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Abstract

The goal of this report is to give a comprehensive overview of the rich field
of forward physics, with a special attention to the topics that can be studied at
the LHC. The report starts presenting a selection of the Monte Carlo simula-
tion tools currently available, chapter 2, then enters the rich phenomenology
of QCD at low, chapter 3, and high, chapter 4, momentum transfer, while
the unique scattering conditions of central exclusive production are analyzed
in chapter 5. The last two experimental topics, Cosmic Ray and Heavy Ion
physics are presented in the chapter 6 and 7 respectively. Chapter 8 is ded-
icated to the BFKL dynamics, multiparton interactions, and saturation. The
report ends with an overview of the forward detectors at LHC. Each chapter
is correlated with a comprehensive bibliography, attempting to provide to the
interested reader with a wide opportunity for further studies.



ii



Contents

Introduction

1 Running conditions and beam induced backgrounds

1.1 Acceptance of Forward Detectors . . . . . . . . . . . . . . .. ...
1.2 Background: pp induced background . . . . . ... ... oL
1.3 Different running conditions . . . . . . . . ...

2 Monte Carlo

2.1 Introduction . . . . ... e e e
22 EPOSLHC. . . . . e
2.2.1 Diffractive contribution . . . . . . . . . ... e
2.2.2  Inclusive Cross SECHiONS . . . . . . . . v v v vt e e e e e e e e
223 Diffractive Cross Sections . . . . . . . . . . . . . o e
2.3 PHOIET . . . . . e
2.3.1 Inclusive and total cross sections . . . . . . . . .. ..o
2.3.2  Modelling of inelastic final states . . . . . . . . . ... ... ... ... ... ...
2.3.3  Plans and future developments . . . . . . . . . . ... ...
2.4 POMWIG . . . . e e e e e
25 PYTHIAG6&B. . . . . e
2.5.1  Inclusive Cross Sections . . . . . . . . . . . o e e
2.5.2  Dynamical modelling . . . . . . . . . . ...
2.6 QGSIET-IL . . . . . . e e
277 SHRIMPS . . . . o oo e e
2.7.1 Inclusive properties and the KMRmodel . . . . . . ... ... .. ... ... ... ..
2772 EXClusive properties . . . . . . . . . . . e e e e e e
2.7.3 Thelink tohadrons . . . . . . . . .. . .
274  Selected predictions . . . . . . . . ... e e e e
2.7.5 Summaryandoutlook . . . . . ... L
2.8 DIME . . v i i e e e e e e
2.9  ExXHUME . . . . . o e e e
210 FPMC . . . o e
2.10.1 Introduction . . . . . . . ... e
2.10.2  Two-photon interactions . . . . . . . . . . ... o
2.10.3 Implementation of pomeron and reggeon exchanges in inclusive diffraction . . . . . ..
2.10.4 Implementation of exclusive production . . . . . . . . ... .. ... ... .. ... ..
2.11 STARLIGHT . . . . . . e e s e e
212 SuperChic . . . . . . e e e e
2,121 Version 1 . . . o oL e
2,122 Version2 . ..ol e e e e
2.13 LHC forward measurements and MC tuning . . . . . . . .. ... ... ... .......

iii



3 Soft Diffraction and Total Cross section

3.1
32
3.2.1
322
323
33
3.3.1
332
34
34.1
342
343
344
3.4.5
3.5
3.6
3.6.1
3.6.2
3.6.3
3.64
3.7
371
3.8

Introduction . .. ... ... ... ......

Detecting soft diffraction with Forward Detectors . . . . . . ... .. ... ... .....

Per Interaction Probability of Single and Double Tag . . . . . . . ... ... ... ...

Soft Vertex Reconstruction . . . . . .. ..

Proton and Vertex reconstruction Conclusion

Physics sources and properties of forward protons from inelastic interactions . . . . . . . .

MC versions and tagged proton selection for inelastic studies . . . . . . ... ... ...

Kinematics of tagged proton samples . . . .
Soft pseudorapidity gaps . . . . . .. ... ..

Previous measurements . . . . . ... ...

Future soft pseudorapidity gaps studies witha protontag . . . . . ... ... ... ...
Soft pseudorapidity gap studies with CASTOR . . . . . . ... ... .. ... ......

Extending pseudorapidity gaps with forward shower counters . . . . . .. ... ... ..

Soft rapidity gap conclusion . . . ... ..

Measurements of the Inelastic Cross-Section .

Measurements of the Total, Elastic and Inelastic Cross-Section with the TOTEM detectors .

Total cross-section . . . . . . ... .....
Elastic scattering . . . . . ... ... ...
Inelastic scattering . . . . . . .. ... ...
TOTEM Plans at /s =13TeV . . ... ..

Measurement Total and Elastic cross-section with ALFA . . . . . . . ... ... ... ...

ALFA Plansat /s =13TeV ... ... ..

Conclusions & Running Conditions . . . . . .

4 Inclusive Hard Diffraction

4.1
42
421
422
423
424
43
43.1
4.4
4.4.1
4.5
4.5.1
452
4.6
4.6.1

Introduction . . ... ... ... .. ... ..
Backgrounds . . . . ... ... .. ... ...
ProtonTag . . . . . ... ... ... ....
One Vertex Requirement . . . . ... ...
Relative Energy Loss Difference . . . . . .
Running Conditions . . . . . ... ... ..
Factorisation Tests . . . . . . ... ... ...
Predictions . . . ... ... ... .. ..
Single Diffractive Jet Production . . . . . ..
ATLAS Feasibility Studies for /s = 13 TeV
Single Diffractive Z, W and J/¥ Production .

CMS-TOTEM Feasibility Studies for /s =13TeV . . . .. ... ... ... ......

ATLAS Feasibility Studies for /s = 13 TeV
Double Pomeron Exchange Jet Production . .
ATLAS Feasibility Studies for /s = 13 TeV

v



4.7
4.7.1
4.8
4.8.1
4.9

Double Pomeron Exchange Photon+Jet Production . . . . . . ... ... ..........
ATLAS Feasibility Studies for /s =14TeV . . . . . . ... ... .. .. ... .....
Double Pomeron Exchange Jet-Gap-Jet Production. . . . . . . ... ... ... ......
ATLAS Feasibility Studies for /s=14TeV . . . . . . . .. ... ... . ... .....

ConcluSiONS . . . . . . . s

Appendices

4.A  Expected Statistics of Single Diffractive Jet Measurement . . . . . . . .. ... ... ...

4B  Expected Statistics of Double Pomeron Exchange Jet Measurement . . . . . . ... .. ..

5 Central Exclusive Production

5.1
52
5.2.1
522
523
53
5.3.1
5.32
533
534
5.35
5.3.6
5.3.7
5.3.8
5.39
5.3.10
5.3.11
54
54.1
542
543
544
55
5.5.1
552
553
554
5.5.5
5.5.6
5.5.7
5.6

Introduction

Analysis techniques and detectors to study exclusive processes at the LHC . . . . . .. ..

Analysis techniques . . . . . . . . . . ...
Central exclusive production at LHCband ALICE . . . . . .. ... ... ... .....
Central exclusive production at CMS and ATLAS . . . . . ... ... ... ... ....
QCD ProCeSSES . . o v v v v e e e e e e e e e e e e e e e

Introduction . . . . . . . .. L e

Forward proton tagging: phenomenological insight and advantages . . . . . ... .. ..

Conventional quarkonium production . . . . . . . . .. ... Lo

‘Exotic’ quarkonium production . . . . . . . ... oL

Photon pair production . . . . . . . . . ... e

Light meson pair production . . . . . . . . . ...

Production of low mass resonances and glueballs . . . . .. ... ... .........

Quarkonium Pair Production . . . . . . . .. . ... ...

Jetproduction . . . . . . . . L
Jet production: ATLAS feasibility study . . . . . . ... ... .. ... ... ... ...
Jet production: CT-PPS feasibility study . . . . . . ... ... ... ... ... ....

Photon—-induced and photoproduction processes . . . . . . . . . . ...

Introduction . . . . . . . . L e e

Forward proton tagging: phenomenological insight and advantages . . . . . ... .. ..

Two-photon collisions . . . . . . . . . . .. . L

Diffractive photoproduction yp —Vp . . . . . . . . ...

Exploratory physics . . . . . . . . ..

Search for invisible objects via the missing mass and momentum methods . . . . . . . .

Searching for magnetic monopoles with forward proton detectors . . . . . . . ... ...

Standard Model exclusive production of Yy, WW and ZZ via photon induced processes
Anomalous gauge couplings: YYYY . . « o o o o o i e

Anomalous gauge couplings: yYWW and yyZZ . . . . . . .. ... ... ... ..

Anomalous yyYWW couplings: detailed studies . . . . . . ... ... ... ... . ...,

New strong dynamics in exclusive processes . . . . . . . . . . .. .. o

Conclusion



6 Cosmic Ray Physics, Particle multiplicities, correlations and spectra

6.1
6.2
6.2.1
6.2.2
6.2.3
6.3
6.3.1
6.3.2
6.4
6.4.1
6.4.2
6.5
6.5.1
6.5.2
6.5.3
6.6
6.6.1
6.6.2

Introduction . . . . ... ... L o
LHC and air showers . . . ... ... ... .......
LHC data and hadronic interaction models . . . . . . .
Hadronic interaction models and air showers . . . . . .
Need for measuring proton-oxygen interactions . . . .
EnergyFlow . . . . ... ... ... ... ... ...,
Past Measurements of Energy Flow . . . . . ... ...
Future Measurements of Energy Flow . . . .. .. ..
Particle multiplicities . . . . . ... ... ........
Past measurements of charged particle multiplicities . .
Future measurements of charged particle multiplicities

Spectra . . . . ...

Measurement of identified charged particle spectra in pp and p-Pb collisions with ALICE

Neutral particle spectra . . . . . . . ... ... ....

Heavy flavor particle spectra . . . . . . .. ... ...

Proton-proton collisions . . . . . . .. ... ... ...

Lightioncollisions . . ... ... ... ........

7 Heavy Ion Physics

7.1
7.2
7.3
7.3.1
7.3.2
7.3.3
7.4
7.4.1
7.4.2
7.4.3
7.4.4
7.4.5
7.5
7.6
7.7
7.8
7.9
7.9.1
7.9.2
7.9.3

Introduction . . . . ... ... ... L.
Exclusive photonuclear processes . . . . . .. ... ...
Models for photonuclear production . . . ... .. ...
Models based on the vector dominance model . . . . .
Models basedon LOpQCD . . . . . . ... ... ...
Models based on the colour dipole approach . . . . . .

Experimental results on exclusive photonuclear processes

Exclusive J/y photoproduction off protons in ultra-peripheral p—Pb collisions . . . . . .

Coherent and incoherent J/y photoproduction from ultra-peripheral Pb—Pb collisions

Coherent y(2S) photoproduction from ultra-peripheral Pb—Pb collisions . . . . . . . . .

Coherent p° photoproduction from ultra-peripheral Pb—Pb collisions . . . . ... .. ..

Four-pion production in ultra-peripheral Pb—Pb collisions . . . . . . .. ... ... ...

Two-photon physics . . . . . . ... ... ... .....
UPClessons fromLHCRun1. .. ... ... ... ...
Experimental prospects . . . . .. ... ... ... ...
Experimental Summary . . . ... ... ... ......

Theoretical proposals . . . . . ... ... ........

Tracking fast small color dipoles through strong gluon fields at the LHC . . . . . . . ..

Studies of the color fluctuation phenomena . . . . . . .

Multiparton interactions in the direct photon kinematics

vi



7.10 Propagation of partons through nucleons and nuclei at ultrahigh energies . . . . . . .. ..
7.10.1 Introduction . . . . . . . . .. e e e

8 BFKL and saturation

8.1 Introduction . . . . . . . . . . e
8.2  Forward backward jet production in pp and pp: the BFKL program . . . . . ... ... ..
8.2.1 Theoretical remarks . . . . . . . . .. L
8.2.2  Signals based upon inclusive all-order summation . . . . . . .. ... ... ... ....
8.2.3  Multiple parton interactions (MPI) vs BFKL contribution . . . . .. .. ... ... ...

8.2.4  Exclusive radiation patterns:
towards a new class of BFKL observables . . . . . ... ... .........

8.2.5  Previous measurements and experimental aspects . . . . . . ... ... ... ... ...
8.2.6  Runllexpectations . . . . . . . . . . . . 0 i i e
827  Summary . . . . .. e e e e e e e e
8.3  Inclusive forward di-jet productionin pp . . . . . . . . ...
8.3.1 Dijet production at forward and very-forward rapidities . . . . . .. .. ... ... ...
8.3.2  Trijet production at forward-central and purely forward rapidities . . . . . . .. ... ..
8.3.3  Forward jet production - measurements at very large rapidities . . . . .. ... ... ..
8.4  Saturation physics in p+p and p+Acollisions . . . . . . .. ... Lo Lo
8.4.1 Introductory remarks . . . . .. ...
8.4.2  Forward Drell-Yan production - collinear vs small-x approach . . . . . . ... ... ...
8.4.3  Forward Drell-Yan production - Further prospects in the collinear approach . . . . . . .
8.4.4  Forward Drell-Yan production - Further prospects in the small-x approach . . . . . . ..

8.4.5  Forward photon production and gluon saturation - theoretical overview and measurement
proposal . . . ...

84.6  Summary . . . ... e e e e e
8.5 Large-x physicsin p+pand p+A collisions . . . . . . . .. ... ..o

9 Detectors

9.1  ATLAS-ALFA Experiment . . . . . . . . . . .. ittt
9.2  TOTEMExperiment . . . . . . . . . . . . ittt e e
9.2.1 Standard TOTEM Detectors Operated during Run-T at High B* . . . . . ... ... ...
9.2.2  Detector Upgrade for Vertical RomanPots . . . . . . ... ... ... ... .......
9.3  Forward Shower Counters in CMS . . . . . . . .. ... ...
9.4  CMS-TOTEM Proton Spectrometer (CT-PPS) . . . . .. . ... ... ... ... .....
9.4.1 Development of Low-Impedance RomanPots . . . . . .. ... .............
9.4.2  Requirements on the Timing Detectors and Strategy . . . . . . . .. ... ... .....
9.4.3  Pixel Tracking System . . . . . . . . . ..
9.5 The AFP Detector . . . . . . . . . e
9.5.1 Beam Interface . . . . . . . . ..
9.5.2 Silicon Tracker . . . . . . . . . . e
9.5.3  Time-of-Flight Detector . . . . . . . . . .. ... . ..

vii



9.54  Data AcquiSition . . . . . . . . ... e

9.6 LHCbEXperiment . . . . . . . . . . .. it et et B33
9.6.1  HERSCHEL configuration . . . . . . . .. . .. .. .. ... B33
9.6.2  Detector Design and Installation . . . . . . ... ... ... .. ... ... ...
90.6.3  Conclusions . . . . . . . . .. e 338
9.7  AD: The Alice Diffractive Detector . . . . . . . . . . . . .. .. .. .. .. .. ..... [338]
9.7.1  Designof AD . . . . .. [338]
9.72  Commissioningof AD . . . . . ... 339
9.8  LHCEDetectors . . . . . . . . . o i e e e e e e e e e e 339

viii



Foreword

In early 2013 the LHC Forward Physics and Diffraction Working Group was formed, as part of the
activities of common interest to the LHC experiments organized by the LHC Physics Centre at CERN
(LPCC, http://cern.ch/Ipcc). The primary goal of the WG was to coordinate, across the experiments and
with the theoretical community, the discussion of the physics opportunities, experimental challenges and
accelerator requirements arising from the study of forward phenomena and diffraction at the LHC. The
mandate of the group included the preparation of a Report, to outline a coherent picture of the forward
physics programme at the LHC, taking into account the potential of the existing experiments — including
possible detector upgrades —, the possible beam configurations and performance of the accelerator, and
the optimization of the LHC availability for these measurements, in view of the priority need to maximize
the LHC total integrated luminosity.

The WG was set up by the LPCC in coordination with the management of the ALICE, ATLAS,
CMS, LHCb, LHCf and TOTEM experiments, which nominated their representatives in the WG steering
group and the WG co-chairs. The steering group identified theory conveners, to oversee the relevant
sections of the Report, and created three subgroups to focus the WG activity, reflecting the physics goals
appropriate to different LHC running conditions:

— low pileup and luminosity (few 10 pb~1),
— medium luminosity (few 100 pb~!),
— high luminosity (100 fb=1).

All interested physicists were then invited to attend the 16 WG meetings held so far, and to
contribute to the writing of this Report, which hopefully represents the unanimous views of the broad
forward-physics community. The detailed information about the WG, including the composition of the
steering committee and of the subgroups’ conveners, the list of meetings, the link to the WG material
and to its mailing list subscription, can be found in the WG web page at

http://cern.ch/LPCC/index.php?page=fwd_wg

As requested by the LHC experiments committee (LHCC), and following the several presentations
delivered to the committee in the course of the WG activity, this final Report will be submitted to the
LHCC, and will form the basis for its internal discussions and recommendations on the requests by
the experiments for beam time and detector upgrades, related to forward physics, during Run 2 of the
LHC and beyond. More in general, we trust that this Report will promote the deeper understanding and
appreciation of the value of this component of the LHC physics programme, and will encourage further
progress and the development of new ideas, both on the theoretical and experimental fronts.

The chairs of the LHC Forward Physics WG
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For a successful run of the LHC it is essential to have a full understanding of the complete
final states. This includes, besides the central region, also the kinematic region as close as pos-
sible to the forward direction. New physics is mainly searched for in the central region where
factorization theorems for inclusive cross sections allow the use of parton densities and hard
subprocesses whose cross sections can be calculated by using perturbative theory. However,
there is a rich physics content outside this kinematic region, in particular close to the forward
directions. Prominent examples include the final states with high forward multiplicities, as
well as those with rapidity gaps, notably in elastic, diffractive, and central exclusive processes.
Some of these configurations originate from purely nonperturbative reactions, while others can
be explained in terms of multiparton chains or other extensions of the perturbative QCD par-
ton picture. Future progress in this field requires the combination of thorough experimental
measurements and extensive theoretical work.

Monte Carlo generators are indispensable for analyzing experimental data and comparing
them with theoretical predictions. Their further development requires detailed studies of the
forward region. The most successful and most frequently used Monte Carlo event generators
(Madgraph, Pythia, Herwig) were initially written with focus on the central region, consid-
ered as the most promising for discovering new physics. Higher order QCD calculations have
been implemented, and corrections due to multiparton interactions are now being included.
Nevertheless, there remain important aspects that require further attention. Most importantly,
when extending these event generators to the forward direction, it becomes necessary to include
diffractive (elastic and inelastic) final states. The importance of this rapidity gap physics has
been demonstrated, in particular, by the HERA data. At the LHC, final states with rapidity gaps
are ascribed to rescattering effects (multiparton chains) that reduce the probability of finding
kinematic regions devoid of jets or particles. This suppression (commonly referred to as ’sup-
pression due to survival factors’) has to be taken into account by the event generators, a task
that still presents both conceptual and practical difficulties. On the other hand, there are event
generators specifically developed for the forward direction (EPOS, PHOJET, QGSJET) that
have proven to be particularly successful in predicting, for example, forward energy flow and
multiplicities. A third class of specialised Monte Carlo generators has been developed: CAS-
CADE and HEJ for small-x and BFKL physics, POMWIG, FPMC and SuperCHIC for central
exclusive production. What is still missing are Monte Carlo generators that simulate final states
dominated by saturated parton distributions. In summary, the most ambitious goal in the field
of Monte Carlo simulation is the development of generators that include precision QCD calcu-
lations, and simulate multiparton interactions as well as final states with rapidity gaps. Clearly,
the study of forward physics plays a central role in making progress along these lines.

The measurement of elastic pp scattering at the highest available energies is a 'must’
at the LHC. This includes the measurement of o;,, d0,;/dt over the largest possible ¢ region
(specially at small ¢-values), and, more generally, the study of the composition of the total
cross section in terms of elastic, diffractive and inelastic contributions. These measurements
represent a textbook example of forward physics. The observed rise of the total cross section
at the ISR, the Tevatron and at HERA and its compatibility with unitarity has always been a
topic of central interest in particle physics. One of the goals is the connection of pp scattering
at collider energies with cosmic ray physics: we are now in the novel situation in which the



LHC energies are within the cosmic ray energy domain and it is thus possible to connect these
two branches of particle physics. The high energy run of LHC will allow to provide new data
points in the cosmic ray spectrum. On the theoretical side the rise of the total cross section
raises the question of unitarity, one of the basic principles of particle physics. How do o;,; and
o,; reach their respective unitarity bounds? Is there an Odderon, as predicted by perturbative
QCD? Theoretical answers cannot be obtained from perturbative calculations alone: there are
important nonperturbative aspects in high energy forward scattering that reside in the region of
large impact parameter. In contrast to the static potential of low energy QCD, in the high energy
scattering of two hadrons both the profile function and the transverse energy composition are
energy dependent, and their understanding within QCD therefore requires new tools. In this
situation, experimental measurements are most important.

The appearance of rapidity gaps in pp scattering as well as the presence of intact protons
in the final state that can be measured - in particular when accompanied by a hard scale (jets
or heavy particles) - is part of the complicated structure of multiple interactions. In contrast
to deep inelastic scattering where, for diffractive final states, multiple interactions are strongly
suppressed, in pp scattering a rapidity gap in a single parton chain is likely to be filled by
production from another chain. This leads to the suppression of rapidity gaps and the destruction
of the scattered protons, leading to a suppression of the visible diffractive cross section encoded
in the survival factor S*> < 1. The thorough measurement of final states with rapidity gaps and
intact protons therefore serves as a valuable tool for understanding the event structure in pp
scattering. The most promiment examples include the single diffractive production of jets, Z
and W bosons, as well as the central exclusive production reactions (double Pomeron exchange).
These events allow to further constrain the Pomeron structure in terms of quarks and gluons,
as initially investigated at HERA, in the completely new kinematical domain reached at the
LHC. Diffractive final states originating from double Pomeron exchange attract attention also
from another perspective. Double Pomeron exchange allows the formation of new states from
pure gluons: the glueball states that have been under discussion for many years, heavy flavor
states as well as beyond-standard-model objects. Tagging of the intact protons allows for a
clean spin-parity analysis of the produced states. The presence of rapidity gaps between the
protons and the centrally produced system along with that of intact protons can also be due to
photon exchange, i.e. in such final states LHC serves as a yy-collider. This opens the door to the
electroweak sector, e.g. to the search for anomalous couplings of vector bosons and photons.

Forward physics allows to address specific aspects of QCD dynamics that go beyond the
collinear approximation, notably BFKL and small-x physics. The BFKL Pomeron has been
derived for the high energy scattering of partons, but its theoretical interest has become much
broader, and now includes aspects of integrability and the connection with gravity and string
theory. Consequently there is a strong motivation to establish its existence in the real world of
strong interactions. Already at HERA and at the Tevatron special final states were identified as
providing potentially clear signals, most notably the Mueller-Navelet jets with a large rapidity
separation between between two jets of comparable transverse momenta, and the so-called jet
gap jet events, where two jets are separated by a gap devoid of particles. Such configurations
have already been investigated in previous runs of the LHC (in particular, angular decorrela-
tions), but i