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Contents
• Introduction to forward physics
• Forward regions of present LHC detectors
• Physics topics
     “Classical forward physics”

– Total and elastic cross sections cross section
– Diffractive scattering (general)

      “New forward physics”
– Hard diffractive scattering (HERA/Tevatron/LHC)
– Exclusive production of the Higgs

• Including detector upgrades needed (FP420)
– Low-x QCD
– Cosmic rays connections
– (2-photon interactions)
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Motivation
Experiments at previous colliders
never had a“full acceptance” but
essentially concentrated around
central region
ATLAS,CMS: |η|<(3) 5

Forward region
· Diffractive phenomena
· Low-x
· Exotics (centauros, DCC’s)
· Link with Cosmic Rays
· Surprises?Most of the energy of
  the event “down the beampipe”
· Forward tagging can act as filters
  for central production (e.g. Higgs)

Pseudo Rapidity:

Particle density

Energy flow

Θ: Polar angle of particle
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Diffractive/Forward Physics Topics

Jets , W, J/ψ, Υ, t?…

~25% ofσtot 

~10-13 ofσtot 
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Example: Exclusive Higgs Production

Promising channel for
Higgs property studies
⇒ Much more on that 
tomorrow…
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Introduction: Forward Physics
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Introduction
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Forward Particle Production Versus √s
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The LHC Machine and ExperimentsThe LHC Machine and Experiments

pp collisions at 7/10/14? TeV

LHCf

totem

(moedal)
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Proposal for a full acceptance detector
for LHC (1997)

FELIX!
 1997

Would allow
to study charged
and neutral particles
down to zero angles

Put on ice by LHCC
end of 1997
No longer discussed.
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Forward Detectors at the LHC

• RP220: detectors for diffraction at 220 m
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General Purpose Detectors at the LHC

ATLAS and CMS are central detectors!
    typically: tracking    |η| <2.5
                   calorimetry  |η| <5
Coverage of forward physics typically needs more
      Several extensions being implemented or being discussed
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(New:) Forward detectors in ATLAS/CMS

14  m                    16  m                14 0  m            1 4 7 m   -  2 2 0  m            4 2 0  m

I P 1

I P 5  

TOTEM -T2   CASTOR    ZDC/FwdCal       TOTEM-RP             FP420

                         LUCID                 ZDC            ALFA/RP220           FP420
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TOTEM T2
IP

TOTEM T1HF

ZDC @ 140 m

CASTOR

T1  3.1< η <4.7
T2  5.3<η <6.7
Castor 5.25<η <6.5 

Extend the reach in η from |η|<5
to |η| <6.7
+ neutral energy at zero degrees

Forward Detectors: CMS/TOTEM



15

Last minute CASTOR installation in CMS..

Castor calorimeter acceptance 5.25<η <6.5
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CASTOR
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Beam pipe splits 140m from IR

ZDC 
LOCATION

BEAMS

“Spectators”

ZDCZDC

ZDCZDC

Tungsten/ quartz fiber calorimeter
EM and HAD section

Installed on both sides of CMS
Also in ATLAS

ZDC: zero degree calorimeter (CMS)
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3<|η|<7
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Roman Pot Extensions of Experiments

H1

ZEUS

VFPS

HERMES

HERA-B

D  S Q4   Q3    Q2 S A1A2 P1 P2

p p

  z (m)

D2  D1 A2
Q2   Q3    Q4

59   57               33                23                                       0                                      23                33

Tevatron
D0: Roman Pots added for Run II
CDF: Roman Pots (till 2007)
HERA
H1: FPS/VFPS
ZEUS: LPS
RHIC
pp2pp  →STAR
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CMS/TOTEM: a “complete” LHC detector

+ZDC

ADR & K. Eggert
2003  Other possible detector regions (19m, 25m, 60-140m…)

CMS/TOTEM will be the largest acceptance detector ever built at a hadron collider
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UA8 = UA2 + Roman Pot Spectrometer

TOF counters had pseudorapidity 2.3-4.1

R.p.R.p.

Combining central detector with Roman Pots has
been done before (1988)

UA2

UA4

Still puzzling result: “superhard” component 
in the diffractive exchange (large t)
More on this later…

P. Schlein et al.

P. Schlein
1932-2008



22

Proposal for additional
detectors in CMS
Scintillation counters or GEMs

Useful if it can be included in 2010/11 run Eg Tag low mass
diffractive dissociation

Extend the forward acceptance in CMS
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LHCb Forward Shower Counters?
Orava, Lamsa

Forward shower counters now
also suggested for LHCb

Efficiency for single
diffraction as function of mass

2<η<5
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 ATLAS Forward DetectorsATLAS Forward Detectors

LUCID at 17 mZDC at 140 mALFA at 240 m

Luminosity Cerenkov
Integrating Detector
(2008)

Zero Degree Calorimeter
(2008)

Absolute Luminosity
for ATLAS (2010)
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Forward Physics Program
• Soft & Hard diffraction

– Total cross section and elastic scattering
– Gap survival dynamics, multi-gap events, proton light cone (pp→3jets+p)
– Diffractive structure: Production of jets, W, J/ψ, b, t, hard photons
– Double Pomeron exchange events as a gluon factory
– Diffractive Higgs production, (diffractive Radion production)
– SUSY & other (low mass) exotics & exclusive processes

• Low-x Dynamics
– Parton saturation, BFKL/CCFM dynamics, proton structure, multi-parton scattering…

• New Forward Physics phenomena
– New phenomena such as DCCs, incoherent pion emission, Centauro’s

• Strong interest from cosmic rays community
– Forward energy and particle flows/minimum bias event structure

• Two-photon interactions and peripheral collisions
• Forward physics in pA and AA collisions
• Use QED processes to determine the luminosity to 1%  (pp→ppee, pp→ppµµ)

Many studies can be done best with L ~1033cm-2s-1(or lower) 
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Elastic and Total Cross Section
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Most interactions due to collisions at large distance between
incoming  protons where protons interact as “ a whole ” 
→ small momentum transfer (Δp ≈ h /Δx ) 
⇒ particles in final state have large longitudinal momentum but 
   small transverse momentum (scattering at large angle is small) 

< pT > ≈ 500 MeV      of charged particles in final state
Most energy escapes down the beam pipe.

These are often called minimum-bias events (“ soft “ events).. 

Proton-Proton Collisions

More correct: minimum bias events are dominated by soft events
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Total Cross Section
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Comparison of Cross Sections…

√s

Huge minimum bias event
cross section
compared to, say,
the Higgs cross section
(9 orders of magnitude…)

Shape of these minimum bias
events not accurately known.
(multiple interactions,
 underlying event structure)
Pile up: ~ 20 minimum bias
Events per bunch crossing at
high luminosity
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pp collisions at 14 TeV at 1034 cm-2s-1

• 20 min bias
events overlap

• H→ZZ
Z →mm
H→ 4 muons:
the cleanest
(“golden”)
signature

And this (not the
H though…)
repeats every
25 ns…

Reconstructed tracks 
with pt > 25 GeV
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TOTEM: Total cross sections

Aim: ~1-2 mb precision

The measurement of σtot

Historical: CERN tradition (PS-ISR-SPS)
Current model predictions 95-130 mb
at the LHC
Some extreme models give higher values
(like 200 mb!!)

How to measure σtot ?
(naively..) Well, just count the events…

Fit: log(s)γ

γ = 2 → σtot @LHC = 110 mb 
γ = 1 → σtot @LHC =   95 mb
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TOTEM: Total and Elastic Cross Sections

Use elastic scattering 
(t→0) and
total inelastic rate

Aim of TOTEM try to measure σtot with
~1-2% accuracy  
(~5% at startup with preliminary optics)
σtot can then be used for an absolute 
calibration of the luminosity 

Here is a catch!  σtot = # events/ luminosity
How to measure luminosity? Precision? (5-10% estimated) 

Get σtot from Luminosity independent method

Here ρ = ratio of the real to imaginary
part of the forward scattering amplitude
Measurement difficult at LHC
But impact on precision small
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logs

|t| (GeV/c)2≈ 0.001 ≈ 0.8

Coulomb scattering: ds/dt ∝ 1/t2

Coulomb&Strong Interference: r

Pomeron exchange ∝exp(Bt)

”Structure”
pQCD

Coulomb region ≤ 10-4 super b*
Coulomb –Strong Interference ≈ 10-3 high b* 

Pomeron – Diffraction ≥ 10-3 high/low b*
Structure – Peaks & Bumps ≈ 0.8 low/high b*
Large –t – Perturbative QCD ≥ few GeV2       low b*

Region        Characteristic –t (GeV/c)2          Run type1

p1

p2
p2’

p1’

1The official LHC optics is based on low b*=0.5m and high b* =1100m.

TOTEM: Elastic Scattering pp→pp

t=(p1-p1’)2= (p2-p2’)2 ~-θ2p2

θ

?
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Roman Pot DetectorExperimental Aspects of Elastic Scattering
pp→pp: Scattered proton detected in
Roman Pot telescope

Measure x,y position in the
roman pot detectors

Position the Pots at locations of
“parallel to point” focussing

Use special optics with a large
value of the accelerator β function
(weak focusing, here β* = 1100 m
and beam angular spread ~ 0.67µrad)

Roman Pot can be lowered to “15 sigma”
from beam (ie 15 times the beam size)

Resolution:

15σ
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ATLAS: Total Cross Section Measurement

⇒Near beam detectors
· ALFA is an approved project
· RP220 & FP420 merged into one proposal for ATLAS
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2.8%
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Interest in Total and Elastic Cross
Sections

Example (slightly exotic?)
(Tuyrin & Troshin)
Abnormal strong rise due to
“antishadowing”
Leads to σtot of 200 mb!!

Disaster! ~ 40 events overlap at LHC
Model predicts σelastic > 0.5σtotal   suspicious!

Comparison of the elastic
t distribution for different
models 

Islam, Luddy, Prokudin
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Diffraction
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Diffraction in hadron scattering

b b
Elastic

b Y
Double Dissociation

(DD)

Diffraction is a large component of hadron interactions (~30% of σtot):

colourless
objects

o) Beam particles emerge intact or dissociated into low-mass states.
    Energy ≈ beam energy

o) Interaction mediated by t-channel exchange of object with vacuum 
    quantum numbers (no colour): the Pomeron… 

o) Final-state particles separated by large polar angle
    (or  pseudorapidity, ln tan(θ/2)): Large Rapidity Gap (LRG)

LRG

a a a Xa X

b b
Single Dissociation

(SD)

Diffraction in Hadronic Scattering
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Pomeron goes back to the ‘60s: Regge trajectory, i.e. a moving pole in
complex angular momentum plane.  Would like to understand diffraction  in
terms of quarks, gluons and QCD (need a hard process)

A worthwhile task:
•Diffraction is a significant part of σtot

•Novel tool to study the transition between hard (perturbative) and   soft
(confinement) regions of QCD: hard diffractive scattering

In the last 5-10 years, we learned a lot about diffraction by scattering
pointlike probes (electrons) on Pomeron – the same technique used for
studying the structure of the proton
→ now clear that diffraction has a well deserved place in QCD

NB in following will often refer to Pomeron as if it were real particle: it isn’t
(some die-hards believe it could be a glueball)

Pomeron ?!A Pomeron ?!?
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Diffractive Scattering

One proton
“dissociates” in
system with mass M
“single diffractive
dissociation”  (SD)

Data from 70-80’s:
Coherence condition

Momentum loss
by the proton

dσ/dM~ 1/M2

•

•
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Diffractive Excitation
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Rapidity Gaps and Diffraction



44

Rapidity Gaps at LHC
Number of overlap events versus LHC luminosity
                                   distribution of number of interactions

103410331032

1.1033 2.1033

1 int.  22%               4%
Doable at startup luminosity without Roman Pots!
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Gaps in events: still not fully understood

CDF data 

Two gap suppression is
smaller than 1 gap suppression

What happens for more gaps?

CMS/TOTEM acceptance: |η|<7
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End of Lecture one


