the different opacity of protons felt by
intermediate parton, rather the proton-proton opacity €,

A~0.2

solve iteratively for Q, (y,k;,b) Inclusion of k, crucial

Note: data prefer exp(-AQ2) =2 [1—exp(-AQ)]/ A
Form is consistent with generalisation of AGK cutting rules



In principle, knowledge of &, (y,k;,b) (and hadronization) allows
the description of all soft, semi-hard pp high-energy data:
Oy dog/dt, dogy/dtdM?, DD, DPE...
LRG survival factors S? (to both eikonal, enhanced rescatt)
PDFs and diffractive PDFs at low x and low scales

Indeed, such a model can describe the main features of all
the data, in a semi-quantitative way, with just a few
physically motivated parameters. (KMR, EPJ C71)

To describe less inclusive guantities we need a Monte Carlo
Including hadronization, see later.



Case Study:| | TOTEM data

102

" \ Ginel

] \ rTev Oinel(Inl<6.5) ~ 70.5 +/- 2.9 mb
_— M G|OW|\/| dissn. — 26 +/' 22 mb

102 .

10 |

see Mario Delle’s talk

do,/dt mb/GeV?

G, = 98.6 +/- 2.2 mb
G, = 25.4 +/- 1.1 mb

=73.1+/-1.3 mb

___ P

~3 M <2-3GeV

What does it tell us
about the Pomeron?




Only one other expt? estimate of o,

CERN-ISR TOTEM
31-62.5 GeV [ TeV

—P Ge|astic V4 mb 5.4 mb

Unexpectedly small
Before TOTEM, models
predicted o,, v~ 6-10 mb



- CERN-ISR

A 1ol oy ' T measurements
do- , [“"’”" 2 of single dissoc”
elastic scattering
150 —
LM
100 G;ZD g 2 'Wli) = 37‘@%
M<K 245 CI@\// A[§ ~ 3| GeV

Inelastic scatt

‘o~°'0"°‘°'~q-o--c>-o M Z
1

« & 3




Can we describe all “soft” HE data
Otot: dcjelldt’ Olow M » (+ cjhigh M)

from CERN-ISR -> Tevatron - LHC
In terms of a single “effective” pomeron ?

Recall, low-mass dissociation Is a 7

conseguence of the internal
structure of proton. A constituent
can scatter & destroy coherence of |p)

Good-Walker:  |p) = 2 a |g;)

where ¢; diagonalize T -- have only “elastic-type” scatt




Usually GW eigenstates assumed independent of t & s
KMR (1306.2149) parametrize form factor F,(t) for each ¢;_; ,

® Allows for B, ~ 10 GeV~ at CERN-ISR
B, ~ 20 GeV-? at LHC (7 TeV)

as well as
diffve dip

- smaller |t| at LHC, |p) less distorted, so o, ,, Smaller

® Pomeronis a (BFKL) cut, not a pole

<

O
low k, high

Ki

model 1

> diffusion in log k,

abs. corr"s between intermediate parton-parton inters
o~ 1/k?, suppress low k, > mean k, increases with s

K

min

2 ~ g0.12

model 2

(enhanced multi-pom effects introduce dynamical infrared cutoff, see later)




do,/dt (mb/GeV") Model 1 (GW indep. of s)

SRppat(ﬁZ.SGeV (x100) C'ISR 9 LHC
5, = 42 > 97mb
e, Tt 6, = 7 = 23mb

Cowm= 2 =2 5mb

S

better,
data 2.6 +/- 2.2

4}
- - . I? &
\¢ Tevatron *, CERN (SppS) *

¢1-8TeV e 546 GeV (x10)*
(x1) .

crugial to include

re__ali_part of amp.—>

T T T A description with
0 ). 0.2 04 0._._5 O 0.7 0.8 0.9 1 Olow M = 1> 3mb

t (GeV) is possible (secondary
reggeon at ISR->1mb?)




do_/dt (mb/GeV?)

ISR pp at 62.5GeV (x100)

Tevatron .« CERN (SppS)
NS LY

crucial t
real par

Model 2 (k., ~ S%%?)
C-ISR =2 LHC

Ot = 43 > 96.4mb

oy, = [ 2> 24mb

Goun= 2 > 3.2mb

e 546 GeV (x10)¢

high-mass
dissociation

o _IIIIIII| I T

-t (GeV~

9



do/dAn (mb)

do;. . /d(An) for particles with p:>200 MeV

fluctuations in
hadronization
(see KKMRZ)

ATLAS data 7 TeV

(also CMS)

An ~ In(s/M2)

“parameter
-free” predns
~1 mb/unit rap.

\

predict" came
before data




do./dt (mb/GeV’)

TOTEM data for do..,:./dt

elastic

KMR 2-ch eikonal, model 2

7 TeV (xﬂjj

100 TeV (x0.01)




Yes, It Is possible to describe all “soft” HE data
Otot: dcjelldt’ Olow M » (+ Ghigh M)

from CERN-ISR - Tevatron - LHC
In terms of a single “effective” pomeron

Energy dep. of o, o, controlled by intercept and
slope of “effective” pomeron trajectory

Diffractive dip and o, ,, controlled by properties
of GW eigenstates

High-mass diss" driven by multi-pomeron effects



Two alternative definitions of diffraction

1. Diffraction is elastic or quasi-elastic scattering caused,
via s-channel unitarity, by the absorption of components
of the wave functions of the incoming particles

pp—>pX (single proton dissociation, SD),
pp—> XX (both protons dissociate, DD) =X

guan.no. of p

(but problems with high My dissociation) —E

2. A diffractive process is characterized by a large rapidity
gap (LRG), which is caused by t-channel Pomeron exch.
(or, to be more precise, by the exchange corresponding
to the rightmost singularity in the complex angular
momentum plane with vacuum quantum numbers).
(but plagued by background which produces rapidity gaps due to
Reggeon exchange & fluctuations during hadronization process)



Soft and Hard HE interactions

Soft processes

have momentum transfer squared |t| less ~0.5 GeV?,
and have do/dt~e2%t at LHC, so v.few large |t| events.

Such processes described by Regge Field Theory.
At high energies, Pomeron exch. dominates,

and gives both LRGs & multi-pt events. de CFF“’T‘OK)
dt 1972
Hard processes Sefe
characterized by a large energy scale, harl
It| more ~ 2 GeV?2 — slower, power-like, \\
fall-off with [t|, modulo logs. +
e

Here perturbative QCD Is appropriate faqz.



Hard processes continued i

The required non-pert properties of ¥
the proton are determined from global

analyses of data on DIS and related hard p

scatt. processes. In this way universal PDFs DTS

of the proton are obtained. Factorization theorems exist
so PDFs can be taken from one hard process to another.

Hard diffractive processes exist. For example
Diffractive DIS where there is a LRG between the
p and the hadroniz" products of the struck parton.
From such data we obtain diffractive PDFs.
These are not universal.

To transport them we need to calculate the
survival probability, S?, of the LRG to soft
rescattering, which is process dependent. |0-201 crE DIS




Survival prob., S?4, of rapidity gaps

Examples:
1. CDF and HERA diffractive dijet production
2. CDF diffractive dijet ratios

3. Exclusive Jhy prod™. pp =2 p+J/y+p Ronan McNulty
(v* Pom ->) Joakim Nystrand
4. Central exclusive prod™: pp =2 p+A+p
with A=Higgs, dijet, vy, 1. Mike Albrow
Antoni Szczurek
5. LHC check of S2 using W+gap events



Example 1

Kaidalov
+KMR, 2001

xp I P

gap

p > D

100}

10 L

- —— H12006 Fit A (Regge) —4— CDF data
" == MRW 2006 (pQCD) Ef'”rz > 7 GeV

(Q°=75 GeV?)

0.035 < £ < 0.095
't]<1.0GeV?

HERA->diffve PDFs

soft
rescatt

J,

gap
P > D

CDF diffe dijets

So, need to calculate survival probability,
S?, of the LRG to soft rescattering

Need S2~ 0.1




Calculation of S2 prob. of proton to be | | hard m.e.
In diffractive estate | ik > H

average over over b
diff. estates I,k \

> [dblanl® layil® Ml exp(—Qux(s.b)
? 2.k 8
> [dblayl? layl? | Ml

oL DD survival factor w.r.t. soft
a I-k Interaction.
VeSfues of S __é % Recall that e is the

prob. of no inelastic
Tevalion @ 0I5 scatt. (which would
otherwise fill the gap)

LHC ©0:06 002 OO0




A.B. Kaidalov et al. / Physics Letters B 559 (2003

Example 2

Dijet production
at the Tevatron

Survival
prob. of

gaps:




Fr iIs Pomeron “flux factor”
¢ Is fraction of incoming
mom. carried by Pom.

X = B¢ ND
f are the effective PDFs

Rsp = Tr _ Fr&) frpB o

ND = {TE-D o fﬁ (Iﬁ)xﬁ
- Need same kinematics.
RDP — %ii _ Fr&p)frB0p S: Uncertainities cancel.
‘ JE;J Tp(xp)xp 5 Could study S(p3)

_RB _ FrEp e BB frnxs S _gyg B
REY ™ Fp(€p) fr(BDBI f(xp)xp S2 same &)

~0.1%/0.05=0.2
CDFdata D =0.19 +/-0.07



Example 3
Exclusive J/y at LHC,
pp = p+J/y+p,

108 ;
:_ X, = (M/14 TeV) exp(zy)

L Q=M
10°| probe gluon PDF
105l down to x ~ 10
% 10° see the talks by
N‘L‘D’ms Ronan McNulty
| Joakim Nystrand
10%F -6
10 / Also HERA data on
| y*p > Jy+p
1 |
107} Recent JMRT analysis

To' 4 arXiv:1307.7099



From Ronan McNulty (LHCb at 7 TeV)

Exclusive J/y

M
Vs

L12 =

' distributiqn. (1n principle!)

109,0(Q?)

Q2=M2

1s of great important for low-x gluon

Y: 6 4 -2 0 2 4

i
+
¥

LLHCb:

I
7

Muw-: MJ/\V
1Y[=4
X,~2X10?

X,~10"

* Collision between one well

understood parton and
one unknown or large
DGLAP evolved parton.

Potential to go to very
low x, where PDFs
essentially unknown

exp(+Y)

Pr(pp) cut




LO formula for vy*p =2 Jhy +p (Ryskin 1993)

do e Ug/ ™ Tas(Q?) 17 ()?

— (~v*p— J W — S_Lb ralax. (72 1 d

ae PR 1R [ gt 9@ )] Tz
(;)2 _ (()2 + -\[I/’L )/ r = ((92 n ‘U?h])/(u—z + (92) )

Allow for skewing (x#x’) (ala Shuvaev et al.)

Allow for real part /

Mimic NLO by including k+? integration in
the last step of evolution (a la Kimber et al)

as(Q?) .0 — (W2-M3, )/4 dk%a (,u ) 0 [:zrg(;zr‘k%)\/T(k%‘#‘Z)]

+ Q, contrib"



pp>p+JIy+p attheLHC | w2 — a7, /5 &l
vyp, Py ambiguity |

P — ~ p 5 ~
[ “——7 W-{u—»w

/
W, < Y,/ At
X| X II
D — = P . g ly|=4
X~ My, @XPEYD) /v~ 10 || x~My,exp(yl) /vs~0.02]
Iittl_ll-(ICb) 1 show | show
do™(pp) o\ (5 9\ e 2 ) (S otha

where (...) is photon flux for photon energy £+

and S? are survival probabilities of LRG



Combined fit to HERA and LHC exclusive J/y data

 o(yp>J/yp) nb|

1{]3 - T T 101 T T fF 1 1.1 | T B 1{}3 - T T T 1 111 T T .1 1 T 1 |
~-m— LHCb (W, solutions) T ~-m— LHCb (W, solutions) o ;'.
B . LHCb (W. solutions) _iate ] [ .5 LHCb (W. solutions) !
Tt 1 |
. +—>— CDF *_:fl’ i - . +—— CDF T
| zEus}ﬁfﬂm . Tm : ] | ——— ZEUS 1997/2004 -
- H1 2006 B W =) -~ H1 2006 2
o2 | —e— H12013 L 32 | e H12013 j 4
g8 - n . = = »
R W, 2 !
- . aEeTT 5 1 i
B OmT.id i | 1 e i
- o229 1 |HERA 1 % ;
oL - ! LO || F NLO
- W ] & |
T _ : | | I 1 | 1 I: | I | 1 | 1 | | 1l |
Z2 1 2 3
10 10 103 10 10 10
W GeV W [GeV]

survival factors for pp data at 7 TeV
y=2 S?(W,)=0.87 S?(W)=0.93 JMRT
y=4 S?(W,)=0.74 S?(W.)=0.95 arXiv:1307.7099

survival factor for HERA data S2~1




Actual description of LHCb data in combined fit

do/dy(p p — p Jhy p) [nb]

1

0

L]
L

"\"E =

7 TeV

LO fit
— [0 NLO fit
------- NLO fit (enhanced abs. corr.)
| NLO fit (HERA data only)
—e— LHCb 2013
| | | |
0 1 2 3 4 Y 5
need parameterization of gluon from x ~10-° to 0.1 to cover data
In(2 /A2
with G = "/ Aqep)

:Ifg(:r_.,ug) = N:I.‘._“’(,ug)bexp {\/164-“«’}/50 In(1/x) 111((:")}

NLO

In(Q5/Agcp)



gluon PDF obtained from combined HERA+LHCDb fit
to y*p =2 Jiy+p data

Indicative plot:

pred"s for g
(purple) only
have expt?
data errors!

compared to
only central
values of global
PDFs (blue).
Huge errors for
X ~10“ or less

xg(x,u?)

8 =

] | |

NS 1P = 6.4 [GeV

0 NLO fit

‘-F

global PDFs
unknown here

——— NNPDF2.3
Sl e MSTW2008




Promising future

Much more precise exclusive J/y data at 8, 14 TeV
Ronan McNulty

Expect exclusive T data : probe gluon at scale u2 ~ MZIJ4~ 23 GeV?

Pb - W, dominates Pb~# | Pb W |
P (g " — : Jj
low x compt! y Y
S2 more difficult to W< Y,/ dr
calculate & is smaller . X : )

Pb-Pb| b>2R,~12 fm, but b<1/sqrt(t,,,) with t_;,~(xm,)?/(1-x), so
need v.small t.;,, leading to small W2=xs,, (~HERA).
So cannot probe v.low X, rather probe nuclear effects on g PDF

Used incomplete NLO (but main kinematic effects included.
Need confirmation of full NLO (hep-ph/0401131)



Example 4 Central exclusive prod: pp =2 p+A+p

. Mike Albow
Antoni Szczurek

_. A = Higgs, dijet, vy, xc----

\p

2
dominant diagram M@pp—p+A+p) ~ 5 d—ift Jotq

tho’ pred™ become more unreliable
as M, becomes smaller, and

Infrared region not so suppressed
~ by Sudakov factor

T = exp (— ? dk‘f)




Excuse some old notes

Double-diffv¢ exclusive Higgs production at the LHC

Khoze, Martin, Ryskin

bp-~p +H+1o advamtages
. 1 - {M(bb) |
Mm;sshj ‘f protcms ffoﬁd

e LO +bh ﬁadeammd
\ WW vngimﬁ‘d:!‘z-osdeohmwk

(2O ot 4,=0 owdk forwasd Protons)
3"{9 ° W LHC suamal 1-6- My <130GeY
(/8 ~ 1)
o fof SUSY Higap, S/8 m/e enhameed

The price for rapidity gaps ? -




pp >pt+tH+Pp
S_mivaﬂ’ brob. of Tap. gaps
W ___SZTZ
N
no S t\ ’7‘03-"‘”1@
rescalt. | 4w 3> H |

‘Fric.e fcrr




pp>ptitp
Swvival prob. o Tap. gaps

w G SZTZ

j \
no S no g tad™ ¥
19”0& for Aescadt Ott‘ : .3:3-) HW , ,“’“’ - D

(or dijet)

oo < Qe <My - pacd

(Sl e <
need wwnkeg. skewed gluons
v \

s A g ] dzat. / = /
M= g [8B o fln ol ) gl a2,

whore (2=, Qe ) ~? m—'xg(xa
i) - kel g

R o cafouballe 2 (A
Shacid s TG ) “F( dkt j 2 z?a)'

(R=1-2 ak LHC)
s!ror% Supjrresdon Qt uuﬂ-rcwe.aL ngclam
no emission when (A~ 1/k) > (d ~ 1/Q))

l.e. only emission with k. > Q
TN 5 s 1 |




pp>ptitp
Swvival prod. o} Tap. gaps

W=t

H
= .Sc:tt' \ ad™ (or dijet)
price fot |yescakt. 39> H bt
calculated using detailed AL, «QF <My - pQcCd
2-channel eikonal global M
analysis of soft pp data (x’“ %) <« (fx '-'g;“) «1
S2=0.026 at LHC .
S2 = 0.05 at Tevatron need wnintes. skewed gluoms:

v \

A (> > d , 2 )
" (8T TR st ) fm oz

whore £ =, Q¢ 1% = R %ﬁc}? [.ﬁ:(é?t,/d) :rg(x,Qé)]
/

R ia cafoudalle 2 1-Ro/m
e effect T@, ) = “F( d&t j ax 1?3 )’

(R=12 ak LHC) oy Q\‘:

3£ ab LHC
M,=120GeV _7°_<F+;“P) i {o.z fb ot Tovation




Also have to consider S?,1.nceq fOrpp =2 p+H +p

gap
Seik
U gap
soft-hard
factoriz"
eikonal rescatt:  between protons <« conserved
enhanced rescatt: involving intermediate partons <« broken

The new soft analysis, with Pomeron g, structure,
enables S?,,, to be calculated (see KMR, 0812.2413)



Two subtlities A

Seik

1. fy's from HERA data already include rescatt.
of intermediate partons with parent proton

2. Usually take p=0 and integrate with exp(-Bp;?).
S?/B? enters (where 1/B = <p;>). But enh. abs.
changes py* behaviour from exp., so quote S?<p,*>?

gap

gap

<S?2,,>=<5%,S%.,,> ~ 0.015 (for B=4 GeV-?)
<S?_><p>? =0.0010 GeV* see 0812.2413

enh

3. See KMR 1306.2149 for latest S?(Higgs)




Example 5

W+gaps

LHC check of S2 using W+gap events

/ dk2 k2 maé”
(|

£

R . tmin
tmin| 1 ﬁf}lij with | | 1 — 5

Even without a proton tag
r, = 1 — ¢ can be measured by

£ = > ﬁm.f‘ + k2 e¥i/\/s

I=W decays+pts.in calor. (An, large)

successfully used by CDF




Cross section survival fac.

do/dInE  (pb)

< 1pb

107!

W production

2L C
- _ LHC Vs=14 TeV C An,>3  An,>S
F | Imeasure. no absorption 02 [ WY
1 WH+gaps S W
- | W inclusive _
=3 1 1 1 IR R | 1 1 1 [ B 0L : : e = ' ! E—
10" = 02 e 107 107 =1

S? large, as large b, (small opacity)




W+gaps has S? large, as large b, for y exch (small opacity)

Y Iﬁm
> W

i

-
l————

Other examples in
EPJC55(2008)363

W Iﬁnz

Z+gaps has b, more like excl. Higgs

c~0.2pb for An>3 and E;(b)>50GeV
but to avoid QCD bb backgd use Z=2>1*I-

use track counting veto




Recall, that besides LRGs, the Pomeron also describes
“soft” multi-particle production.

Constant or increasing o,(s) with s - Pomeron -
(a) processes with large rapidity gaps
—> valuable exclusive HE data
- < (b) soft multiparticle production
- vital to understand the underlying event
. to rare New Physics processes at the LHC

Further, recall that the “hard” Pomeron (based on BFKL),
with abs. corrs, continues smoothly into “soft” Pomeron



[ 1] [ 1]
“Soft” and “Hard” Pomerons ?
N4 N

A vacuum-exchange object
drives soft HE interactions.
Not a simple pole, but an
enigmatic non-local object.
Rising o, means multi-Pom
diags (with Regge cuts) are

necessary to restore unitarity.

oo, dog/dt data, described,
In a limited energy range, by
eff. pole o= 1.08 + 0.25t

Sum of ladders of Reggeized

gluons with, in LLx BFKL, a

singularity which is a cut and

not a pole. When HO are

Included the intercept of

the BFKL/hard Pomeron is

0 (D) = 4L.2
A=ap(0)-1~0.3

apm~1.08 + 0.25t
up to Tevatron energies

(Gtot - SA)

- apPae~ 1.3+ 0t

with absorptive
(multi-Pomeron) effects




High-energy pp interactions

Soft hard

Reggeon Field Theory pPQCD

with phenomenological < partonic approach
soft Pomeron

smooth transition using
QCD / “BFKL” / hard Pomeron

There exists only one Pomeron, which makes
a smooth transition from the hard to the soft regime

Could lead to a reliable all-purpose Monte Carlo which describes
all aspects on minimum bias data — total, diff. elastic X-sections,
diffraction, multi-particle production, jet production —

In a unified framework ?




(b) DGLAP-based MC

Existing all-purpose MCs describe
Inclusive spectra with hard parton-
parton interaction in central region,
with secondaries from backward
evol".

kl:llill : I

ko k,

Infrared cutoff k . ~3 GeV  at LHC(7 TeV)

min

compared to cutoff k..,~2.15 GeV at Tevatron.

Understood in pQCD: In relevant low X region, prob of rescatt.

large, corresponding abs'e corrm, o,,~1/k, suppress low k,

Model 2> do/dy ~s%? like LHC data for 0.9to 7 TeV




LHC

DGLAP In k2 evol" interval << BFKL In(1/x) evol" interval
not strongly-ordered in k;

overestimates <k>

underestimates growth dN/dy dN/dy = np (dN;_p,/dN)
Nnp=no. of Poms. grows

(a) single BFKL Pom.

(b) DGLAP-based MC

]fo ]ff

(c) BFKL (inc. enhanced)

dcsubp/dktz ~ 1/k?
—>tune cutoff to data
Knin~ S% a~0.12

ki

Enh: o, ~ 1/k?
—dyn.cutoff kg
—>besides SD, DD




Can conclude from the LHC data:

The <p;> of hadrons measured by ATLAS, CMS, ALICE
Is smaller than that expected from the DGLAP-based MC'’s
(which have strong-ordering in k; going from the protons to the
central region) tuned to lower energy data.
After this tuning the MC'’s, find smaller <p-> and

larger particle density dN/dy at LHC.
This indicates the need for a BFKL-based MC (with multi-
Pomeron absorptive corrections), where we have diffusion
In log k; and a growth of particle density as we go to large
Initial energy, that is smaller x.



Existing “all purpose” (DGLAP) Monte Carlos split eikonal
Q(S1b) = Qsoft T Qhard(pQCD)

Seek MC that describes all aspects of minimum bias
-- total, differential elastic Xsections, diffraction, jet prod...—

In a unified framework; capable of modelling exclusive
final states.

SHERPA Monte Carlo based on KMR framework

“SHRIMPS” MC
= Soft-Hard Reactions involving Multi-Pomeron Scatt.

Krauss, Hoeth, Zapp et al



OUTLINE of SHRIMPS:

Solve coupled evol egs. in y to generate Q(y,b),
specifying boundary conditions of GW eigenstates.
Eigenstates give elastic, quasi-elastic scatt.

Select no. of ladders exchanged (according to Poisson
distribution with parameter Q, (b)) to simulate inelastic state

Incoming protons dissolved into val. g, diquark and gluons
For each pair we check prob. to exchange next ladder

Gluon emissions from ladder according to Markov chain,
ordered in y, with pseudo Sudakov form factor

t-ch propagators are reggeized gluon in either colour
singlets or octets. Prob(singlet) = P, = (1-exp(-6€2/2))



Each gluon emission leads to two new propagators---
allowed combinations P,Pg, PgP,, PgPg-----singlet propagators
give rise to rapidity gaps associated with elastic scatt.

Also rescatt. can give inelastic interaction of secondaries,
producing new ladders with Poisson prob. exp(-6€2)(dQ)"/n!

single gluon emission iterated until active interval is colour
singlet or no further emissions are kinematically allowed Iin
rapidity interval

Finally usual hadronization, plus hadron decays, plus QED,
to produce final scatter of observed particles.

A few typical plots from SHRIMPS Monte Carlo (in SHERPA)
9



do/dp-

10

10

10

10
10

1/ Nepw 1/ 2p dorfdpd )

10
10
10
10

=l
]

Charged particle p, at7TeV, track p, = 100MeV, for N4, = 2

—es— ATLAS data
—— MC (default)

18 | II-I‘ -II-I i II-I‘ -II-I (i II-I‘ -II-I i .




1/c do/dNg,

Charged multiplicity > 2 at 7 TeV, track p; > 100 MeV

:,_'_.' T T 1 | [T 1 | [ | [ | [ | T 1 | [ | [ | [ | T 1 j}
Z\J

= —e— ATLAS data

E 1077 ——— MC (default) —

5 = -

2 _ .

— — _

1073 = =

B ru _

10”4 =— .

s + =

1077 = =

;| L1 ‘ L 1| ‘ L1 ‘ L1 ‘ L 1| | L 11 ‘ L1 ‘ L1 | L1 #| | |i

20 40 60 8o 100 120 140 160 180 20C

Nch




{d*Lp . /dydg) [GeV]

WED e/ dydg) [Gev)

1.4

1.2

o5

b

0.4

L2

Toward ¥ p, demsity ve, p™ 1, /5 = 7 TeV

Toward Zp+

T

—e— ATLAS data

— MC (default)

_Prjeading track (GeV)

2 6 10

14

Transverse ¥ p | density vs. p'™, 5 = = TeV

Transverse Xp.

I\

i I

.

—e— ATLAS data
—— MC [default)

P leading Itracl|< (GeIV) ]

2 6 10

14

Away L p| density vs. p, 5 =7 TV

I1|'I II|II T TT

|||rl-1-]||||||| ||| LI

Away 2p- =
—e— ATLAS data _f

——— MC (default) =

.1 Prleading rack (GeV) 3

6 10 14
' leading jet




do/d(An)

Rapidity gap size in g starting from i = £4.9, pp = 200 MeV

"E' T | T TT TT T | TT T | TT | T 17T | T TT | T T 17T
E 105 —e— ATLAS data =
4= 5 ——— MC (default) 3
i L p>200 MeV |
1= —=
1077 = -

fluctuations in
hadronization

4 [mb]

i0*

107

Rapidity gap size in i staring from g = 4.9, pp = 400 MeV

—s— ATLAS data
—— MC (default)

p>400 MeV

fluctuations

extend to larger An




Conclusion on “SHRIMPS” Monte Carlo

Seek MC that describes all aspects of minimum bias

-- total, differential elastic Xsections, diffraction, jet prod...—
In a unified framework; capable of modelling exclusive

final states.

Incorporate the KMR model in SHERPA MC framework
Krauss, Hoeth, Zapp + KMR

KMR model is based on bare QCD Pomeron, with
absorptive multi-Pomeron rescattering corrections -

“SHRIMPS” MC
= Soft-Hard Reactions involving Multi-Pomeron Scatt.



Special properties of “SHRIMPS” Monte Carlo

® Based on partonic model of Pomeron, which enables
BFKL-like structure to be continued into soft domain,
Increasingly subject to absorptive corrections

® Stronger absorption of low k; partons automatically
gives effective infrared cutoff k., which increases
with collider energy
(Existing general purpose DGLAP-based MCs have
external parameter giving an energy dependent cutoff.
“BFKL-like diffusion in Ink; + absorption of low k;”
can be approximately mimicked by DGLAP)

e Consistently includes low-mass diffraction, via 2-channel
eikonal.



Special properties of “SHRIMPS” MC continued

Consistent inclusion of (absorptive) multi-Pomeron effects.

A multi-Pomeron diagram simultaneously describes
several different processes depending on which Pomeron
ladders are cut

() multiparticle production results from “cut” ladders

(i) processes with rapidity gaps (no cut ladders in gap)

Offers the possibility of a reliable description of the underlying
event to New Physics “hard” processes.
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A. Hebecker, Phys.Repts, 331(2000)
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G. Watt, IPPP, Ph.D. thesis (2004)
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These lecture notes can be found on
http://www.ippp.dur.ac.uk/~martin/Heidel13.pdf



