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Outline

CMS Instrumentation in the Forward region:Forward Calorimeters Castor and ZDCPhysi
s program:Parton Shower evolutionMultiple Partoni
 Intera
tionsDi�ra
tionConstrain UHE 
osmi
 rays modelsPro
esses - Signatures:Multi-Jet analysis with a Forward JetCentral - Forward A
tivity CorrelationRapidity Gaps Measurement
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CASTOR Calorimeterforward region 
overage −6.6 < η < −5.2

z = −14.37 mo
tagonal 
ylinder, inner radius = 3.7 
m,outer radius = 14 
mCerenkov 
alorimeter, signal transmittedto PMTs through air
ore lightguidessandwi
h stru
ture of W absorber platesand quartz plates as a
tive material2 ele
tromagneti
 se
tions = 20.12 X012 hadroni
 se
tions, total depth = 10.3 λI16-fold segmentation in φ (Tower)14-fold segmentation in zno segmentation in ηtotal 16 * 14 = 224 
hannelshalf CASTOR (with 2 o
tants in readout) in test beam in May 2009full CASTOR slightly redu
ed in depth to be installed in June 2009(192 
hannels)
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CASTOR energy resolutionResults from the 2007 test beam [CMS NOTE-2008/022℄

ele
tron pion

from 18 % at 10 GeVto 6 % at 200 GeV from 25 % at 50 GeVto 15 % at 300 GeV
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Zero Degree Calorimeters (ZDCs)

lo
ated at 140 m from the intera
tion pointCerenkov 
alorimeter with a sandwi
h stru
ture of W and quartzele
tromagneti
 se
tion, 19 X0, 5-fold horizontal segmentationto measure the pseudorapidity of the forward energy depositshadroni
 se
tion, 5.6 λI , 4-fold longitudinal segmentationZDC 
an measure neutral parti
les (γ, π0, n) produ
ed at |η| > 8.1full a

eptan
e for neutral energy �ow at |η| > 8.4
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Zero Degree CalorimeterZDCs are integrated into CMS
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ZDCs energy resolution

ele
tron from 25 % at 10 GeVto 7 % at 150 GeVagreement between TB dataand simulation

pion150 GeV

σ = 25 %

pion300 GeV
σ = 22 %

from 25 % at 150 GeVto 22 % at 300 GeV
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Des
ription of p p 
ollision
ME

PS

PS xi
kt i

Matrix Element asso
iated to the hard s
atteringexa
t QCD 
al
ulation at given �xed orderhard s
ale Q = pt, M 
onsidered subsystemprodu
ed at given value of Bjorken xbParton Shower links hard s
attering to protontakes into a

ount higher order 
ontributionsby resumming a subset of leading diagrams atea
h orderwhi
h diagrams are leading depends on x, Q2Various models for the Parton Shower evolutionDGLAP evolutionlow to high Q2ordered in kt

∼ lnQ2PYTHIA
BFKL evolutionhigh to low xordered in x

∼ ln(1/x)

Color Dipole Modelindependent dipole radiationunordered in ktBFKL-like s
enarioARIADNE
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Multi-Jet analysis with a Forward JetDi�eren
es between various models for the Parton Shower evolutionare more prominent in the forward regionDGLAP: ordering in kt: softest emissions are the ones 
losest tothe proton remnant dire
tionBFKL/CDM: no kt ordering : forward emissions 
an be arbitrarilylarge as long as they are allowed by kinemati
s
−−◮ study forward jet to distinguish between the various modelsAt HERA [Eur.Phys.J.C46:27-42,2006℄
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RAPGAP: mat
hing between LO ME and PSgenerated a

ording to DGLAPDIR: one DGLAP evolution 
hainfails to des
ribe dataRES: two DGLAP evolution 
hainsCDM: independent gluon radiation

−−◮ Parton Shower dynami
s beyondthe DGLAP dire
t approximation
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∆η distribution in Multi Jet events

Study events with at least 3 jets, one of them is a forward jetorder jets by de
reasing rapidity: ηfwdjet > ηjet2 > ηjet1de�ne rapidity separation between jets: ∆η1 = ηjet2 − ηjet1

∆η2 = ηfwdjet − ηjet2

look at ∆η distribution to distinguish between the various PS modelssele
t events with di�erent topologies to look at breaking of kt ordering

∆η1 small, ∆η2 large (6 < ∆η2 < 10): enhan
es the availablephase-spa
e in x for BFKL-type radiations between fwd jet and dijet

∆η1 small, ∆η2 small: all 3 jets in forward region

∆η1 large: possible BFKL evolution bewteen 2 jets of dijet systemSee also Salim Cer
i's talk about jet studiesin the Hadroni
 Forward 
alorimeter
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Mueller-Navelet (MN) dijet eventevent in whi
h a jet is dete
ted in ea
h of the forward dire
tionspro
ess 
hara
terized by two hard s
ales: pt1, pt2 of the forward jetssuppress emissions ordered in kt des
ribed by DGLAPMN jets separated by a large rapidity interval ∆η ∼ ln(s/pt1pt2)open the phase-spa
e in x and enhan
e BFKL-type radiationsstudy azimuthal de
orrelation ∆φ between Mueller-Navelet dijet(∆φ = φ1 − φ2 − π) to a

ess parton dynami
s beyond DGLAPDGLAP evolution: 2 jets more balan
ed in pt (at LO ∆φ = 0)BFKL evolution: higher order emissions, �atter ∆φ distribution
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MN dijet ∆φ distribution in NLL BFKLfor CDF kinemati
s, pt1 = pt2 > 5 GeV

[C. Marquet and C. Royon, Phys. Rev. D 79(2009) 034028]for in
reasing ∆η, more and more BFKL-typeradiations, �atter ∆φ distributionOne CASTOR jet and one ba
kward jetfor various ∆η and CASTOR jet energies
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Forward Jets in CASTORWhi
h pro�le do we expe
t for a forward jet in CASTOR ?Generator study with PYTHIA, CTEQ6L pdf, QCD jets modeStudy at hadron level, no dete
tor simulation appliedLook at parti
le multipli
ity and parti
le energy distribution in fwd jetas a fun
tion of the distan
e in φ between jet axis and jet parti
les(CASTOR has no segmentation in η)

one o
tant one o
tant

[A.Knutsson℄On average ∼ 10 parti
les in the o
tant around jet axis

∼ 100 GeV / parti
le in the o
tant around jet axis
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CASTOR Jets - Hadron JetsGenerator level analysis of QCD jets with PYTHIA, CTEQ6L pdfStudy at hadron level, no dete
tor simulation appliedCASTOR has no segmentation in η, 16-fold segmentation in φ (tower)a CASTOR jet is identi�ed by the most energeti
 tower to whi
hthe two neighboring ones are addedparti
le energy smeared a

ording to test beam dataparti
le energy > 1 GeV to take noise into a

ountLook at energy and φ 
orrelation between CASTOR jet and hadron jet

[A.Knutsson℄

good 
orrelation in φreasonable 
orrelationin energyto be 
on�rmed byfull simulation
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Underlying Event (UE)UE is de�ned as everything ex
ept the hard s
attered 
omponentsInitial and Final State Radiation: gluon emissionsMultiple Parton Intera
tions: additional softer parton s
atteringBeam-Beam Remnants: parti
les 
oming from the proton breakupUE is unavoidable ba
kground (jet re
onstru
tion, isolation 
ut)Study UE in transverse region wrt leading jet (60◦ < ∆φ < 120◦, |η| < 1)

[A.Moraes, HERA-LHC pro
eedings℄MPI tuned to des
ribe Tevatron data give large di�eren
e at LHCMPI will need to be tuned as soon as data available
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Underlying Event and CASTORMPI o

ur between the spe
tator partons of the 
olliding protonsEnergy �ow in forward region strongly a�e
ted by MPIEnergy deposit in CASTOR sensitive to the various MPI modelsMPI indu
e 
orrelations between a
tivity in 
entral and forward regionstudy by looking at the energy deposit in CASTORGenerator level analysis of in
lusive QCD pro
esses with PYTHIA,for several MPI tunes: Ri
k Field tune A, Sandho�-Skands tune S0

[A.Bunyatyan and Z.Rurikova, HERA-LHC pro
eedings℄Without MPI: no long-range 
orrelations are observedWith MPI: larger ECASTOR −−◮ higher 
entral parti
le multipli
ityCASTOR may 
ontribute to distinguish between various MPI tunesMore details about UE and MPI in Ni
k Van Remortel's talk
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CASTOR as veto dete
torSD W produ
tion and SD dijet produ
tion: Large Rapidity Gap
[CMS PAS DIF-07-002 and CMS PAS FWD-08-002]energy weighted η distribution of stable parti
les in SD and non-di� W :

Tower multipli
ity in CASTOR 
alorimeter to sele
t di�ra
tive signalMore details about this in Maria Margherita Obertino's talk
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ZDC p p Forward Physi
s program

ZDC as veto dete
tor for di�ra
tive events sele
tionLow energy thresholdFast enough answer to go into level 1 triggerOnline veto for di�ra
tive events sele
tionAlso used to suppress di�ra
tive proton disso
iation ba
kgroundCorrelation between neutral forward energy �owand parti
le multipli
ity in the 
entral regionMeasure Forward neutron produ
tionLow x part of the gluon pdfConstrain UHE 
osmi
 rays modelsLuminosity Monitoringfrom p − p bremsstrahlungfrom forward neutron produ
tion

DIS09, Madrid, 26-30 April 2009 – p. 17/26



Tuning of UHE 
osmi
 rays modelsCosmi
 rays energy spe
trum No �laboratory� data availableabove 100 TeV −−◮ very un
ertainextrapolations to UEHLHC: √s = 14 TeV
−−◮ Elab = 105 TeVTuning of Monte Carlo models forUHE 
osmi
 rays from measurementof forward neutral parti
les �ow
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Con
lusion

Forward Cerenkov Calorimeters Castor and ZDC

Physi
s program:Multi-Jet analysis with a Forward JetParton Shower dynami
s beyond DGLAPCentral - Forward A
tivity CorrelationMultiple Partoni
 Intera
tions in Underlying EventVeto dete
tor for Di�ra
tive events sele
tionConstrain UHE 
osmi
 rays models

Status of the dete
tors:ZDCs are integrated into CMShalf CASTOR in test beam in May 2009full CASTOR to be installed in June 2009
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Back-up Slides
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QCD at low x in p p 
ollisionAt low x: partons undergo long Parton Shower before they meetforward parti
les produ
tion 
an arise in two waysCollision between a low x and a high x partonhard s
attering system goes forward: forward produ
tion from MErelation between xmin of low x parton and η of forward system:
xmin = Q√

s
e−η, with Q = pt for forward jet produ
tion

M for Drell-Yan pair produ
tionat LHC: for Q > 10 GeV and η ∼ 6: xmin > 10−6

xmin de
reases by fa
tor 10 every 2 units of rapidity

−−◮ sensitivity to saturation in low x regionCollision between two low x partonshard s
attering system produ
e 
entral dijetforward jet 
omes from QCD evolution of Parton Showerevolution from high x (forward jet) to small x (
entral dijet)

−−◮ study BFKL dynami
s, higher order 
ontributions to PS
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Forward Jets (from ME) and saturation

generator study with PYTHIA,CTEQ5L pdf, QCD jets modeMatrix Elements are mainly q g and

g g s
atterings in the t 
hannel�dete
tor� level: stable parti
les inCASTOR are merged into towers

pmax
t for jet in CASTOR ∼ 35 GeV

x range from 10−6 to 10−5

CASTORa

eptan
ewindow ◭−−◮ p
max

t

sensitivity to saturation: usual CTEQ5L pdf and saturated EHKQS pdfparton level

5.2 < η1,2 < 6.6
pt > 10 GeVCTEQ5LEHKQS

redu
tion less 
learfor high pt jets ondete
tor level
−−◮

�dete
tor� level

pt > 10 GeV
CTEQ5LEHKQS
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Forward Jets and Parton ShowerDi�eren
es between various models for the Parton Shower Evolutionare more prominent in the forward regionDGLAP: ordering in kt: softest emissions 
losest to proton remnantBFKL/CDM: no kt ordering : forward emissions 
an be arbitrarilylarge as long as allowed by kinemati
s
−−◮ forward jet study to disentangle between the various modelsevent sele
tion: 1 forward jet in CASTOR (5.2 < η < 6.6)1 
entral dijet (|η| < 2, pt > 10 GeV)

fwd jet
entral jets

rapidity separation between 
entral and forward jets: enhan
es theavailable phase-spa
e in x for BFKL-type radiation
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Forward Jets and Parton ShowerPredi
tions from PYTHIA (DGLAP) are 
ompared to predi
tions fromARIADNE (CDM) (L < 1 pb−1)Two di�erent pdf sets CTEQ6L, CTEQ6.5Tune A parameters for the des
ription of Multiple Partons Intera
tionsStudy at the CASTOR jet level (no dete
tor simulation applied)

Sensitivity to Parton Shower at high energy where di�eren
e betweenDGLAP and BFKL-like behaviours is bigger than pdf un
ertainty:CDM gives more hard jets in CASTOR region
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Forward Jets and Parton Showerevent sele
tion: 1 forward jet in CASTOR (5.2 < η < 6.6)1 
entral dijet (|η| < 2, pt > 25 GeV)(CMS 
an not trigger on 
entral jets as low as 10 GeV)PYTHIA (DGLAP) 
ompared to ARIADNE (CDM) (L < 1 pb−1)One pdf set CTEQ6L, Multiple Partons Intera
tions Tune AStudy at the CASTOR jet level (no dete
tor simulation applied)

Measurement 
an still disentangle between di�erent models for PartonShower: CDM (BFKL-like emissions) gives more hard jets in CASTOR
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Jet pro�les in CASTOR

Generator level analysis of QCD jets with PYTHIA, CTEQ6L pdfAt least one gluon from the ME required to be in CASTOR a

eptan
eAt hadron level: Energy distribution as a fun
tion of the distan
e in ηand φ between the gluon and the parti
les in CASTORAt �dete
tor� level: distribution as a fun
tion of the di�eren
e in φ se
tor

pt > 0 GeV

pt > 10 GeV
pt > 20 GeV

pt > 0 GeV

pt > 10 GeV

pt > 20 GeV

jets stand out from the �pedestal energy deposit�
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