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Outline

Short review of Hard Diffraction at HERA
at small x

Transition to pp collisions

Hard diffraction at LHC at small x
- Exclusive Jets
- Higgs 
- Calibration Reactions

Forward Protons at 420m Project - FP420

Tevatron results 
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F2 is dominated by single ladder exchange

ladder symbolizes a QCD evol. process
( DGLAP or others )     
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Gluon density

Gluon density dominates F2 for x < 0.01



Diffractive Scattering

Non-Diffractive Event 
ZEUS detector

Diffractive Event

MX - invariant mass of all particles seen in the central detector
t - momentum transfer to the diffractively scattered proton

t - conjugate variable to the impact parameter



Observation of diffraction indicates that single ladder may not be sufficient
(partons produced from a single chain have exponentially suppressed rap. gaps) 

Inclusive DIS                                Hard Diffraction
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Dipole Models
equivalent to LO perturbative QCD for small dipoles                    
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KMW - Kowalski, Motyka, Watt

2*
1

0

22 |)
2

exp(12|
16

1
*

Ψ
⎭
⎬
⎫

⎩
⎨
⎧ Ω

−−Ψ= ∫∫∫ Δ⋅−
VM

bi
p

VM dzebdrd
dt

d rrr

π
σ γ

proton 
shape

)(),()( 222
2

bTxxgr
N s

C

μμαπ
=Ω

Glauber
Mueller 

0)t,(WImA
W

1σ 2
el2

γp
tot ==

Dipole Models
equivalent to LO perturbative QCD for small dipoles

),( zrΨ



x < 10-2

universal rate of rise 
of all hadronic cross-sections

tottot xWp λλγσ )/1(~)(~ 2*

Total γ*p cross-section
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Inclusive Diffraction

-LPS

from fit to σtot predict σdiff

GBW, BGBK, ….
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  IP Sat-Mod,  mc= 1.3 GeV
  ZEUS
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Dipole cross section determined
by fit to F2  
Simultaneous description of many
reactions    
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Diffractive Di-jets 
Q2 > 5 GeV2

-RapGap

Satrap



KMR Calculation of the Exclusive Diffractive Process

q -> Proton

Divergent:  controlled by Sudakov

B. Cox based on Jeff Forshaw

Dominant uncertainty:  KMR 
estimate factor of 2-3. 

Power of QT, 6 for pseudo-scalar

Khoze
Martin
Ryskin



Dipole form
double eikonal single eikonal

Khoze
Martin
Ryskin

t-measurement will allow 
to disentangle the effects
of soft absorption from
hard behavior

t – distributions
at LHC

Effects of soft proton 
absorption  modulate the
hard t – distributions

Survival Probability  S2

Soft Elastic Opacity
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Exclusive Double Diffractive Reactions at LHC

low x QCD reactions (KMR)
pp =>  pp + gJet gJet σ ~   1 nb for  M(jj) ~ 50 GeV

σ ~ 0.5 pb for  M(jj) ~ 200 GeV
ηJET| < 1     

xIP = Δp/p,  pT
xIP ~ 0.2-1.5%

High momentum
measurement
precision

pp  => pp +  Higgs    σ ∼   Ο(3)     fb SM          (inclusive  ~  20 pb)
∼ O(100) fb MSSM

1 event/sec 

xIP = Δp/p,  pT
xIP ~ 0.2-1.5%
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Beam Pipe
Detector

closest 
approach
12 σ ∼3mm

Transverse Deviation

acceptance at 420m
xIP ~ 0.2 – 1.5 %
t from 0 to ~10 GeV2

deflection of protons
due to main magnets

stability against 
beam tuning effects

acceptance at 
220/240m 
xIP ~ 1 – 2%



The 420m region at the LHC



FP420 Silicon Detector Stations

Brunell

Manchester / Mullard Space Sci. Lab



QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

DFB Arc Termination Modules 



Background Reactions

Main limits on the beam lifetime at LHC is due to strong interactions σtot ~ O(100) mb

)3600102/(101.152808                               
events/sec 10)cm 1010100()seccm 10(

911

922431-234

⋅⋅⋅⋅

=⋅⋅=⋅= −−− σL
Beam lifetime ~  O(40) hours

Elastic scattering – σel ~ O(30) mb

Inclusive scattering – σinc~O(50) mb

Proton dissociation – σel ~ 2 O(10) mb for xIP ~ 1 – 30 %
Main source of the machine background. Leads to a rate of 
O(108) forward protons/sec. Attention!!!  It is above the magnet 
quench limit of 8 106 protons/m/sec 



Machine background from proton dissociation reactions
LHC Project Note 240, 208

I. Baishev,   J.B. Jeanneret, G.R. Stevenson

Special collimator

IP1 IP5



Physics background from proton dissociation reactions

420 m detector sees protons with xIP ~ 0.2 – 1.5 % and σdis ~ 3 mb ~ 
At  luminosity of  10 34 s-1 cm2 there will be ~3 107 protons/sec  
~ 1 proton per bunch crossing

However, these protons are produced in a soft interaction together with 
a particle cloud of a mass MX ~ 700 - 1700 GeV. Such a large mass 
cannot escape undetected in the central detector.



FP420 Fast timing Detectors

• 1% events at LHC have diffractive proton track in FP420

• @ 2 x 1033 cm-2s-1, 7 interactions / bunch crossing

• -> 30% of FP420 events have an additional track 

• Matching mass and rapidity of central system removes large fraction of these 

• Of the remaining, 97.4% rejected by fast timing detectors with 10ps timing resolution (2.1 mm) . 

UTA / Alberta / FNAL / Louvain



FP420 alignment

Helene Mainaud-Durand, CERN

5 μm will be possible - test bench under construction at 
CERN 

Intrinsic Higgs mass resolution: ~ 5μm/1.5cm ~ 3 x10-4



FP420 Acceptance and Resolution

3 mm

5 mm
7.5 mm

10 mm
22 mm

30 mm
25 mm

MB apertures

3 mm + 3 mm 7.5 mm + 3 mm

Glasgow / Manchester 

Plots : P. Bussey using ExHuME / FPTrack



J. Ellis, 
HERA-LHC 
Workshop

Higher symmetries (e.g. Supersymmetry) lead to existence of several scalar, 
neutral, Higgs states,  H, h, A . . . .   Higgs Hunter Guide,  Gunnion, Haber, Kane, Dawson 1990

In MSSM Higgs x-section are likely to be much enhanced as 
compared to Standard Model (tanβ large because MHiggs > 115 GeV)

CP violation is highly probable in MSSM             all three neutral Higgs bosons have 
similar masses ~120 GeV

can ONLY be RESOLVED in DIFFRACTION
Ellis, Lee, Pilaftisis Phys Rev D, 70, 075010, (2004) ,  hep-ph/0502251

Correlation between transverse momenta of the tagged protons give a handle on the 
CP-violation in the Higgs sector 

Khoze, Martin, Ryskin, hep-ph 040178

Precise 
measurement
of the Higgs 
Mass



The intense coupling regime is where the masses 
of the 3 neutral Higgs bosons are close to each 
other and tan β is large

suppressed

enhanced

0++ selection rule suppresses A production: 

CEDP ‘filters out’ pseudoscalar production, 
leaving pure H sample for study

MA = 130 GeV, tan β = 50

Mh = 124 GeV : 71 signal / 10 background in 30 fb-1

MH = 135 GeV : 124 signal / 5 background in 30 fb-1

MA = 130 GeV : 1 signal / 5 background in 30 fb-1

Well known difficult region for conventional channels, tagged channel may well be the 
discovery channel, and is certainly a powerful spin/parity filter

FP420 Physics Highlights



CP violation in the Higgs Sector

bb decay ττ decay ττ decay

J. Ellis et al hep-ph/0502251



FP420 alignment

• @ 1 x 1033 cm-2 s-1 expect ~ 100 μ+μ- events / fill with standard trigger 
thresholds

• Simulations (Louvain) indicate precision is better than necessary (theoretical 
limit is LHC beam energy uncertainty , σ0 = 0.77 GeV ~ 50 microns)

(also γγWW, Mγγ   > 200 GeV, σ ∼ 100 fb -> very high sensitivity to anomalous 
quartic couplings)

Louvain



Rapidity Gap Trigger  - effective up to luminosity of 0.5x1033 cm-2 sec-1

ATLAS L1:   no hits in the end-caps,  2< |η| < 4,  threshold ~1 GeV in pT
~6 particles/ per unit of rap expected with pT > 1 GeV (Pythia)
suppression factor O(1011)

Veto on LUCID  - suppression factor O(103)

Physical importance:   clean source of gluon jets
X-section closely related to diffractive Higgs

Diffractive Trigger

Example:      central exclusive diffractive jet-jet system,  |ηJET|< 1



Up to 20% of bb Higss decay events can be saved with μ triggers of the 
central detector at all luminosities, 
WW(*) channels have high trigger efficiency. 

Rapidity Gap Trigger - effective up to luminosity of ~ 1032

Trigger Tag at 220m + topological cuts  - effective up to luminosity 
of 2x1033 (CMS) 

Trigger with 420m counters require increase in latency from 3 to 4 μs

remark about ATLAS
220/240m counters more effective in the IP1 than in IP5 region 

Diffractive Trigger

Example:      diffractive Higgs production in CMS    
(INFN investigation)



FP420 Collaboration

“The panel believed that this offers a 
unique opportunity to extend the potential 
of the LHC and has the potential to give a 
high scientific return.” - UK PPRP (PPARC)

R&D now fully funded : £500k from UK 
(Silicon, detector stations, beam pipe + LHC 
optics and cryostat design), 
$100k from US (QUARTIC), 
€100k Belgium (+Italy / Finland) (mechanics)

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
Detectors at 420m are in the process of 
becoming an official ATLAS Upgrade Program 



Central system produced in exclusive hard diffraction   reactions 
is, to a good approximation,  0++ . A new states produced  with 
proton tags has therefore know quantum numbers.

• CP violation in the Higgs sector shows up directly as azimuthal
asymmetries 

• Proton tagging may be the discovery channel in certain regions 
of the MSSM

• Tagging the protons means excellent mass resolution  
irrespective of the decay products of the central system

• Diffractive LHC ~  Gluon Collider – pure gluon jets

• ATLAS Upgrade Program in 420m region is in preparation

Summary



QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture. Evidence for Exclusive Production

10 GeV < Mγγ< 20 GeV



Evidence for Exclusive Production

JZ=0 -> for colour singlet bbar production, the 
born level contributions of a) and b) cancel in 
the limit mb -> 0
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Coasted Beam Optics

x     - transverse deviation from the beam position
x’    - transverse angular deviation 

interaction  
point

observation 
point

Transport Matrix
(from text books)

x′σ
x′σx , x’  are moving on  

Phase Ellipse  

β-amplitude function, Ψ-phases, D-dispersion can be obtained from the LHC Optic Webpage
Coasted beam optics is considerably easier to handle than ray tracking in MAD 

e.g. P.Schmueser
in  CERN 94-01



LHC High Luminosity Optics
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420 m point
LHC HL Optics: transverse 
deviations are magnified, 
angular deviations are 
diminished

Amplitude function β

S(m)

=>  pT~ 200 MeV



Beam Halo background from beam-beam tune shift

In bunch-bunch collision the particle of one bunch see the other bunch as a nonlinear lens. 
Focusing properties are changing =>  protons of large amplitude

are getting out of tune after many crossings
Estimate of the proton loss:     # protons / beam lifetime (40h)

Primary and secondary collimators
beam scratched to 6 and 7 σ

New tertiary collimators

Collimator cleaning inefficiency after 10 σ ~ 4 10-4

cprotons/se 10 5.0
360040

10463.01015.12808 6
411

⋅=
⋅

⋅⋅⋅⋅⋅ −

1 beam halo proton per  ~80 bunches at the top luminosity
Presumably even considerably smaller in the 420m region, 
in the shadow of the incoming collimator, after D2  (R. Assmann)



2-Pomeron exchange 
in QCD

Final States
(naïve picture)

0-cut

1-cut

2-cut

Multiple Interactions and Long Range Correlation 

Diffraction

<n>

<2n>



QCD diagrams



Note:  AGK rules underestimate the amount of diffraction in DIS

)exp(
!2 Ω−

Ω
=

kbd
d k

kσ )(),()( 222
2

bTxxgr
N s

C

μμαπ
=Ω

AGK rules in the
Dipole Model 
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Description of the size of 
interaction region  BD

Modification by Bartels, 
Golec-Biernat, Peters

proton size







Computation of Diffractive Processes at LHC 

Khoze – Martin - Ryskin Approach
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Note: xg(x,.) drive the rise of F2 at HERA and Gluon 
Luminosity decrease at LHCHiggsHiggs Γ∝σ̂
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