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Forward Physics at the LH C

D avid d’Enterria

CERN ,PH-EP,CH-211 G eneva 23, Sw itzerland

Sm all-angle detectors at the LHC give access to a broad physics programm e w ithin
and beyond the Standard M odel (SM ). W e review the capabilities of ALICE ,ATLAS,
CM S,LHCb,LHCfand TOTEM for forward physics studies in various sectors: soft and
hard di ractive processes, exclisive H Iggs production, low x Q CD , ultra-high-energy
cosn icrays, and electro-w eak m easurem ents .

Introduction

The CERN LargeH adron Collider (LHC ) w ill provide the highest energy proton-proton and
Jon—ion collisions in the lab to date. The m ultiTeV energy of the colliding beam s opens up
a phase gpace for particle production in an unprecedented range spanning 20 units
of rapditd: Vpeam = acosh( s=2)= 9.54 or pp at 14 TeV . A s a general feature, particle
production in hadronic collisions ispeaked at centralrapidities (f7j. 3 attheLHC ),whereas
m ost of the energy is em itted at very low angles (Fig.[ left).
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Figure 1: Left: Pseudorapidity distributions for the total hadron m ultiplicity (top) and
energy (bottom ) in pp at14 TeV asgiven by theDPM JET 3m odel [2]. R ight: A pproxin ate
pr— coverage of current (and proposed) detectors at the LHC (adapted from [B]).

A1l LHC experin ents feature detection capabilities at forward rapidities w ithout parallel
com pared to previous collders (F ig.[ right, and Fig.[J):

2T he rapidity can be thought of as the relativistically-invariant m easure of longitudinal velocity. O ften
the pseudorapidity = -Intan( =2) which dependsonly on the polar angle w rt the beam axis, isused instead.
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ATLASI[B,[@land cM S [4,[7,/[8]1not only cover the largest pr — ranges atm d—rapidity
for hadrons, electrons, photons and m uons, but they featire extended instrum entation
at distances far away from the interaction point (IP): 11m (ATLAS FCaland CM S
HF hadronic calorin eters), 14m (CM S CASTOR sam pling calorim eter [9]), 140m

(Zero-D egree-€ alorin eters, ZD C s [6],[10]),and 240m (ATLASRoman Pots,RPs[@]).

ALICE[IIl]land LHCb [I2]haveboth forw ard m uon spectrom eters in regions, 2 . . 5,
not covered by ATLAS orCM S. (In addition, ALICE hasalso ZDCsat 116m [13]).

The TOTEM experin ent[14l], sharing IP5 with CM S, features two types of trackers
(T1 and T 2 telescopes) covering 3:1 < j j< 4:7 and 52 < j j< 4:7 respectively, plus
proton-taggers (Rom an Pots) at 147 and 220m .

The LHC f[I5] tungsten-scintillator/silicon calorin eters share the location with the
ATLAS ZDCs 140m away from IP1.

The FP420 R& D collaboration [1€],[17] ain s at installing proton taggers at 420 m
from both ATLAS and CM S IPs.

—
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F igure 2: Layout of the detectors in the CM S/TOTEM forward region [4].

Near beam instrum entation provides access to a rich variety of physicsm easurem ents w hen
used In three possiblem odes: (i) asdetectors to directly m easure a given nalstate produced
n the reaction (eg.a tin CASTOR ,or a photon In LHC f/ZD C ), (il) as tagging devices
for the (di ractively or elastically) scattered protons (in Rom an Pots or other p-taggers),

and/or (iil) as vetoing devices of nalstate particles produced in the collision (eg. requiring
no hadronic activity w ithin a given rapidity range covered by one or m ore detectors).

T he follow Ing forw ard physics topics w ill be discussed in this short review :

1.D i raction (soft and hard) and elastic scattering [18,[19]. M easuram ents lke the
totalp-p cross section, the rapidity-gap survival probability, and hard di raction cross
sections (heavy-Q , difts, vectorbosons, ...) are accessble with the TOTEM and
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ALFA Rom an Pots and/or by requiring a large enough rapidity gap in one (or both)
of the forward hem ispheres (eg. HF+ CASTOR in CM S).

. Central exclusive production of the H iggs boson and other heavy (new ) parti-
cles 20, [21] can be studied com bining the FP 420 proton-taggers w ith the central
ATLAS and CM S detectors.

. The phenom enology of low < Q CD { parton saturation, non-linear QCD evolution,
am allkx PDFs, m ultijparton scattering 22,[23] { can be studied via the m easurem ent
of hard Q CD cross sections in the forward direction (eg. Fts,direct- in HF /FCal,
CASTOR, ...) or in exclusive photoproduction processes ( o, -A interactions)[R4]
tagged w ith forward protons (neutrons) in RPs (ZDCs).

. M odels of hadronic interactions of ultra-high-energy (UHE) cosm ic—rays In the
upper atm osphere [25] can be e ectively tuned by m easuring in CASTOR ,TOTEM ,
LHCfand ZDCs, theenergy (dE=d )and particle (dN=d ) owsinpPp,pA,andA-A
collisions.

. E lectrow eak interactions: U ltrarelativistic protonsand ionsgenerate uxesof (equiv—
alent) photons which can be used for a rich program m e of photoproduction studies
at TeV energies 24]. Photon-induced interactions, tagged w ith forw ard protons (neu—
trons) in the RPs (ZDCs), allow one eg. to m easure the beam lum inosity (via the
pure Q ED process ! T1)ortostudy (anom alous) gauge boson couplings (via

©; A! pnW ,or V' Z72;WW ).

1 Totaland elastic cross sections

The m easuram ent at the LHC of the total p cross section and -param eter (ratio of real
to In agihary part of the forward elastic scattering am plitude) provides a valuable test of

. . . . 2
flindam entalquantum m echanics relations [26]] like the Froissart bound (¢ < ConstIn” s, the
optical theorem o+ Im foi(t= 0), and digpersion relationsRef. (t= 0) Im foi1(t= 0).
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Figure 3: Left: COM PETE predictions 27] for . with statistical (blue solid) and to-

tal (dashed) errors (including the Tevatron am biguity) com pared to existing data. R ight:

P rediction for elastic pp scattering at the LHC w ith various beam optics settings 28]1.
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Themain goalof TOTEM isto obtain a precise (1% ) m easurem ent of the totaland elastic
PP cross section over a large range of (low ) 44m om entum transfers t  p° 2 (Fig.[d). The
COMPETE 27]extrapolation valuesof .+ = 1115mband = 0.1361 attheLHC areun-
certain to within * ;: duetoa 2.6 disagreem entbetween theE 710 and CDF m easurem ents
at Tevatron. In addition, TOTEM can also provide (via the optical theorem ) the absolute
PP beam lum inosity with reduced uncertainties using a low - setting.

2 D i ractive physics

D i ractive physics covers the class of interactions that contain large rapidity gaps (LRG s,

& 4) without hadronic production. Such event topologies im ply colorless exchange,
requiring two or m ore gluons in a colorsinglet state (a Pomeron, P ). Depending on the
num ber and relative separation of the LRG s, one further di erentiates between single, dou-
ble, or double-P om eron-exchange (D PE ) processes (Fig.[4).

a) b) c) d e
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P P P E L
P P P p p P

0 ¢ 0 0 b

N n 1 n n
Elastic Single-Diffractive Double-Diffractive Double Pomeron  Single+Double
(SD) (DD) Exchange (DPE)  Diffractive (SDD)

Figure 4: Event topologies in  vs azinuth  for elastic and di ractive p-p interactions.
Shaded (em pty) areas represent particle production (rapidity gaps) regions [29].

O n the one hand, soft di raction processes are controlled by non-perturbative (R egge) dy—
nam ics and constitute a signi cant fraction ( 20% ) of the total inelastic p cross section.
T heir characterization is thus In portant in order to determ ine the pile-up backgrounds at
high lum inosities. O n the other, hard di raction processes nvolve the production ofa high-
m assor largepr state (X = Q 0, Bts,W ,Z ...) and are in principle calculable perturbatively
by m eans of the factorisation theorem and di ractive (or generalised) Parton D istribution
Functions,dPDFs (GPD s). T he apparent breakdown of pQ CD factorization in hard di rac—
tive processes { supported by a reduced gap-survival probability in Tevatron p-© com pared
to ep at HERA { has in portant phenom enological im plications for LHC [18,[19]. O £ par-
ticular interest are hard exclusive D PE processes w here the centrally produced system can
be a new heavy particle (see Fi.[d and next Section).

3  Higgs (and new ) physics
C entral exclisive processes (CEP, Fig.[d left) arede ned aspp ! p X p where X is

a fully m easured sin ple state such as .p, Bt (73), 1" 1, JH,WPfwWw  , ...and 7 7
represents a large rapgap (& 4). Central exclusive H iggs production, in particular, has
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attracted an in portant experin entaland theoretical attention [17,[21]]. F irst, the expected
SM cross sections are of order (3-10) fo (Fig.[d, right) but, in m inin al supersym m etric
extensions of the SM (M SSM ), can be a factor of 10-100 larger depending on tan . Second,
precise m easurem ents of the proton m om enta (dp=p 10 ) allow one to m easure the
Higgsmasswith (my ) 2 Gé&V, independent of the (central) decay m ode (eg. bb,W W ,
Z 7). Thid, soin selection rules suppress a large fraction of Q CD production resulting in
a very favourable 1:1 signalto-background. Fourth,due to CEP J°¢ = 0' " selection rules,
azin uthal correlations of the outgoing protons are likely to provide the only m ethod at hand
at the LHC to easily determ ine the H iggs quantum num bers. G wven the currently preferred
range of Higgsmasses,my < 200 G &V, the optin al proton tagging acceptance is how ever
beyond the current reach of TOTEM or ALFA .The FP420 R&D collaboration proposes
novel technologies (m oving beam pipe, 10ps C erenkov detectors, ...) asATLAS and CM S
upgrades for proton tagging at 420 m .
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Figure 5: Left: Central exc]l_.lsjye H iggs production via two-glion exchange. R ight: Cross
sections for the SM Higgs (ob,W W channels) from various perturbative calculations [41.

4 Low-x QCD physics

One ofthemain HERA observations is that the proton structure function is aln ost purely
glionic for values of the fractionalm om enta X = Porwn=Porown - 0:01. Fig.[d summ arises
our current know ledge of the gluon density xG (x;Q?) in the proton. In D IS, the main
source of nform ation so far on xG (x;Q?) is (indirectly) obtained from the slope of the F»,
scaling violations. A dditional constraints can be obtained from tharm [307, and di ractive
photoproduction of heavy vector m esons (J= ; ) [[31l]. The m ost direct access will com e,
however, from the longitudinal structure function F; whose m easurem ent has driven the
last (lower energy) runs at HERA [32]. In hadron-hadron collisions, xG enters directly at
LO in processes w ith prom pt , Fts, and heavy-quarks in the nalstate. Below x 10 *
(10 ?) thegluon PDF i the proton (nucleus) is how ever poorly constrained as can be seen
in the right plot of Fig.[@ (Fig.[Q). I this sn allx regin e one expects non-linear gluon-gluon
flision processes { not accounted for in the standard DG LAP /BFK L evolution equations { to
becom e in portant and tam e the rise of the parton densities 22] (F ig.[7 left). Such saturation
e ects are am pli ed iIn nuclear targets thanks to their increased transverse parton density.
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Figure 6: Left: Experim entalm easurem entsoftheglion PD F .R ight: C om parison ofvarious
ts [34] of the proton xG (x;Q °=10 GeV?) (the u quark PDF is also shown, for reference).

Forward instrum entation provides an in portant lever amm for the m easurem ent of the low —
x structure and evolution of the parton densities. Indeed, In a 2 ! 2 parton scattering
them inIm um m om entum fraction probed when a particle ofm om entum pr is produced at
pseudorapidity  is
X7 € P
Xpin = ——— Where xp = 2pr= s; (1)
2 Xre
ie. x, iy decreases by a factor of 10 every 2 units of rapidity. Four representative m ea—
surem ents of the Iow x PDFs at the LHC are discussed next [231.
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Figure7: Left: CD log(1/x)-Q ? planew ith thedi erent parton evolution regin es (DG LA P,
BFKL, saturation). R ight: R atios of the Pb-overproton ghion densities versus x at xed
0? = 5GeV? from varius nuclear shadow ing param etrizations [33].
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Case study I: Forward (di)fts

T he m easurem ent of (relatively soft) gts with pr 20 -100 GeV/c in pp at 14 TeV in
the CASTOR forward calorim eter (52< j j< 6.6) allow sone to probe the PD Fsat x values
as low as x 10 © (see Fi.[d left, or ts in ATLAS FCaland CM S HF calorin eters).
In addition to the single inclusive cross sections, the production of events w ith two sin ilar
transverse-m om entum  Fts em itted in each one of the forw ard/backw ard directions, the so—
called \M uller-N avelet £ts" (Fig.[ right), is a particularly sensitive m easure of BEK L [35]
as well as non-linear [36] parton evolutions. The large rapidity interval between the Fts
(eg. 10 in the extrem es of HF+ and HF-) enhances large logarithm s of the type

log(s=k 1k, ) which can be appropriately resumm ed using the BFKL equation. The
phenom enological consequences expected in the BFK L regin e are enhanced M ullerN avelet
dipt rates and w der azinm uthal decorrelations for increasing separations [37,[38]. Pre-
lin inary CM S analyses [4] indicate that such studies are well feasible m easuring fts in each
one of the hadronic forward (HF' ) calorin eters.

PYTHIA 6.4: p+p— jet #jet,,\ls = 14 TeV

jetl,z in3.0<|n[<5.0 kr, g1 = In(ayy/s/ky)

02

= In(22v/s/k2)

-6 5 -4 3 2

1
lleD(xl,Z)
Figure 8: Left: Parton x;, distrdbutions probed in p+ collisions at pg = 14 TeV with
single gt production w ithin ATLA S/CM S forward calorim eters acceptances. R ight: M uller—
N avelet dift production diagram in p-p collisions.

Case study II: Forward heavy-quarks

T he possibility of ALICE and LHCDb (Fig.[d, left) to reconstruct heavy D and B m esons as
wellas quarkonia in a large forw ard rapidity range can also put stringent constraints on the
glion structure and evolution at low =« . Studiesofam allx e ectson heavy avourproduction
based on collinear and kr factorization, including non-linear term s in the parton evolution,
lead to varying predictions for the m easured ¢ and b cross sections at the LHC [30]. The
hadroproduction of J= proceadsm ainly via gluon-gluon fusion and, having a m ass around
the saturation scale Q éLhc 3 G&V, is also a sensitive probe of possible gluon saturation
phenom ena. Figure[d right, show s the glion x range probed in pp collisions producing a
J= inside the ALICE muon am acceptance (25 . . 4). The observed di erences In
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the underlying PDF ts translate into variations as large as a factors of 2 in the nally
m easured cross sections [39].

1 year, pp, Vs = 14 TeV @ nominal lumin.
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Figure 9: Left: A cceptances in ( ;pr ) for open cham and bottom at the LHC [30]. R ight:
Sensitivity of the forward J= measurement in ALICE to the gluon PDF [39].

Case study IIT: 00 exclisive photoproduction

U ftra-peripheral interactions (UPC s) of high-energy heavy ions generate strong electrom ag—
netic eldswhich can be used to constrain the low «x behaviour of the nuclear gluon density
via exclusive photoproduction of quarkonia,difts and otherhard processes [40]]. Lead beam s
at2.75 TeV have Lorentz factors = 2930 leading tom axinum (equivalent) photon energies
! ax =R 100G &V ,and correspondingm aximum cm . energies: W™ ** 160G &V and
W mix 1 Tev, ie. 3{4 tin es higher than equivalent photoproduction studies at HERA .
The x valuesprobed in  A! Q0 A processes (F iy [I0, left) can be as low asx 10 ° [40].
The ALICE,ATLAS and CM S experinents can measure the J= ; ! ee ; * pro—
duced in electrom agnetic Pb-Pb collisions tagged w ith neutrons detected In the ZDCs, as
done at RHIC [41]. Full sin ulation+ reconstruction analyses [42] indicate that CM S can
measure a totalyield of 500 ‘swithin j j< 25 or 05 nb ! nom halPb-Pb integrated
um inosity (Fig.[Dd). W ith such statistics, studies of the pr and  distrdbutions of the
can be carried out which will help to constrain the low < gluon density in the Pb nucleus.

Case study IV : Forward D rellY an pairs

H igh-m ass D rellY an pair production at the very forward rapidities covered by LHCDb and
by the CASTOR and TOTEM T 2 detectors can probe the parton densities down to x =

M= se? 10 ° at higher virtualities M “ than those accessible in other m easurem ents
discussed here. A study is currently underway in CM S [4]to combine the CASTOR electro—
m agnetic energy m easurem ent together w ith the good position resolution of T 2 for charged
tracks, to trigger on and reconstruct € e pairs in pp collisions at 14 TeV , and scrutinise
xg in theM ? and x plane.
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Figure 10: Left: Exclusive quarkonia photoproduction In UPC s. R ight: Expected din uon
Invariantmass from  PDb! Pb? on top of [ continuum In UPC Pb-Pbat5.,b

Tev [42).

5 Cosm icrays physics connection

T he origin of cosn ic rays (CR s) w ith energies above 10*° eV isunclear, as it is the dentity of
the prin ardes. D ue to their low uxes (less than 1 particle perm ? and year, see F ig.[11 left)
only indirect m easurem ents exist w hich use the atm osphere as a \calorin eter". T he energy
and m ass of UHE cosm ic rays are then obtained w ith the help of M onte Carlo (M C ) codes
w hich describe the show er developm ent (dom inated by forward and soft Q CD interactions)
in the upper atm osphere 25]. T he existing M C m odels (Fig.[Idl, right) predict energy and
multiplicity owsdi ering by factors as large as three, w ith signi cant inconsistencies in the
forward region ( j> 5). Forward m easurem entsat LHC energies (B, 107 &V ) in pp,p—
A and A-A coﬂjsionﬂ w il provide strong constraints to calibbrate and tune thesem odels and
m ake m ore reliable predictions for the CR energy and com position at the highest energies
observed. Forward m easurem ents at the LHC , especially In calorin eters w ith longitudinal
segm entation like CASTOR ,will in addition help to interpret exotic CR topologies like the
so-called \C entauro" events [9].

6 E lectrow eak physics

Interesting electrow eak processes in photon-photon and photon-proton ~nucleus interactions,
tagged w ith forward instrum entation, will be also accessible for the rst tine at TeV en-
ergies at the LHC . Two-photon dilepton production,pp ! p I 1 p (Fig.[Id, kft) willbe
an excellent um inosity calibration process, w ith a very wellknown Q ED cross section [43].
E xperim entally, such a process can be tagged w ith forward protons and has a clear sig-—
nature in the exclusive back-to-back dielectrons (din uons) m easured eg. in CASTOR /T2
(in the centralm uon cham bers). T he pp cross section calculated using LPA IR for events
w here both muonshavepr > 3G €V /cand can, therefore, reach the CM S m uon cham bers is
about 50 pb. About 300 events per 100 pb ! are thus expected in CM S after m uon trigger

PN ote that CR s interactions in the atm osphere are m ostly proton-nucleus (p-A ir) and nucleusnucleus
( —Fe-A ir) collisions.
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Figure 11: Left: The cosm icray energy distrdbution [25]. R ight: P seudo-rapidity energy
distrdbution for p+p at the LHC predicted by four commonly used M C models in UHE
coam ic rays physics (the acceptance of LHC fand ZD C s refers to neutral particles) [4].

cuts [4]. The situation is m uch m ore favourable in the case of Pb-Pb collisions since the
dilkpton continuum is much larger than in pp (Z* enhancem ent factor, see Fig.[I0 right)
and the forward neutron tagging m uch m ore e cient than the forward proton one.

T he couplings of gauge bosons am ong them selves belong to one of the least tested sectors
of the electroweak theory. A process wellsuited to testing the (W W ) gauge boson self-
interaction is the photoproduction of single W bosons from a nucleon (Fig.[IZ, right) in
ultra-peripheralpp [44], p-A and A-A [24]collisions. A Jarge cross section of about 1 pb is
expected for Jarge photon-proton cm . energies, W , > 1 TeV . In addition, the two-photon
W *W exclusive production probes quartic gaugeboson-couplings. T he process has a total
cross section ofm ore than 100 fb, and a very clear signature. Its cross section is still about
10 o forW , > 1 TeV show Ing sensitivity to physics beyond the SM  [44]].

Ty ; ,: i M:/%“““%W
— |— i
p 1 g .p p//@\\n

Figure 12: Photoproduction diagram s in electrom agnetic proton-proton interactions: two-—
photon dilepton production (left), and singleW photoproduction (right). In both processes,
the forw ard-going protons (neutrons) can be detected in RPs (ZDC s).
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