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1. Introduction to MadGraph/M adEvent

With the start of the LHC drawing closer the need for efficient and relial®eiptions for
both Standard Model (SM) as well as Beyond the Standard Model (B8iM3ics is becoming
more important. MadGraph/MadEvent (MG/MH]) [,[2, 3] is a fully automatic M@arlo that
can contribute to this endeavor. MadGraph is a tree-level matrix-elemeatajer based on the
HELAS library [4]. Upon a user’s request, it produces the code fgivan process and the infor-
mation necessary to an efficient integration over the phase space. @afcofathe cross section
and event generation is then performed by MadEvent using ‘singleasiegnhanced multichannel
integration’, which not only gives high unweighting efficiencies, but afsopossibility for paral-
lelization of the integration. This makes this technique suitable for running mpgter farms or
clusters leading to a quick event generation. Parton-level events dtenwaut in the LH format
and can be passed to parton-shower and hadronization codessdeythia [b] or Herwig[[p].

In designing a code, not only algorithms and technical solutions are impdstaralso human
factors need to be taken into account. Lifting the user from the burdeeasssarily knowing
the details of a code, can lead to significant gains in working efficience MB/ME approach
to these issues is based on the possibility of accessing to event generaiodifferent levels,
depending on the user’s expertise. The simplest way is to log onto oner efetuservers and
perform the generation via the web, all the way down to detector level, withajdisw mouse
clicks. All the relevant information, from event sets to plots is stored in aqred database and
can be downloaded at any later time for further analysis.

For the more advanced or demanding users, the code specific to oresgrac the full
MG/ME platform with all its applications and utilities can be also downloaded. Quiedlexam-
ple is when his/hers favorite model for BSM physics is not available on-Tihe.user can download
the (open-source) code for MadGraph/MadEvent and add the madegtiha specifically designed
framework which makes the implementation of new particles and interactiontiesto

In the following I illustrate the MG/ME platform features by discussing how taithtice, test
and perform a physics study on the discovery of a new resonance lattit®.

1.1 Thestructure of MG/ME

In Fig.[] the flow chart for MadGraph/MadEvent is shown. The geiwraf events up to
detector level proceeds in four steps. The first is the creation of thenkaydiagrams and HELAS
amplitudes which is accomplished by MadGraph. In the second step the mairigrdtecorre-
sponding to the various subprocesses (for hadron collisions) argdtedgover the phase space
and unweighted parton-level events are generated. Then, if the is®esythe events can be
showered and hadronized using Pythia, and finally S [7] can beassedeneric detector simu-
lation to obtain reconstructed objects. Once the (parton, hadron, ambtadcted level) events are
generated, they can be analyzed using ExRootAnalysis or MadAnahlysigspecially designed
packages for experimentalists and theorists, respectively. All these atepsteered by ‘cards’
which are simple text files that provide all the necessary information.

The generation chain is independent of the collider type or the physicslmfing as the
model is available or has been developed (and tested) in the ‘User modelmod) framework
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Figure 1. The MadGraph/MadEvent flow chart.

the process can be generated and all the other steps can be taken aattymatipresent there
are several models implemented and validated in MadGraph:

o the Standard Model (SM), including effective couplings between glptiesons and Higgs
bosons (HEFT);

e the Minimal Super-symmetric Standard Model (MSSM), R-parity conseraimgjno addi-
tional CP violation, but no super-symmetry breaking scheme is ass{ined [8];

e the Two Higgs doublet Model (2HDM), completely general with all coupliaiswed by
gauge invariance and electric charge conservation.

Other models, such as Universal Extra Dimensi¢hs [9], are curreritlg beveloped and tested.

1.2 User Model

The User Model is a framework for the implementation of new particles andatttens.
It simplifies the coding needed for adding new particles and interactions tdfyimgdadding a
limited number of lines in text files. Within the User Model it is trivial to implement n@mn<
(scalars), spin-1/2 (fermions), spin-1 (vectors), and, with a little bit mang, spin-2 particles too.
A rich set of Lorentz (and color structures) for interactions of the nartigies are allowed, based
on the availability of the corresponding HELAS routines.
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2. X phenomenology

Let us consider a new model predicting the existence of an heavyXtathose phenomenol-
ogy we are interested in, and study the simplest of all possible productidramism, together with
its decay into a pair of leptons and top-anti-top pidr, pp — X — utu~,tt . The strategy is to
look at its effects on the dimuon atidinvariant mass spectrum, and possibly use spin correlations
between the decay products to determine its angular momentum.

2.1 Implementation

As a simple example we show how to implement a new spin-1 partiaé veithin the frame-
work of the user model. This is a typical example; the implementation of other [parigcsimilar.
First, we have to add this particle to the list of already available SM particlethelparticle list
file (parti cl es. dat), an extraZ appears as

# Nane anti-Nane Spin Li netype Mass W dt h Col or Label Model
# XXXX  XXXX SFV WSDC str str STO str PDG code

# MODEL EXTENSI ON
zp zp \% w ZPVMASS ZPWDTH S ZP 32

where the quantum numbers and the other properties &'thge given in a simple syntax. In this
example we have &' (zp) of vector type V), with mass and widtZPMASS andZPW DTH. We
define it as a color singlet by setting color$oThe line typeWand the labeEZP are used in the

Feynman diagrams for cosmetics only.

In the second file that has to be modifiédht er act i ons. dat , the possible interactions
between the particles are listed. For example, the vertex between th& aew two top quarks is
given by

# USRVertex

t t zp &PT QED
&ZPT is the name for the coupling consta@ED indicates the type of interaction. The coupling of
theZ' to the other quarks and the leptons may be added in a similar way.

Now, by simply running a scripGonver si onScri pt. pl . aFortranfilecoupl i ngs. f,
is updated and a parameter cap@r am car d. dat, generated, so that all the new couplings
variables are correctly named and defined. As a last step the user ¢arilfélnumerical values
(or the analytic formulas) needed for the couplings. The parameter cafdasn the LHA format
[LT], which lists all parameters of a model, such as masses, widths antingpopnstants. The
User Model parameter card is similar to the SM card, but also includes thesnaisd widths of
the new patrticles. In the cases of width calculations, which is of course rdegehdent, the user
can exploit the power of BRIDGH J11] to calculate the widths of the new gagim the same

framework.
By editingcoupl i ngs. f we can easily assign the strength of the couplings of the Z’ to the
top quarks to

&ZPT(1) =dcnpl x( -ez+*(Half - sin2w Three) , Zero )
&ZPT(2) =dcnpl x(  ey/ Three , Zero ).
The implementation of spin-0 and spin-2 particles is similar. For a more detailedptas on
the implementation of BSM physics using the User Model refer the README fifled@nisr nod
directory.
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2.2 Resonancesin the dimuon channel

Processes with leptons (in particular electrons and muons) in the finalisateraclean at the
LHC, both theoretically and experimentally,. Leptons are relatively easytextdand trigger on,
and their momenta can be measured with a high precision. From the theor@&bDeprocesses
have in general small corrections from higher orders. If the couplirigeoX resonance to leptons
is not too small, the dilepton production channel is the discovery channieé&wy resonances. As
an example, in Fid] 2 the dimuon invariant mass is plotted for a 1Z'e¥sonance, with couplings
equal to the couplings of the SEIboson to fermions. The interference effects betweeZttand
theZ bosons lead to a slightly smaller (larger) cross section for invariant maek®g (above) the
Z' mass as compared to the naive sum of the contributions fro@/jhaend theZ’ bosons.

‘ ‘ T T T T ‘ T T T T ‘ T T T T
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Figure 2: Dimuon invariant mass including a s-chan&élresonanceréd) and the SM spectrunblack).
Mz =1 TeV, LHC, CTEQ6L1, no cuts.

As we have identified a new particle such as the’, in the invariant mass distribution, the
next step is be to study its properties. The most important quantum numbetamlgeits spin,
which, in the dimuon channel, can be found by looking at the angularlatimes between the
muons. In this case, the angleintroduced by Collins and Sopdr ]12], can be used to access the
spin information, minimizing at the same time the dependence on initial state radiatieangle
6 is defined as follows. Lepa and pg the momenta of the incoming hadrons in the rest frame of
the muon pair. If the transverse momentum of the muon pair is non-zeropghand pg are not
collinear. The angléd is defined to be the angle between the axis that bisects the angle between
pa and pg and they™ momentum in the muon pair rest frame. In Hig. 3 the@ds plotted for a
spin-0, spin-1 and a spin-2 particke

For the spin-0 and spin-1 particles the shapes of thé atistributions are independent of
their masses. This is not the case for the spin-2 particle. In contrast t® grticles, the spin
of the spin-2 particle depends on the production mechanism and, cotarspyn-1 particles, this
particle can be produced both by quark-anti-quark annihilation as weluas fusion. In Fig[]|3
the distribution is plotted for a spin-2 particle with a mass of 1 TeV.
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Figure 3: The normalized cross section as a function ofgaspp— X — u™ . Leftfor a spin-0 particle,
centerfor a spin-1 particleright for a 1 TeV spin-2 particle. No cuts applied.

3. Heavy resonancesin tt

If the coupling of the new particlX to light particles is suppressed,g, in models with
warped extra dimensions with bulk Standard Model fields, where the bisras solved non-
super-symmetrically{[13], the dilepton channel could not be viable. Irethexdels the resonances
will have a large coupling to top quarks. The LHC, with a production of &doit pair every
second, will be the first collider where this top quark invariant mass spaatan be studied in
detail up to several TeVs.

In the case where the width is not too large and the (possible) interfesdferss are not
dominating, the resonance could be visible as a peak itt theariant mass distribution, just like
the peak in the dimuon channel, see Secfioh 2.2. Besides the experimertitigds coming
from detecting/reconstructing the top quarks which we do not go into, treralso theoretical
systematics that need to be addressed. Top production proceedshtarom§ processes, namely
gg — tt at the LHC, and there are potentially large uncertainties from higher cateections
which could affect areas of the phase space differently. In the metios we will discuss the
theoretical errors in thi invariant mass distribution.

3.1 tt invariant mass spectrum

In Fig.[4 the SMtt invariant mass spectrum is plotted. This distribution is at next-to-leading
order (NLO), calculated using MCFNI [[14], including the theoretical exr@ming from the scale
and PDF uncertainties. The (renormalization and factorization) scaletaimties are estimated
by varying the scales independently in the region betwaes yur = m/2 andur = Ur = 2m
and the PDF uncertainties by running with the multiple ‘error’ PDF sets of tHe@sTtamily [13].

Running the 41 members of the CTEQ6 PDF-set gives a relatively smalitaimtg of about
+3.2% between the largest and the smallest values in the invariant mass spédteitotal scale
uncertainty at NLO is about13%. It is interesting to note that the scale uncertainties almost only
change the normalization of the distribution, but not the shape. This mearnbithdistribution is
under good theoretical control; the normalization can be measured abarypthe distribution,
which means that the scale uncertainties can become smaller in practice. Alsosedimmed
calculations indicate that the dependence on the scales could go dawéftoor even smaller
[Lq], which suggests that th€13% estimated here, is very conservative as well. This, together
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Figure 4. Scale (ed) and PDF blue) uncertainties in thét invariant mass spectrum fon = 170 GeV,
NLO, CTEQ6M, no cuts, complete mass reconstruction.

with the relatively clean leptonically decays of the top quarks, maké theariant mass spectrum
a very promising distribution in the search for new physics.

On the other hand, experimental uncertainties coming from the reconstraéttbe invari-
ant mass spectrum and of the kinematics of the top quarks in the eventxirget@ be a real
challenge [17].

3.2 X resonance

In the previous section we showed that thevariant mass spectrum is under good theoretical
control. Here we will see what the effect is ofXaresonance on thi invariant mass spectrum.
Including ans-channel resonance in thieproduction process produces a clear peak in the invariant
mass spectrum as can be seen in flig. 5. The precise width and heighpetthedepends on the
model parameters. As a benchmark we shod ector boson with massy,: = 600 GeV that
couples with the same strength to quarks as a Standard Mdutedon.

At the theoretical level, the resonance is very clearly visible irtth@variant mass spectrum
and its observability at the LHC will depend only on the experimental resolaiomy. If a
resonance is found, the next step will be to study its properties and eguanmnbers. Again we
would like to identify the spin of the resonance.

3.3 Spin correlations

Due to the decay of the top quarks, the study of the spin of the resonasaresisleredly more
difficult compared to the dilepton channel, Secfior} 2.2. The spin structorgtadied by looking at
the angular correlations between the decay products of the top qudmksiolible leptonic decay,
i.e,, both the top and the anti-top decay leptonically bW — blv, see Fig[}6, is the best channel
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Figure5: Invarianttt spectrum fopp — tt including as-channelZ’ vector boson with mags,, = 600 GeV
that couples with Standard Model strength to quarmkack without theZ’, blue with the Z’. CTEQ6L1,
Ur = Ur = 600 GeV, no cuts.

to search for the spin correlations because of the very clear leptomsarigular distributions of
the two leptons gives us information about the spin of the (anti-)top quarks.

Figure6: One representative Feynman diagram contributinggde- X — tt, with double leptonic top quark
decay.

Supposing that a beyond the SM resonance is found through a stedkpygecan look only at
the effects of the resonance on the spin correlations, not taking intoicte background QCD
tt production.

The following double distribution is usually considered in studies on the spielations in
tt production, see.g, Ref. [I8],

1 d?o

o dcos6,dcosh_’ 31
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where 8, (6.) is the angle between the(t) direction in thett center of momentum frame and
the It (I7) direction in thet (t) rest frame. To reconstruct the top momenta, the momenta of
the undetected neutrinos are needed. Imposing kinematic constraintgssti@hknown top and
W masses, a system of equations for the neutrino momenta can be set-upugAlihogeneral
multiple solutions arise weights can be given to each of them to obtain the hetsdisdor the
momenta[[18]. For the sake of illustration we assume that the top quark momertaregctly
reconstructed.

In Fig.[7 the double distributio (3.1) is plotted for Q@Dproduction.

Figure 7: The distributiond?®c/d cos8, dcosf_ for SMtt production at the LHC, CTEQ6L1, no cuts.

There are clear differences in this distribution for the varitiysroduction mechanisms. In
Fig.[§ the distributions are plotted for resonance masses of 800 GeVla boaon, vector boson
and spin-2 boson resonances are shown. We choose very nasomances by taking the width of
resonances to be 1% of the maiss, 8 GeV for the resonances of 800 GeV. We neglect the SM
QCDtt production background in these plots.

Figure 8: The distributiond?c /d cos8, dcosd_ for (a) scalar, (b) vector, (c) spin-®lx = 800 GeV, LHC,
CTEQ6L1, no cuts.

The three double distributions are clearly different from the SM distributiBat the dis-
tributions for the vector and the spin-2 resonances are very similar aed m#thods should be
developed and used to distinguish between these two cases.

3.4 Interference effectsin a pseudo-scalar resonance

So far we have considered the case where new particles do not iatetferthe SMit produc-
tion. Besides these "simple resonances" there are possibly other d¢ff&cBSM physics might
entail on thett invariant mass spectrum. As a non trivial example, let us consider a pseathr
HiggsAresonance. For a (pseudo-)scalar resonance the signal amplgydgyon fusion through
a quark loop, interferes with the background Q@[Production, see Fid] 9.
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Figure9: Feynman diagram for th&resonancel¢ft), and one of the SNt production diagrams with which
it interferes (ight).

In a minimal extension of the Standard Model where the pseudo-scatam bospling strength
to quarks, is proportional to the mass of the quarkswe have

dAqq = aZ%VSa (3.2)

Here,v is the Higgs field vacuum expectation value aads a dimensionless constant that mea-
sures the size of the coupling. Because the top quark is by far the mosvenasark, its contri-
bution dominates in the loop. If the mass of the Higgs boson is larger than twiceatse of the
top quark, the loop-induced gluon-gluon-Higgs coupling gets an imagpety which leads to a
peak-dip structure for the interference terms between the QCD bacidjemd the Higgs signal
(L9, [201.

At tree-level, a pseudo-scalar decays only to fermions, if we can rteggeays to theZh,
whereh is a scalar Higgs boson. And, because the coupling of the pseudo-scajaarks is
proportional to the fermion mass, we assume that it deoalsto tt pairs,i.e., BR(A — tt) = 1.
The interference between the signal and the QQoduction leads to a dip it production at an
invariant mass just above the Higgs boson mass. The signal together wittigtierence terms
sum then to the characteristic ‘peak-dip’ structure, shown in[F]g. 10r&dhkne in Fig.[1) shows
the effect of a 400 GeV pseudo-scalar Higgs boson ot timeariant mass spectrum with coupling
constanty, = 1. Comparing with the QCEt production, theblackline, a clear peak-dip structure
is visible. If the coupling to top quarks is enhanced, the peak as well asptyetbroader due to
the larger decay width. Thagreenline shows the effects of a coupling twice as large as the red line.
If the coupling to the top quarks gets even larger, the increasing width gptleeido-)scalar starts
to dominate, the dip disappears and only a broad peak remains.

If, on the contrary, the coupling to the top is smaller than unity, the peak ardipgh®come
narrower. Fora, = 0.5, theblue line in Fig. [10, a very clear peak-dip structure is still visible,
although it becomes more difficult to resolve.

4. Conclusions

In this talk | presented the MadGraph/MadEvent MC event generatoisbysking a simple
new physics scenatrio, i.e., the discovery and the study of a new salliasanance ippcollisions
at the LHC. To perform the analyses shown here, we have run ovet@iBIE clusters at

http:// madgr aph. phys. ucl . ac. be/
http:// madgr aph. hep. ui uc. edu/

10



MG/ME: from models to events Rikkert Frederix

25 T T T T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T ]
[ i do(pp » (A ») tT)/dm; [pb/10 GeV] | 12 do(pp » (A ~) tt)/dmy [pb/5 GeV]]
20l o LO, CTEQ6LI, LHC I . LO, CTEQSL1, LHC ]
- T Mg = My = my = 400 GeV B ; ‘ Mg = My = my = 400 GeV Bl
L o 4 11 R —
r j—Jf‘ ] i o —— QCD only 1
15 — { JCLL —— QCD only — L T | a, = 1 ]
Lo i ap = 1 ] 10— ]
L 1 ] [-- ! - a, =05 ]
10 L, a, =05 — F ‘ ]
Fo . il — |
L i S i | i
L sl i I b
5 41 ] - R
| 5 — —
-l b B L 4
L 1 =S ] [ ]
[ | e r .
2 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ I 7‘ L ‘ L1 ‘ L1 ‘ L1 ‘ IR BT
400 500 600 700 800 380 400 420 440 460
tt invariant mass [GeV] tt invariant mass [GeV]
@ (b)

Figure 10: Invarianttt mass spectrum for the pseudo-scalar Higgsght The interesting region with
finer binning. Different colors represent different couaplistrength of the Higgs to top quarkRedfor

the standard model coupling abtlie andgreenfor 0.5 and 2 times the standard model coupling strength,
respectivelyBlackis QCDtt production, i.e. without the Higgs signal. CTEQ6lik = ur = 400 GeV, no
cuts.

http://madgraph.roma2.infn.it/

where anybody can access and perform similar studies.
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