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PHYSICS AT LHC�Grzegorz Wro
hnaA. Soltan Institute for Nu
lear StudiesHo»a 69, 00-681 Warsaw, Poland(Re
eived July 26, 2002)The LHC dis
overy potential is brie�y reviewed with an emphasis onhard pro
esses studied by ATLAS and CMS. It 
overs the Standard ModelHiggs, supersymmetry and many other models in
luding those with extraspatial dimensions.PACS numbers: 13.85.�t 1. Introdu
tionThe Large Hadron Collider (LHC) is being build at the CERN labora-tory near Geneva. Protons will be a

elerated and 
ollided with the CMSenergy of ps = 14TeV. It is expe
ted that during the �rst year of runningwith luminosity of 1033
m�2s�1 one 
an 
olle
t 10 fb�1. One year with thedesigned luminosity of 1034
m�2s�1 would yield about 100 fb�1.The 
ollisions will be studied by two general purpose dete
tors ATLASand CMS. LHC will also a

elerate heavy ions to be studied by the ALICEdete
tor. The LHC program will be 
ompleted with the LHC-b experimentdedi
ated to the b-quark physi
s and with the TOTEM dete
tor, designedfor total 
ross se
tion measurements, and for studying di�ra
tive pro
esses.In this paper we 
on
entrate on hard pro
esses in the ATLAS and CMSdete
tors. The Higgs boson and minimal supersymmetry are tou
hed verybrie�y as they were widely explored in past years. Greater attention is givento more exoti
 models underlying re
ent developments.� Presented at the X International Workshop on Deep Inelasti
 S
attering (DIS2002)Cra
ow, Poland, 30 April�4 May, 2002.(3929)



3930 G. Wro
hna2. Standard model HiggsHiggs parti
le � the last missing element of the Standard Model (SM),if exists, �must� be dis
overed at LHC. As shown in Fig. 1(left), the fullrange of Higgs masses allowed by theory (up to �1TeV) 
an be 
overed byvarious 
hannels [1℄. The most interesting is the region of low masses favoredby �ts to pre
ise measurement of SM parameters [2℄. Re
ent study [3℄ hasshown that the 
hannels where Higgs is produ
ed by a ve
tor boson fusionare important in this region (see Fig. 1(right)).
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ATLASFig. 1. (Left)SM Higgs sear
h in various 
hannels [1℄. (Right) Low mass SM Higgssear
h in ve
tor boson fusion 
hannels [3℄.3. SupersymmetrySupersymmetri
 (SUSY) models assuming that ea
h fermion has a boson
ounter-partner and vi
e versa, are �number one� on the list of alternatives toSM. Minimal Supersymmetri
 Standard Model (MSSM) assumes existen
eof two Higgs doublets resulting in �ve physi
al states: h0, A0, H0, H+, andH�. The model 
an be 
hara
terised by two parameters: the mass of oneof the Higgses, e.g. mA and the ratio of the two va
uum expe
tation valuestan � = v1=v2. The full parameter spa
e 
an be 
overed after 3 years of LHCrunning, as shown in Fig. 2(left).Dis
overy rea
h for squarks ~q and gluinos ~g is shown in Fig. 2(right).They are relatively easy to dete
t through spe
ta
ular 
as
ade de
ays intolighter and lighter states down to the lightest SUSY parti
le (LSP), whi
htypi
ally es
apes dete
tion and results in the missing transverse energyEmissT . A number of leptons and jets produ
ed in 
as
ades fa
ilitate trig-gering. In pra
ti
e, one 
an dete
t ~q and ~g up to masses of 2�3TeV [4℄.



Physi
s at LHC 3931
CMS

100 fb-1

2  OS

1

2  OS

2  SS

Emiss
T

Emiss
T

(300 fb-1)

no leptons

~g (2000)

~g (3000)

~g (1500)

~g (1000)

g (500)
~

~g (2500)

q (2500)
~

q (2000)

~

q (1500)

~

q (1000)

~

h (123)

h(110)

EX

1400

1200

1000

800

600

400

200

0 500 1000 1500 2000
m0 (GeV)

m
1/

2 
(G

eV
)

5 σ contours ; non - isolated muons

D
_D

_1
26

6c
.m

od

TH

visibility of dilepton
     structure

q (500)

~

Fig. 2. (Left) MSSM Higgs sear
h [1℄. (Right) Limits for ~q and ~g in 
hannels withleptons, EmissT and >2 jets [4℄.Among SUSY models, the Gauge Mediated Susy Breaking (GMSB) oneso�er espe
ially interesting signatures [5℄. In those models graviton G be-
omes the LSP. Neutralino ~N or stau ~� 
an be the �Next to LSP� and it 
anbe stable or long lived. Su
h ~� would look like a �heavy muon� traversingdete
tor with velo
ity signi�
antly lower than 
. One 
an measure its time of�ight, and hen
e, 
al
ulate the mass m~� . It was shown [5℄ that for 100 fb�1one 
an measure m~� from 90 to �700GeV. The upper limit 
orresponds to�SUSY =1 fb and ~q ~g masses of �4TeV � beyond the dire
t sear
h limit.Be
ause of the �nite ~N lifetime, the ~N ! G
 de
ay 
an happen farfrom the intera
tion point. It would be observed as an ele
tromagneti
shower, starting somewhere inside a 
alorimeter or a muon system, non-pointing to the vertex. In the later 
ase, the muon system 
an be used asa kind of poor man's sampling 
alorimeter (��CAL�). Several methods havebeen developed to measure ~N lifetime � ~N . One 
an 
ount events with theorigin in ele
tromagneti
 
alorimeter or a muon system (�ECAL or �CAL
ounting�), measure the impa
t parameter of the shower (�ECAL impa
t�)or observe the slope of the ~N �ight path distribution. Resulting pre
isionof � ~N measurement is shown in Fig. 3. For �SUSY > 100 fb the 
� ~N 
an bemeasured e�e
tively in the range from 1 
m to 1 km [5℄.
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Fig. 3. Relative pre
ision of neutralino lifetime measurement [5℄.4. Exoti
aAn extention of the Standard Model symmetry group might introdu
enew gauge bosons W 0 and Z0 with a mass of several TeV. They 
an bedis
overed through bosoni
 or fermioni
 de
ay modes, as shown in Fig. 4(left).For MW 0 >0.5TeV the signal is well visible over the ba
kground [1℄.
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Fig. 4. (Left) Limits (5�) on W 0 and Z 0 
oupling for fermioni
 (100 fb�1) andbosoni
 (300 fb�1) de
ay modes [1℄. (Right) Invariant mass distribution for 320GeVforth generation quark u4 ! bW ! b jj [1℄.So far three generations of quarks and leptons have been dis
overed, butthere is not evident why there should be just three generation. Therefore, itis quite natural to 
onsider models 
ontaining fourth generation leptonsand quarks with higher masses. A forth generation quark u4 would pre-dominantly de
ay to Wb. An example of u4 with 320GeV mass is shown inFig. 4(right). Integrated luminosity of 100 fb�1 is needed to see the signalover large t�t and Wj ba
kground [1℄.Monopoles are parti
les with only one magneti
 pole. Be
ause theintera
tion of monopoles with photons is very strong one would expe
t that
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s at LHC 3933photon-photon res
attering with box diagram as shown in Fig. 5(left) is themost favorable way to observe monopoles at LHC [1℄. Signi�
an
e of possibledis
overy is given in Fig. 5(right).

Fig. 5. (Left) Monopole produ
tion at LHC. (Right) Signi�
an
e 
ontours formonopoles of spin JM , mass M and 
harge n (100 fb�1) [1℄.Leptoquarks (LQ) are parti
les 
arrying both leptoni
 and barioni
number. At LHC they 
ould be produ
ed in pairs in the pro
ess qq !LQ LQ, or individually, by qg ! LQ. They usually de
ay into lepton andquark (LQ ! `q) so the signature is a high pT muon or ele
tron plus anenergeti
 jet. Major ba
kground 
omes from t�t and ZZ pairs. For leptoquark
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Fig. 6. Mass distribution for s
alar, 2nd generation leptoquarks of 1.6TeV produ
edin pairs [6℄.
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hnamasses above 1TeV the ba
kground is not important anymore and dis
overyri
h is limited only by LQ 
ross se
tion and statisti
s. Fig. 6 shows the resultof a study of se
ond generation s
alar LQ. With 100 fb�1 one 
an observeLQ up to 1.6TeV [6℄.Te
hni
olor is the name of a new strong intera
tion at high s
ale.It provides an alternative to Higgs me
hanism of ele
troweak symmetrybreaking by means of te
hnipions (
ondensates of te
hnifermions). Te
h-ni
olor resonan
es 
ould be observed at LHC. An example 
as
ading de
ay��T ! ��TZ ! bq `+`� is shown in Fig. 7.
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Fig. 7. Mass distribution for ��T of 300GeV and ��T of 500GeV in ��T ! ��TZ !bq `+`� (30 fb�1) [1℄. Signal in bla
k, t�t ba
kground in dark gray, Zj � light gray.5. Extra dimensionsRe
ently, models assuming existen
e of extra spa
ial dimensions were in-trodu
ed in order to solve the problem of hierar
hy between the ele
troweaks
ale and the Plan
k s
ale. The most popular one is the Randall�Sundrummodel [7℄ in whi
h the gravity lives in a �ve-dimensional bulk between thePlan
k brane and the SM brane. It predi
ts Kaluza�Klein type ex
itationsof the graviton G. They are spa
ed a

ording to roots of the Bessel fun
tionand the �rst 
ould have a mass of the order of 1TeV. They 
an de
ay intofermion pairs whi
h 
ould be a 
onvenient signature at LHC.Fig. 8(left) shows the interesting region of masses mG and 
ouplings 
.The upper limit represents divergen
es whi
h would lead to violation of theNewton's low. The lower limit 
orresponds to the s
ale value of 10TeV
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s at LHC 3935somewhat arbitrality 
hosen as a naturalness limit. The whole range 
an be
over by both G! e+e� and G! �+�� 
hannels [8℄.
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Fig. 8. (Left) Sear
h for RS graviton G! ``. Couplings 
 > 0.01�0.1 are a

essiblefor masses mG > 2�4TeV respe
tively [8℄. (Right) Signi�
an
e for radion signal in�! 

 (upper plot) and �! ZZ (lower plot) 
hannels [9℄.In order to stabilize the size of the �fth dimension without �ne tuningone 
an introdu
e a new parti
le 
alled radion and denoted as �. It hasthe same quantum numbers as Higgs, so it 
ould be mixed with it. Radionis 
hara
terised by its mass m�, va
uum expe
tation value (s
ale) �� andmixing with Higgs �. It 
an be sear
hed at LHC in the following 
hannels:� ! 

, �! ZZ ! 4`, � ! hh ! 

 b�b, � ! hh ! b�b � �� . It is seen fromFig. 8(right) that dis
overy limit of LHC is somewhere between ��=1 and10TeV [9℄. 6. SummaryDis
overy potential of the LHC is very ri
h. It in
ludes the SM Higgs,supersymmetry and many more exoti
 models in
luding those with extradimensions. New parti
les 
an be dis
overed up to masses of several TeV.REFERENCES[1℄ ATLAS Collaboration, ATLAS Dete
tor and Physi
s Performan
e Te
hni
alDesign Report, CERN LHCC 98-16.[2℄ T. Saeki, A
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tor Boson Fusion,ECFA/DESY Workshop, St. Malo, April 2002.
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