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Abstract

Small-angle detectors at the LHC give access to a broad ghpso-
gramme within and beyond the Standard Model. We presentsioene
studies of forward physics processes related to underiagtemulti-
parton interactions and low-x QCD dynamics.

1 Introduction

The LHC collider will provide the highest energy proton4mo and ion-ion collisions in the
lab to date, opening up a phase space for particle produittian unprecedented range span-
ning An ~20 units of rapidity. As a general feature, particle progurcin hadronic collisions
is peaked at central rapidities, whereas most of the energynitted at very low angles. The
ATLAS and CMS detectors not only cover the largest— n ranges at mid-rapidity, but they
feature extended instrumentation at lager distances fay &om the interaction point 11m
(ATLAS FCal and CMS HF hadronic calorimeters)14 m (ATLAS LUCID and CMS CAS-
TOR sampling calorimeter}-140 m (Zero-Degree-Calorimeters, ZDCs), an240 m (ATLAS
Roman Pots). The forward coverage of the CMS interactioioney complemented with the
two trackers (T1 and T2 telescopes) and the proton-taggamén Pots) at-147 and+220 m
of the TOTEM experiment which has common forward physicgmm with CMS [1]. The
rapidity coverage of ATLAS and CMS forward detectors is suarised in Fig.1.

The forward detectors give access to a broad physics progrtimm and beyond the stan-
dard model [1, 2]. Here we present studies related to theighgé underlying events and multi-
parton interactions and low-x QCD parton dynamics.

2 Underlying Event Studieswith CASTOR in the CM S Experiment

Multi-parton interactions (M) play a significant role infsand highpr processes. Especially in
case of LHC the understanding of Ml is becoming crucial fer tigh precision measurements.
Various Monte Carlo (MC) models have been tuned to deschibd¢vatron data [3], exploiting
mainly the charged particle multiplicities and particleergy flows in the centrab region. The
large angular coverage of the LHC detector from the centrtidé most forward regiord(< n <
6.6) will allow to study MI over a large rapidity range. Since tmeilti-parton interactions occur
between the remnant partons of the colliding particlesettergy flow in the very forward region
is strongly affected and hence are ideal for the Ml modelrtgnin addition one can study the
long range correlations between the activities in centdlfarward regions.

The long range correlations were investigated [4] with ti@RIA MC [5], at the level of
generated hadrons, using several Ml tunes. The chargelpartultiplicities in the central rapid-
ity range were calculated for four different energy depositthe rapidity rangé.2 < n < 6.6,
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Fig. 1: The rapidity coverage of CMS and ATLAS detectors

which corresponds to the coverage of CMS-CASTOR calorimé@ter]. The distributions for
inclusive (minimum bias) QCD processes are shown in the ruppe of Fig.2 and for theop
production processes in the lower part of the figure. When MIreot generated, the charge
particle multiplicities are the same for all energy bins. 1Ba other hand, a clear correlation is
seen when Ml are included- larger energies in the forwaribmneighply higher charged particle
multiplicities and energy flow in the central region. Furthere, triggering on CASTOR en-
hances the differences between various Ml tunes and thusamagibute to better understanding
of multi-parton interaction picture. Comparison of chargarticle multiplicities in the inclusive
QCD and theop production shows that thiep processes not only have higher charged patrticle
multiplicities and energy flow, but also contain more ungiag event activity than the inclusive
QCD processes. This suggests that a naive approach ofdirgjranderlying event contribution
as determined for inclusive QCD processes fromtihyeevents would not work. As already
seen from CDF measurements [3] the underlying event pliegetiepend strongly on the col-
lision centrality. The harder the collision is, the more erging event activity one expects to
see. After demanding a hard scale for the inclusive QCD evierform oijqft > 40 GeV the
differences between underlying event in QCD anévimevents almost disappear (Fig.3).

Understanding of underlying event is essential also fomtieasurements which involve
high Er jets in the final state. As the hadronic jets are the resultheparton hadronisation,
their measurements give a chance to look inside the dynavhitard interaction. However, the
underlying event produces additional energy in the avilpbase space which is added by the jet
algorithms to the 'true’ jet energy, thus spoiling the riglatof the jets to the partons. However, it
is possible to estimate this 'pedestal’ energy from the megwsents in the forward calorimeters
and subtract it from the reconstructed jet energy [4]. Liefé ©f Figure 4 shows the transverse
energy flow around the jet as a function of pseudorapiditytiier jets from the PYTHIA MC
sample, in five different pseudorapidity bins between -3 2fidand two jet transverse energy
ranges. The plot clearly shows the underlying event pellegteen the Ml are simulated, and
that the level of pedestal does not depend on the jet psauidityabut gets higher for higher jet
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Fig. 2: Charged particle multiplicities as functionfor four different CASTOR energy bins. Shown is PYTHIA
MC prediction for inclusive QCD processes (up) ang production (down) processes.

= = = =
§ Eacr<300 GeV g 300<E <700 GeV g 700<E o, <1000 GeV g Eper>1000 GeV
U>10_... QCD MI(A)-noMI -°>10- ------------------------------ -°>10- ------------------------------ U> o)
[ f @ [1] @
z2 | z z 2
- | — top Mi(A)-nom - - -
5. 5|-- 5k
n 1
1 1
L]
i i 0
0
0 Al 1
-5 0 5
n

Fig. 3: Charged particle multiplicities due to underlyingeet activity (MC with MI - MC without MI) as a function
of  in top and in inclusive QCD processes after demanding a preseredaifd jetEjTCt > 40 GeV in the central

rapidity region|n| < 2.5. The dashed vertical lines indicate the acceptance of th& @&fector.

energies, i.e. it depends on the hardness of the interaction

In the right side of Fig.4 the jet profile as a function of psenagbidity is shown for the
PYTHIA simulation with MI. The transverse energy measunedhie acceptance range of the
CASTOR calorimeter§.2 < n < 6.6) is indicated with the dash hatched area. As the un-
derlying event pedestal is rather independent on the posdf the jet in the central detector,
we attempt to fit the pedestal by a universal function, ¢.&;) = A/(1 + B - €/"=*), which
also reasonably describes the pedestals for the differéntmés and for the different cuts on
jet transverse energies and pseudorapidities. The twgaremaneters can be represented by the
measured energies in the very forward calorimeters, e. TR or HF. An example of the the
fit of pedestal by this function is shown in Fig.4 (middle) &hd level of pedestal under the jet
determined by this method is shown in the right side of Fig.4 aight hatched histogram. This
approach gives reasonable result and can be developedrfuritprinciple, using another Monte
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Fig. 4: (Ieft) The transverse energy distributions around the jets (j&fil@y as a function of pseudorapidity. The
different lines represent the different pseudorapidityges and the different transverse energy ranges of the jets;
(middle) The jet profile as a function of pseudorapidity. The differdémes correspond to the different ranges of the
jet pseudorapidity. The solid line on the right tail of distution shows the result of the fit of pedestal as described
in the text;(right) The jet profile as a function of pseudorapidity for the jettvai < 77°* < 0.5 and10 < E¥° <

20 GeV. The dash hatched histogram is the level of transverse girethe pseudorapidity range of the CASTOR
(5.2 < n < 6.6). The right hatched histogram below the jet area is the pabievel determined from the method
described in the text.

Carlo or fragmentation models (CASCADE, ARIADNE, etc.) meagd to the different energy
distribution of the underlying event, which may require tdpimisation of the fitting function.

3 Low-x QCD physics

One of the main HERA observations is that the proton stredmction is almost purely gluonic
for the low values of the fractional momenta= pparton/Pproton<0.01. Below z =~ 10~* the
gluon PDF in the proton is however poorly constrained. Is #mall-x regime one expects non-
linear gluon-gluon fusion processes not accounted forenstandard DGLAP/BFKL evolution
equations to become important and tame the rise of the pdetosities.

Forward instrumentation provides an important lever anmntife measurement of the low-x
structure and evolution of the parton densities. Indeedir- 2 parton scattering the minimum
momentum fraction probed when a particle of momenjyris produced at pseudo-rapidity
IS Tymin ~ pr - e~ /\/si.e. x, decreases by a factor ef 10 every 2 units of rapidity. The
measurement of jets withy ~ 20 — 100 GeV at forward rapidities < |n| < 6.6) allows
one to probe the PDFs atvalues as low as ~ 1075, In addition to the single inclusive cross
sections, the production of events with two similar tramsgenomentum jets emitted in each
one of the forward/backward directions, the so called “NardNavelet jets”, is a particularly
sensitive measure of BFKL as well as non-linear parton déivwia. Preliminary CMS analyses
indicate that such studies are well feasible measuringrjetach one of the HF calorimeters [8].



4 Forward Jetsin the CASTOR calorimeter in the CM S experiment

Events in which an energetic jet is produced in the forwarddtion close to the proton remnant
are sensitive to the higher order processes due to the I@gjtsarange available for radiation
between the jet and the hard scattering vertex. The loriga@iichomentum fraction of the pro-
ton, z, can be related to the rapidity, by approximatelyr ~ e~¥, which further suggests that
forward physics provides valuable information about lewarton dynamics. The analyses of
forward jets at HERA [9, 10] have improved our understandihgigher order processes. Avail-
able fixed order calculations (NLO(«?)) as well as the higher order processes approximated
by DGLAP parton showers underestimate the HERA data by ugdotar of 2. The data can be
described only if the ordering of the transverse momenta®fadiated gluons is broken in the
theoretical predictions.

The study is made [11] using the Monte Carlo events genenaittdthe PYTHIA [5]
and ARIADNE [12] MC models. PYTHIA is based on LO DGLAP partsinowers, which give
gluon radiation ordered in transverse momentum with ragpe@pidity. In ARIADNE, parton
showers are generated by the Color Dipole Model (CDM), taguin gluon radiation without
any ordering in transverse momentum. This corresponds teKlLBike final state. Events are
selected which contain a hadron level jet with a transversenemtumEr > 10 GeV and a
pseudorapiditys.2 < 1 < 6.6. To suppress events with DGLAP like dynamics, two jets with
Er > 10 GeV are required in the central regidn| < 1.5. The resulting cross-section is shown
in left side of Fig. 5 as a function of the forward jet energyhe TCDM model produces more
jets at higher energies, while the events with gluon emissigenerated according to DGLAP
dynamics have a suppressed jet production. At the highestafd jet energies the difference
between the models reaches two orders of magnitude.

The feasibility of such measurement with the CASTOR caletan at CMS has been
studied. Since CASTOR has no segmentation in polar angke nbt possible to define jets
according to conventional jet algorithms which use the gynepolar and azimuthal angles of
particles. However, a reasonable jet reconstruction iseget by summing the energy in the
most active phi segmenet with the two neighbouring celladdition the particle energies were
smeared according to resolutions measured in the CASTOR best [7] and a noise cut was
applied. The predictions from PYTHIA and CDM show that theyhigh sensitivity to the
scheme used for the QCD radiation is still preserved. Theorese to multiple interactions was
studied as well and is shown in right side of Fig. 5. ExcludMglowers the cross section
by roughly an order of magnitude. Except of that, the seiitsitio the different Ml tunes and
models are fairly small in comparison to the impact of using €DM. The sensitivity of this
measurement to PDF variation was also investigated. Thigbee forward jet cross section can
not clearly distinguish between the different PDFs.

Thus, the method to measure forward jets in CASTOR in additbdwo jets in the central
region gives a large sensitity to the dynamics of the partwwer. This is also true if PDF
uncertainties and different MI models are taken into actoun
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Fig. 5: (left) Hadron level cross sections for events with two centralgetsa forward jet in the pseudorapidity region
of the CASTOR calorimeter(right) Monte Carlo prediction for the 2+forward jet cross secti@mg different Ml
models and tunes. The predictions are on generator levielyibuthe forward jet reconstructed as described in the
text and forward particle momenta smeared according to GSiheam test data.

5 Summary

In conclusion, the studies presented here show that theafdrvegion is very sensitive to the
underlying event, multi-parton interactions and low-x Q@ghamics. The measurements in the
forward calorimeters, such as CASTOR, can be used to dis@atm between the various Ml
models and to improve the jet reconstruction in the centrgion. Further possibilities for the
improvement of forward particle detection and completing @ngular coverage of the detectors
have to be investigated [13, 14].
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