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Abstra
tModels with large extra dimensions as well as unparti
le models 
ould give rise to newphenomena at 
ollider experiments due to real emission or virtual ex
hange of gravitonsor unparti
les. In this paper we present the 
ommon implementation of these pro
esses inthe Monte Carlo generator Pythia8, using relations between the parameters of the twomodels. The program o�ers several options related to the treatment of the UV region of thee�e
tive theories, in
luding the possibility of using a form fa
tor for the running gravitational
oupling. Chara
teristi
 results obtained with Pythia8 have been used to validate theimplementations as well as to illustrate the key features and e�e
ts of the model parameters.The results presented in this paper are fo
used on mono-jet, di-photon and di-lepton �nalstates at the LHC.
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1 Introdu
tionModels with large extra dimensions (LED) are popular extensions of the Standard Model (SM)and studies of LED phenomena are usually based on the so-
alled ADD s
enario [1℄, wheregravity alone has a

ess to the extra dimensions. The large size of the extra dimensions gives riseto dense Kaluza-Klein (KK) mass modes whi
h appear as a 
ontinuous graviton mass spe
trum.Due to the large number of 
ontributing mass states graviton pro
esses 
ould obtain suÆ
ientlylarge 
ross se
tions to be observed at 
ollider experiments, where the new pro
esses involve realemission or virtual ex
hange of gravitons. These pro
esses have been studied in great detail [2℄,however, no signs of new physi
s have been indi
ated at existing experiments.More re
ently so-
alled unparti
le models [3℄ have also gained a large interest. These mod-els relate to physi
s originating from a s
ale invariant new se
tor whi
h is 
oupled to the SMthrough a 
onne
tor se
tor with a high mass s
ale. Unparti
le models 
an often, at least from aphenomenologi
al point of view, be asso
iated with extra dimension models and the parti
ular
ase addressed here would result in phenomena very similar to the s
enario of LED gravity.Having a

ess to pro
esses with the same �nal state from more than one model 
an be helpful togeneralise the experimental analysis as well as for studying di�eren
es in the measured observ-ables. The latter, in turn, 
ould also be of value after a dis
overy to 
hara
terise the observedsignal.This paper des
ribes the pro
esses involving real emission or virtual ex
hange of unparti
les(U) or LED gravitons (G) as implemented in Pythia8 [4℄. The 
orresponding pro
esses are:� Mono-jets (U=G+ jet): gg ! U=G+ g, qg ! U=G+ q, q�q ! U=G+ g;� Mono-Z=
 (U=G+ Z=
): f �f ! U=G+ Z, f �f ! U=G + 
;� Di-photons (

): f �f ! U�=G� ! 

, gg ! U�=G� ! 

;� Di-leptons (`�̀): f �f ! U�=G� ! `�̀, gg ! U�=G� ! `�̀.Be
ause of the large similarities both models 
an be 
overed by a 
ommon implementation [5℄,where only a simple translation of a few model related 
onstants is required to 
hange betweenthe models. In addition to te
hni
al advantages, this 
ommon des
ription makes 
omparisonsbetween the pro
esses both 
onsistent and transparent. The e�e
tive theory des
ription of thesepro
esses behaves poorly in the UV limit and several related options are available in the program.These in
lude a form fa
tor [6℄ for the graviton pro
esses whi
h represents a realisti
 alternativeof the behaviour at high energies due to the running of the gravitational 
oupling.The Pythia8 implementations have been validated against the original theory papers and wepresent here some of these results. Besides providing referen
e results for the Pythia8 program,the results illustrate di�erent 
hara
teristi
 e�e
ts of the model parameters and various keyfeatures1. All results are produ
ed with respe
t to the nominal LHC 
onditions (pp-
ollisions ata 
entre-of-mass energy of ps = 14 TeV), unless expli
itly stated otherwise.This paper is organised as follows. The �rst se
tion starts with a des
ription of the modelparameters and di�erent 
onventions. It is followed by a des
ription of the implementationof the pro
esses and the relations between the two models. This se
tion also des
ribes theavailable options for treating the UV region of the e�e
tive theories. Se
. 3 to 5 present the1In order to prevent 
lutter, the �gures presented in this paper do not in
lude statisti
al errors, whi
h shouldnot be signi�
ant for the 
on
lusions. 1



di�erent program options in Pythia8 together with results related to the individual pro
esses:U=G+ jet, 

, and `�̀ produ
tion. In addition, Se
. 5 draws spe
ial attention to possibile e�e
tson the forward-ba
kward asymmetry in lepton pair produ
tion from spin-1 unparti
le ex
hange.The U=G+Z=
 pro
esses are not addressed here sin
e they were already presented in a previouspaper [5℄. A 
omplete list of the pro
ess and model parameter names used in the Pythia8program 
an be found in the appendix. The appendix also 
ontains 
omplementary informationused for the s
alar unparti
le pro
ess, f �f ! ZU , whi
h is not available in the literature.This paper presents results obtained with Pythia version 8.125 and all parameters notexpli
itly mentioned in the text have been kept at the default values of this version. During thework a few minor 
orre
tions have been made2, whi
h all are in
luded in the following version8.130. In order to produ
e results 
omparable to what is available in the literature, only thehard part of the pro
ess has been 
onsidered3 and the MRST2001 parton distribution fun
tions(PDF) of the proton have been used unless stated otherwise.2 Implementation in Pythia8The 
ommon implementation of the LED graviton and unparti
le pro
esses in Pythia8 is gen-erally based on the 
ross se
tion expressions derived for the unparti
le 
ase. These expressions
an be 
onverted into the 
orresponding LED graviton formulae by simple translations of a fewmodel related 
onstants. For this reason we �rst dis
uss the unparti
le pro
ess and afterwardswe introdu
e the translation into its LED equivalent. The values of the model parameters aresometimes 
onstrained by arguments valid in di�erent s
enarios of the model, however, in orderto allow for more phenomenologi
ally motivated studies the implementations in Pythia8 gen-erally allow for any parameter value that is te
hni
ally possible. Parti
ular model 
onstraintstherefore have to be respe
ted expli
itly by the users. As mentioned above, the 
ommon imple-mentation of the U=G + Z=
 pro
esses was originally presented in [5℄, together with a study ofU=G+Z produ
tion at the LHC, but for 
ompleteness relevant parts related to these pro
esseswill be repeated here.2.1 Parameter ConventionsThe parameter 
onvention used here for the unparti
le 
ase follows [7℄. It is assumed that anypotential gaps in the unparti
le mass spe
trum are suÆ
iently small not to a�e
t the high energybehaviour at parti
le 
olliders and that the life time is long enough to prevent de
ays at distan
esrelevant for 
ollider experiments. The main parameters are a s
ale dimension parameter (dU ),an unparti
le renormalisation s
ale (�U ) and a 
oupling 
onstant (�) of the unparti
les to theSM �elds, whi
h is related to the mass s
ale of the 
onne
tor se
tor.In prin
iple there are restri
tions on the allowed ranges of the parameters. Full 
onformalinvarian
e restri
ts the s
aling dimension of the unparti
le to dU > 1 (s
alar), dU > 3 (ve
tor)and dU > 4 (tensor), whi
h follow from Ma
k's unitary 
onstraint, as dis
ussed for examplein [8℄. By assuming s
ale invarian
e, but not full 
onformal invarian
e, these restri
tions arerelaxed. In this paper we take a phenomenologi
al approa
h and allow for the full dU range and2The 
orre
tions are related to the `�̀ pro
ess and, in addition, the spin-0 
ase of the U+Z=
 pro
ess has beenadded.3Where the program parameters PartonLevel:MI, PartonLevel:ISR and PartonLevel:FSR have been turnedo�. 2



the lowest bound dU > 1 is used as the overall lower limit in Pythia8. For some pro
esses it is,however, ne
essary to 
onstrain this parameter to the range 1 < dU < 2 for numeri
al reasons.For dU > 2, espe
ially in the 
ase of virtual unparti
le ex
hange, 
ontributions that depend onthe UV 
ompletion of the theory are relevant whi
h suggests that the e�e
tive theory used willnot be valid. The ranges allowed in Pythia8 are in a

ordan
e with [7, 9℄, where for exampleEq. (4) in the latter paper shows that the propagator diverges4 when dU ! 2,Z d4xeiPxh0jTO�U (x)O�U (0)j0i / AdU2 sin (dU�) = �U (1)AdU = 16�2p�(2�)2dU �(dU + 12)�(dU � 1)�(2dU ) (2)where AdU is a normalisation 
onstant related to the rather pe
uliar unparti
le phase spa
e.Hen
e, this divergen
e implies that the virtual U ex
hange pro
esses in Pythia8 require dU < 2.The formulae obtained for the U emission pro
esses on the other hand give �nite results alsofor the range dU > 2. However, in this 
ase the results have to be interpreted more 
arefully asdis
ussed in Se
. 2.3.The parameter 
onvention used here for LED gravity follows [11℄. The gaps between theindividual KK modes of the graviton are determined by the size of the extra dimensions togetherwith a possible 
urvature of spa
e-time, like in the so-
alled Randall-Sundrum s
enarios [12℄.It has been shown that a small 
urvature 
an remove 
osmologi
al 
onstraints from low energypro
esses [13℄. However, for the pro
esses addressed here it is assumed that any mass gaps in thegraviton mass spe
trum are suÆ
iently small for the high energy phenomena to be una�e
ted.The main model parameters 
orrespond to the fundamental s
ale of D (= n+4) dimensionalgravity (MD), the number of extra dimensions (n) and in the 
ase of virtual graviton ex
hange ane�e
tive 
ut-o� s
ale (�T ). The extra dimensions are normally assumed to form a n-dimensionaltorus with a 
ommon radius (RD). This radius is determined by n, MD together with the 4-dimensional Plan
k mass and is for this reason not in
luded as a parameter for the pro
esses inPythia8. A number of di�erent 
onventions are used in the literature and the most popularare related as follows:� GRW [11℄: MD, RD, n, �T (used in Pythia8);� MPP [14℄: Mn+2 = 2Mn+2D ;� HLZ [15℄: Mn+2S = 8�1�n2 �(n2 )Mn+2D , RS = 2�RD;� HR [6℄: �4H = 2��4T .2.2 Implementation of the Pro
essesThe pro
esses in Pythia8 are available for unparti
les with spin 0, 1 and 2. However, not allspin values are available for all pro
esses. The U=G+Z=
 pro
esses are implemented as 2{to{2parton level pro
esses based on the Z matrix elements (ME) 
al
ulated in [7℄ for spin-1 andspin-2 unparti
le emission. In addition the spin-0 
ase is available, whi
h is based on the MEgiven in the appendix. In the 
ase of Z produ
tion, no Z=
� interferen
e is in
luded and theZ de
ays isotropi
ally. The photon pro
ess 
orresponds to the photon limit of the Z pro
ess.4The relation between dU and the UV sensitivity has for example been studied in [10℄.3



All U=G emission pro
esses implemented in Pythia8 share the graviton parti
le 
ode 5000039,sin
e the U or G has a 
ontinuous mass spe
trum. This is in 
ontrast to pro
esses related toan individual mass state, where for example the �rst KK mode of the graviton would have theparti
le 
ode 5100039. The main di�eren
e with respe
t to existing pro
esses in Pythia8 wasthe 
ontinuous mass spe
trum of the unparti
le. This has been solved by generating unparti
lemasses, using already existing Pythia8 fun
tionality, a

ording to a Breit-Wigner distribu-tion. The events are then re-weighted in order to obtain a 
orre
t mass distribution, as givenby the di�erential 
ross se
tion. For this reason the Breit-Wigner shape should be mat
hedto the relevant range of the mass spe
trum in order to a
hieve the highest possible MonteCarlo (MC) eÆ
ien
y and generation speed. The Breit-Wigner shape is de�ned by the programparameters, 5000039:m0, 5000039:mWidth, 5000039:mMin, 5000039:mMax, a

ording to thestandard parti
le data s
heme in Pythia8.The U=G+jet pro
esses have been implemented in the same way as the U=G+Z=
 pro
esses.They are available for spin-0 and spin-1 unparti
les, however, graviton emission is the onlyavailable spin-2 s
enario. The pro
esses are based on MEs from [11℄ for G emission and [7, 16℄for the U pro
esses. The spin-0 unparti
le intera
tions used for the pro
esses presented here aregiven by the e�e
tive operators [7℄,L � ��dU�1U Xf �ffOU + ��dUU XG G��G��OU (3)where f refers to fermions and G�� to gauge bosons. Both terms in Eq. (3) lead to amplitudesat leading order for, q�q ! U=G + g and qg ! U=G + q, whereas gg ! U=G + g only involvesthe gluon vertex, i.e. the se
ond term. Sin
e the gluon vertex is suppressed by one additionalpower of �U 
ompared to the fermion verti
es, i.e. two powers with respe
t to the 
ross se
tion,the MEs of the two quark initiated pro
esses are approximated by in
luding only diagramswith unparti
le emission from a fermion line. The 
oupling 
onstants of the two terms are notne
essarily the same and it 
ould be of interest to study them separately. Again due to thesuppression by di�erent powers of �U in the two terms, this 
an be approximated by usingq�q ! U=G + g and qg ! U=G + q to represent the 
ontributions from the quark verti
es andgg ! U=G+ g to represent the gluon vertex 
ontribution.In order to obtain the 
orresponding graviton emission pro
esses, the unparti
le parametershave been interpreted as follows, r = �02=�2 = 1 (4)dU = n2 + 1 (5)�U =MD (6)AdU ! S0(n) = 2� �n=2�(n2 ) (7)where �2 and �02 refer to the possibility of having di�erent 
ouplings related to the two e�e
tivespin-2 unparti
le operators [7℄. This translation is automati
ally done inside Pythia8 when thegraviton pro
esses are used.The virtual U=G ex
hange pro
esses are implemented in Pythia8 as 2{to{2 parton levelpro
esses. Certain pro
esses 
ontain 
oherent SM amplitudes and 
onverge to the SM results ifthe unparti
le 
ontribution is 
lose to zero, e.g. by setting � = 0 or �U ! 1. The SM results4



shown for 
omparison in the �gures below have been obtained by the 
orresponding U=G pro
essusing su
h extreme parameter values.The 

 pro
esses are available for spin-0 and spin-2 unparti
les based on the matrix elementsin [7, 9℄. In the spin-2 
ase, the fermion initiated pro
ess in
ludes the 
orresponding SM t-
hannelpro
ess (equivalent to PromptPhoton:ffbar2gammagamma) together with the related interferen
e.The spin-2 gluon pro
ess does not involve the possible SM box diagram whi
h for this reasonmust be in
luded separately, e.g. using the Pythia8 pro
ess5 PromptPhoton:gg2gammagamma.The `�̀ pro
esses only 
on
ern 
harged lepton pair produ
tion. The fermion initiated pro
essis available for both spin-1 and spin-2 unparti
les and in
ludes the SM Z=
� amplitudes andinterferen
e. The gluon pro
ess is only available for spin-2 and does not 
ontain any SM 
on-tributions. All pro
esses are implemented following the MEs in [7℄. Sin
e the fermion initiatedpro
ess 
ould be used for studies at lepton 
olliders, it should be noted that 
urrently no SMt-
hannel diagram is in
luded in Pythia8. For example, this would be relevant for studies ofBhabha s
attering. The SM 
ontribution should therefore be similar to the Pythia8 pro
ess,WeakSingleBoson:ffbar2gmZ, when only the 
harged lepton �nal states are 
onsidered. A spin-1 unparti
le 
an have 
hiral 
ouplings to fermions whi
h 
ould lead to interesting interferen
ee�e
ts [17℄. For this reason the 
hiral properties of the 
oupling 
an be spe
i�ed expli
itlyby two 
oupling parameters (gXX , gXY ). These 
an be assigned the values 1, 0 or -1 whi
hare multiplied with the di�erent heli
ity amplitudes, XX = LL=RR and XY = LR=RL.This implies that a ve
tor 
oupling 
orresponds to, gXX = gXY = 1, and an axial 
oupling to,gXX = 1; gXY = �1.The 
orresponding graviton pro
esses, where the unparti
le is repla
ed by a virtual graviton,are again obtained using the 
ommon implementation. This has been a
hieved by the sameapproa
h as for the U=G emission pro
esses where two 
onstants had to be adjusted. The 
rossse
tions given by the spin-2 unparti
le MEs dis
ussed above be
ome identi
al to the graviton
ross se
tion expressions in [11℄ when the unparti
le parameters are translated as follows,dU = 2 (8)�U = 1 (9)� = p4� (10)�U = �T (11)The virtual graviton ex
hange pro
esses are UV sensitive, similar to the unparti
le s
enario.The graviton amplitudes are dominated by 
ontributions that depend on the UV 
ompletion ofthe theory when the number of large extra dimensions6, n > 2. Sin
e this s
enario is generallyof great interest, the UV sensitive part is 
ommonly repla
ed by an arbitrary 
ut-o� s
ale, whi
hparametrises our ignoran
e and removes the n dependen
e.2.3 Treatment of the E�e
tive Theory at High EnergiesSin
e the 
urrent limits on the e�e
tive mass s
ales related to the di�erent pro
esses (�U , MDand �T ) are well below the possible 
enter{of{mass energies of the hard pro
ess, ŝ, at the LHC,a number of di�erent options are available for the 
ase where the hard s
ale of the pro
ess5Note that this pro
ess is based on a massless approximation whi
h 
an be relevant.6Whi
h have a similar role to dU in the unparti
le model.5



approa
hes or ex
eeds the s
ale of validity of the e�e
tive theory. These are spe
i�ed by theprogram parameter CutOffmode, whi
h 
an take the following values:� CutOffmode = 0: In
lude all ŝ values;� CutOffmode = 1: Suppress the 
ross se
tion for ŝ > �2U (M2D);� CutOffmode = 2: Gravity form fa
tor, using SigmaPro
ess:renormS
ale2;� CutOffmode = 3: Gravity form fa
tor, using � = E�jet=Z=
 .The default option (CutOffMode = 0) implies no restri
tions, but in
ludes the 
ross se
tion
ontribution for any ŝ value. The �rst alternative option (CutOffMode = 1) simply suppressesthe 
ross se
tion [18℄ by a fa
tor �4U=ŝ2 at ŝ values that ex
eed the mass s
ale of the e�e
tivetheory, �2U orM2D. This trun
ation of the 
ross se
tion also implies that the U=G mass spe
trumis suppressed at larger values. The U=G mass spe
trum be
omes in
reasingly peaked towardslarger values with in
reasing n or dU . For this reason, the suppression e�e
t generally be
omesmore signi�
ant for in
reased values of these parameters. In a similar way the e�e
t of thistrun
ation be
omes larger with an in
reased transverse energy requirement in the analysis. Thisoption is only implemented for the U=G emission pro
esses and further details 
an be foundin [5℄. Starting the trun
ation dire
tly above the e�e
tive mass s
ale 
an often be 
onsideredas 
onservative, where for example [11℄ estimates the e�e
tive theory for the LED gravitonpro
esses to be perturbative up to about 7MD. This rather 
rude method of trun
ating the
ross se
tion was primarily intended to be used for verifying that the trun
ated part, whi
h
orresponds to the region where the e�e
tive theory might not be valid, has a negligible e�e
ton the total 
ross se
tion. However, in the 
ase where it is not negligible the trun
ated value
ould also be used as a 
onservative estimate.The possibility of using a form fa
tor [6℄ for the gravitational 
oupling has also been imple-mented, F (�; t;M; n) = 241 +  �2t2M2!1+n=235�1 (12)Here � is a renormalisation s
ale and t is a O(1) free parameter whi
h relates to the unknowndetails of the running of the gravitational 
oupling. The parameter M is asso
iated with the
ut-o� s
ale of the e�e
tive theory (MD or �T depending on the pro
ess). The form fa
tor leadsto a weaker gravitational 
oupling at higher energies and this provides a realisti
 alternative ofthe behaviour when ŝ approa
hes M2. For both real emission and virtual ex
hange of gravitonsthe renormalisation s
ale � 
an be spe
i�ed (CutOffMode = 2) to follow the 
hoi
e made by theprogram parameter, SigmaPro
ess:renormS
ale2. For graviton emission it is possible to setthe renormalisation s
ale equal to the jet=Z=
 
entre{of{mass energy (CutOffMode = 3) whi
hwas used in [6℄. It is argued in [6℄ that the form fa
tor 
an generally prevent virtual gravitonex
hange amplitudes from violating unitarity by requiring t < 2, whi
h is suggested as an upperbound on this parameter.3 Real Emission, Mono-JetsBoth the LED graviton and unparti
le models 
an lead to �nal states with a single jet plusmissing transverse energy, with balan
ing transverse momenta. The related G emission pro
esses6
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Figure 1: Di�erential 
ross se
tion of G + jet produ
tion at the LHC (ps = 14 TeV) as a fun
tion oftransverse jet momentum. All shapes are normalised to the 
ase n = 2.available inPythia8 
onsist of qqbar2Gg, qg2Gq, gg2Gg, with the program parameters n, MD,CutOffmode and t. The 
orresponding U emission pro
esses are qqbar2Ug, qg2Uq, gg2Ug,with the relevant parameters spinU, dU, LambdaU, lambda and CutOffmode. The unparti
lepro
esses are only available for the spin values spinU = 0,1 and, in both the 
ase of G and Uemission, the user should mat
h the generated mass distribution to the 
ross se
tion, as dis
ussedin se
tion 2.2.This se
tion presents 
hara
teristi
 results related to U=G + jet produ
tion at the LHCobtained using Pythia8. The pro
esses are validated with respe
t to the results presented in[7, 11, 16℄ and, to allow for easy 
omparison, most of the sele
tion 
uts and model parametervalues have been used 
onsistently with these papers.3.1 LED Graviton EmissionIn Fig. 1 the di�erential 
ross se
tion of G+ jet produ
tion at the LHC is shown as a fun
tionof the transverse jet momentum for di�erent values of MD and n. For these generator levelresults the jet simply refers to the outgoing quark or gluon in the hard intera
tion. The jethas been required to have transverse momentum pT > 200 GeV together with a pseudo-rapidityj�j < 2. For the large ŝ region the form fa
tor (
.f. Eq. (12)) has been used (CutOffMode = 2,renormS
ale2 = 1) with t = 1. In order to simplify shape 
omparisons all distributions havebeen normalised to the 
ross se
tion for n = 2. As expe
ted, 
hanging one of the two parametershas a small e�e
t on the shape of the di�erent distributions. The results are 
onsistent, bothin terms of shape and 
ross se
tion, with previous studies. The same distributions have alsobeen produ
ed using di�erent PDFs: MRST2001, CTEQ6L, GRV94L7. As expe
ted, the e�e
tof using di�erent PDFs is very small.7Although GRV94L is relatively old it has been in
luded sin
e it was used in some of the early graviton papers.7
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Figure 2: Di�erential G + jet 
ross se
tion at the LHC (ps = 14 TeV) as a fun
tion of the missingtransverse energy. The plot shows results obtained using the form-fa
tor 
ompared with the 
ase whereall ŝ values 
ontribute (NoFF) and the 
ase where the 
ross se
tion is trun
ated (Trun
).Sin
e the high energy 
ollider signals 
an be sensitive to the large ŝ region, where the e�e
tivetheory is not ne
essarily valid, it is interesting to study the e�e
t of the di�erent methods totreat this region (
.f. Se
. 2.3). In order to use the form fa
tor, the quantity � needs to be relatedto a physi
al s
ale in the produ
tion pro
ess and the 
hoi
e of s
ale 
an a�e
t the 
ross se
tionssigni�
antly. For the mono-jet studies presented here, the � parameter has either been set to thejet energy (CutOffMode = 3) or alternatively to the jet pT (CutOffMode = 2, renormS
ale2= 1).Fig. 2 shows the missing transverse energy distributions from G+jet produ
tion when usingthe di�erent options related to the UV region. The form fa
tor results are 
ompared with the
ase where all ŝ values 
ontribute (NoFF) and the 
ase where the 
ross se
tion is trun
ated(Trun
). The e�e
t of the form fa
tor, whi
h implies a softer distribution, is visible togetherwith the expe
ted dependen
e on the model parameters. The e�e
t de
reases with in
reasing t,where t = 2 is shown to be similar to the NoFF distribution and the 
ase with t = 0:5 approa
hesthe trun
ated distribution. In addition, the e�e
t in
reases slightly for � = E(jet) 
omparedto � = pT (jet). The study showed moderate sensitivity to n and the e�e
t be
omes larger forsmaller values of MD, whi
h is 
onsistent with Eq. (12).3.2 Unparti
le EmissionFig. 3 shows the di�erential 
ross se
tion for mono-jet produ
tion due to U emission at the LHCas a fun
tion of the jet energy. In a

ordan
e with [7℄ the 
ross se
tions 
orrespond to spin-1unparti
le emission through the two pro
esses, q�q ! U=G+ g and qg ! U=G+ q together withspin-0 unparti
le emission due to the gluon pro
ess, gg ! U=G+g. The distributions are shownfor a number of dU values. The parameters �U = 1 TeV and � = 1 have been used for boththe s
alar and ve
tor pro
esses. Only jets with transverse momenta larger than 100 GeV andwith rapidities jy(jet)j < 2 have been 
onsidered. In addition to the 
ross se
tions predi
ted for8
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Figure 3: Di�erential 
ross se
tion of U + jet produ
tion at the LHC (ps = 14 TeV) as a fun
tion ofthe jet energy. Contributions from spin-0 and spin-1 unparti
les are in
luded.these unparti
le s
enarios the plot demonstrates the generally small in
uen
e of the non-integerdimension parameter dU on the slope. Both the distribution shape and 
ross se
tion values havebeen found to be 
onsistent with the results in the referen
e literature.The 
oherent implementation of the similar U and G pro
esses in Pythia8 simpli�es studiesof the possibility to distinguish between the two models. As an example, a 
omparison of thedi�erential 
ross se
tion as a fun
tion of the transverse jet energy is shown in Fig. 4. The gravitondistributions for two values of n are 
ompared to the distributions from spin-1 unparti
le emissionfor dU = 1.1, 1.5 and 1.9. The unparti
le results 
ontain both the two allowed sub-pro
essesand the parameters values �U = 1 TeV and � = 1 have been used. It is 
learly visible thatthe two models exhibit di�erent spe
trum slopes almost independently of n or dU and similarresults were found for the spin-0 unparti
le 
ase. For the value, MD = 2 TeV, the 
ross se
tionfor LED graviton produ
tion is signi�
antly higher in the tail than for the unparti
le s
enariosshown. The 
ross se
tions, however, s
ale with MD or �U whi
h allows the 
ross se
tion fromeither of the two models to be larger or smaller than the other. Therefore, as pointed out in [16℄,it is important to also study the shape of the signal in order to understand whi
h new physi
smodel is more 
ompatible with a possible mono-jet ex
ess at the LHC.4 Virtual Ex
hange, Photon Pair Produ
tionThe Pythia8 pro
esses related to virtual G ex
hange ffbar2gammagamma and gg2gammagammaare 
ontrolled by the program parameters LambdaT, CutOffmode, t, and for these pro
essesCutOffmode = 1 is not available. The 
orresponding unparti
le pro
esses have the same names,but reside in the di�erent unparti
le pro
ess 
ategory as listed in the appendix. They are
ontrolled by the following parameters spinU, dU, LambdaU, lambda, with the two possiblespin values spinU = 0,2. 9
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Figure 4: Di�erential 
ross se
tions as a fun
tion of the transverse jet energy for LED graviton emissionand emission of spin-1 unparti
les at the LHC (ps = 14 TeV).This se
tion presents di�erent 
hara
teristi
 results for di-photon produ
tion due to bothvirtual U and G ex
hange. The validation of these pro
esses is based on the results presentedin [6, 7, 9, 11, 13℄ and similar sele
tion 
uts as well as model parameter values have been 
hosenfor easy 
omparison.4.1 Virtual Graviton Ex
hangeFig. 5 shows the invariant mass distribution of the two photons produ
ed by LED gravitonex
hange, with and without using the form fa
tor in Eq. (12). In a

ordan
e with [6℄ the masss
ale value, �H = 2:5 TeV, has been used8. The results using the form fa
tor are shown for anumber of di�erent values of n. For virtual graviton ex
hange the renormalisation s
ale has beenset to �2 = ŝ (CutOffMode = 2, renormS
ale2 = 4). The 
hara
teristi
 e�e
ts from the formfa
tor are visible, in parti
ular the softening of the invariant mass distribution. As expe
tedfrom Eq. (12), the distributions de
rease faster at largeM

 values for large n and they interse
tat M

 = �T , whi
h for example in Fig. 5 
orresponds to 2.8 TeV. The study also showed theexpe
ted behaviour that the graviton 
ontribution be
omes signi�
ant at largerM

 values within
reased values of �T .4.2 Virtual Unparti
le Ex
hangeThe results related to 

 produ
tion at the LHC from virtual unparti
le ex
hange have been
ompared with [9℄. Cuts have been applied in all 
ases on the photon rapidity, j y
 j< 2:5,and transverse momentum p
T > 40 GeV. For the invariant mass distributions the 
ut on thepolar angle, j 
os�
 j< 0:8, has been used and for the angular and rapidity distributions onlythe invariant mass region, 600 < M

 < 900 GeV, has been 
onsidered. Fig. 6 and 7 show8The value using the �H 
onvention was simply translated to, �T = 2:8 TeV, as des
ribed in se
tion 2.1.10
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Figure 5: The di-photon invariant mass spe
trum for LED graviton ex
hange at the LHC using �H = 2:5TeV. The results are produ
ed with and without using the form fa
tor, assuming various values of n.the di�erential 
ross se
tion as a fun
tion of M

 and 
os ��
 respe
tively, for spin-0 unparti
les,where ��
 
orresponds to the polar angle in the 
entre{of{mass frame of the photons. Theinvariant mass distribution is shown for three di�erent � values and the signal de
reases in theexpe
ted way with smaller 
oupling 
onstants. The 
hara
teristi
 angular shape of the signalis visible and the results are found to be in good agreement with the literature listed above.In addition, the e�e
ts on various kinemati
 distributions from using di�erent PDFs have beenstudied by using again the PDF sets MRST2001, CTEQ6L, GRV94L and the results showedonly small di�eren
es.5 Virtual Ex
hange, Lepton Pair Produ
tionThe available pro
esses in Pythia8 with virtual graviton ex
hange leading to lepton pairs in the�nal state (Drell-Yan) 
orrespond to ffbar2ll and gg2ll. The relevant program parameters areLambdaT, CutOffmode, t, where CutOffmode = 1 is not available. Similar to the 

 
ase, the
orresponding unparti
le pro
esses have the same names, but reside in the di�erent unparti
lepro
ess 
ategory as listed in the appendix. They are 
ontrolled by the parameters spinU, dU,LambdaU, lambda, gXX, gXY, with two unparti
le spin values available spinU = 1,2.In this se
tion we present a number of results obtained with Pythia8 used to validate theimplementation of these pro
esses as well as to quantify their 
hara
teristi
 behaviour. Thepro
esses are mainly validated against the results presented in [6, 7, 11, 13℄ and the 
hoi
esof model parameter values and several sele
tion 
riteria have also been based on these papers.We mainly fo
us the study on lepton pair produ
tion at the LHC. However, sin
e most of theliterature related to e�e
ts from 
hiral spin-1 unparti
le 
ouplings is available for e+e�-
ollisionswe also present some validation results in that 
ontext.11
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Figure 6: Invariant mass distribution of the di-photon system from spin-0 unparti
le ex
hange at theLHC (ps = 14 TeV) for di�erent values of the �s and �t 
ouplings.5.1 Virtual Graviton Ex
hangeIn addition to the di-photon produ
tion at the LHC, dis
ussed in Se
. 4, the produ
tion oftwo leptons 
an be in
uen
ed by the e�e
ts of virtual graviton ex
hange. For this reason, theinvariant mass distribution of the two �nal-state leptons has been studied for a large numberof di�erent parameter settings of the LED model and agreement with the referen
e literaturehas been found. As an example, Fig. 8 shows the di�erential 
ross se
tion as a fun
tion of theinvariant mass of the lepton pair for the 
ut-o� s
ale, �H = 2:5 TeV, in s
enarios with n = 3.As for the 

 pro
ess the mass s
ale value in the 
ommon �H 
onvention is used. In 
ontrastto the 

 
ase the results are given for a number of di�erent t parameter values at a �xedn. The results show the strongly t-dependent in
rease of the 
ross se
tion at high masses forthe LED s
enarios with respe
t to the SM. As expe
ted from Eq. (12), the di�erential 
rossse
tion 
onverges towards the SM predi
tion for de
reasing values of t, while for larger t values,e.g. t = 2:0, it approa
hes the LED s
enarios where the form fa
tor is not used (NoFF). Inaddition, the dependen
e of the 
ross se
tion on the number of extra dimensions, n, has beenstudied and a similar behaviour to the di-photon produ
tion (
.f. Fig. 5) has been found as wellas a good agreement with the results in the literature.5.2 Virtual Unparti
le Ex
hangeSimilar to the virtual graviton ex
hange dis
ussed above, the virtual ex
hange of unparti
les 
anmodify the invariant mass spe
trum and the angular distribution of �nal-state lepton pairs at theLHC as well as in e+e�-
ollisions. The Pythia8 results from various settings of the unparti
lemodel parameters have been 
ompared to the original literature and again good agreement hasbeen found with the results for p�p 
ollisions at the Tevatron as presented in [7℄.Fig. 9 shows the di�erential Drell-Yan 
ross se
tion at the LHC as a fun
tion of the invariant12
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Figure 7: Angular distribution, 
os ��
 , of the photons from spin-0 unparti
le ex
hange at the LHC(ps = 14 TeV).mass of the lepton pair for various values of dU , assuming unparti
les with spin-1 and ve
tor-like4-fermion intera
tions. A 
ut on the lepton pair rapidity (jyj < 1) has been applied, whi
hensures that only 
entral leptons are sele
ted. As expe
ted, the 
hara
teristi
 in
rease of thedi�erential 
ross se
tion due to the unparti
le signal is more prominent for small values of dU ,e.g. dU = 1:3, both above and below the Z pole.The possibility of 
hiral spin-1 unparti
le 
ouplings 
ould imply various e�e
ts, both a�e
tingthe invariant mass as well as the angular distribution of the �nal-state lepton pair. These e�e
tshave mainly been studied for e+e�-
ollisions in the literature and we therefore in
lude theangular di�erential 
ross se
tion obtained by Pythia8 for the SM and unparti
le model, usingvarious dU values, in e+e�-
ollisions withps = 200 GeV. Fig. 10 shows the angular distributionsfor LL+RR (left) and LR+RL (right) intera
tions, where the strong impa
t of a 
hiral 
ouplingon the angular distribution is demonstrated. The parameter values �U = 1 TeV and � = 1 havebeen used. The angle � is de�ned as the emission angle of the �� relative to the momentumve
tor of the in
oming ele
tron.The angular dependen
e of the di�erential 
ross se
tion 
an be investigated by studying theforward-ba
kward asymmetry whi
h is 
ommonly de�ned asAFB = NF �NBNF +NB (13)where NF and NB are the numbers of forward (
os � > 0) and ba
kward (
os � < 0) produ
edevents, respe
tively. At hadron 
olliders the determination of the angle � is more 
ompli
ated,sin
e the dire
tion of the in
oming fermion is unknown. However, AFB is foreseen to be studiedat the LHC [19℄ exploiting the fa
t that in annihilations of a valen
e quark and sea anti-quark thevalen
e quark has, on average, a larger momentum than the sea quark. The resulting longitudinalmomentum of the di-lepton system approximates the quark dire
tion and, therefore, the angle13
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Figure 8: Di�erential 
ross se
tion for the produ
tion of two 
harged leptons at the LHC as a fun
tionof their invariant mass. The results are shown for various LED s
enarios with n = 3 and �H = 2:5 TeV.� between the lepton and quark in the di-lepton rest frame 
an be 
al
ulated. For the resultspresented here we use this method at generator level. In addition, we require, jyj > 1, for thelepton rapidity and that at least one ele
tron is in the 
entral region, j�j < 2:5.In Fig. 11 the estimate of AFB, using the method des
ribed above, is shown for the �rst timetogether with e�e
ts from unparti
le ex
hange. The two plots show the invariant mass range50 to 200 GeV (left) and 200 to 1600 GeV (right) respe
tively for various unparti
le s
enariosand the SM. It 
an been seen that 
ertain unparti
le s
enarios (e.g. dU = 1:3) lead to largedeviation from the SM even at mass values below the Z pole whi
h are already investigated indetail by past experiments [20℄. However, s
enarios (e.g. dU = 1:8) resulting in sizable e�e
tsonly at larger mass values also exist, i.e. they are 
onsistent with the SM in the already studiedregion at smaller masses.Experimental e�e
ts, in parti
ular statisti
s, will pose a signi�
ant 
hallenge for the re
on-stru
tion of AFB. A detailed experimental study is therefore needed to estimate the feasibility.However, in the 
ase of an observation of a signal in the high mass tail (
.f. Fig. 8), a studyof AFB as a fun
tion of the invariant mass 
ould be of interest in order to 
on�rm a non-SM
ontent in the Drell-Yan spe
trum.6 Full Event SimulationIn order to allow for easy 
omparison with results in the literature as well as to 
learly illustratethe e�e
ts related to the model parameters, the results from the various pro
esses presented inthis paper have been 
onsidered at the level of the hard pro
ess.The pro
esses are, however, integrated within the Pythia8 framework of parton showers,underlying event a
tivity, hadronisation and unstable parti
le de
ays. These steps both in
reasethe 
omplexity of the events as well as a�e
t their kinemati
 properties and are normally required14
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Figure 9: Di�erential 
ross se
tion for the produ
tion of two 
harged leptons as a fun
tion of theirinvariant mass. The results are shown for s
enarios with unparti
les using di�erent values of dU at theLHC.for proper 
omparisons between simulated phenomena and experimental data.As an example, Fig 12 shows how initial state radiation (ISR) a�e
ts the pT in G + jetprodu
tion. At leading order the G and jet have exa
tly balan
ed pT , but additional radiationfrom ISR, or other higher order e�e
ts, breaks this balan
e. Fig 12 shows the pT di�eren
ebetween the G and the jet after ISR, relative to the original jet pT in the hard pro
ess. Thisis shown as a fun
tion of the jet pT at the hard pro
ess level and for the di�erent G + jetsub-pro
esses separately. As seen in the plot, ISR a�e
ts the sub-pro
esses noti
eably, however,to di�erent extent and the imbalan
e de
rease for higher pT jets. This 
learly illustrates theimportan
e of building the pro
esses into the simulation of the full event stru
ture in Pythia inorder to model su
h e�e
ts.7 Con
lusionsBoth large extra dimensions as well as unparti
le models have be
ome very popular among pos-sible extensions of the SM. Many of the main pro
esses related to LED sear
hes have analogouspro
esses in the unparti
le s
enario, whi
h are often more general in terms of model parameters.A 
ommon way to implement the similar pro
esses has been found within the Monte Carlogenerator Pythia8, where only a few translations of model dependent 
onstants are ne
essary.In addition to te
hni
al bene�ts, the 
ommon implementation makes 
omparisons between thepro
esses from the two models 
onsistent and simpli�es studies of how di�eren
es at the pro
esslevel for a 
ertain �nal state 
an a�e
t the measured observables. The pro
esses 
an be usedtogether with several options for the treatment of the UV region of the e�e
tive theory. In thispaper, the options related to the individual pro
esses have been dis
ussed together with resultsobtained by Pythia8. In addition to providing referen
es for the Pythia8 program, the results15
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luding unparti
le ex
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tions.
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Figure 11: AFB as a fun
tion of the invariant mass of the lepton pair at the LHC. The results are shownfor dU = 1:3; 1:8 with ve
tor-like and LL+RR unparti
le intera
tions (left) as well as for dU = 1:8 withvarious 
hiral intera
tions (right). In both �gures spin-1 unparti
le ex
hange is assumed.illustrate 
hara
teristi
 e�e
ts of the model parameters and various key features of the di�erentkinemati
 distributions. The results presented in this paper have been fo
used on mono-jet,di-photon and di-lepton �nal states at the LHC.8 A
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Figure 12: Relative pT di�eren
e between the graviton and jet due to initial state radiation. The resultsare shown for G+ jet produ
tion with n = 6 and MD = 4 TeV.Appendix - U=G Spe
i�
 Parameters in Pythia8In the Pythia8 program the U=G pro
esses are turned on/o� by the following parameters,ExtraDimensionsUnpart:ffbar2Ugamma { Real U emission, f �f ! U + 
.ExtraDimensionsUnpart:ffbar2UZ { Real U emission, f �f ! U + Z.ExtraDimensionsUnpart:qqbar2Ug { Real U emission, q�q! U + g.ExtraDimensionsUnpart:qg2Uq { Real U emission, qg ! U + q.ExtraDimensionsUnpart:gg2Ug { Real U emission, gg ! U + g.ExtraDimensionsLED:ffbar2Ggamma { Real G emission, f �f ! G+ 
.ExtraDimensionsLED:ffbar2GZ { Real G emission, f �f ! G+ Z.ExtraDimensionsLED:qqbar2Gg { Real G emission, q�q ! G+ g.ExtraDimensionsLED:qg2Gq { Real G emission, qg ! G+ q.ExtraDimensionsLED:gg2Gg { Real G emission, gg ! G+ g.ExtraDimensionsUnpart:ffbar2gammagamma { Virtual U ex
hange, f �f ! (U�)! 

.ExtraDimensionsUnpart:gg2gammagamma { Virtual U ex
hange, gg ! (U�)! 

.ExtraDimensionsUnpart:ffbar2ll { Virtual U ex
hange, f �f ! (U�)! `�̀.ExtraDimensionsUnpart:gg2ll { Virtual U ex
hange, gg ! (U�)! `�̀.ExtraDimensionsLED:ffbar2gammagamma { Virtual G ex
hange, f �f ! (G�)! 

.ExtraDimensionsLED:gg2gammagamma { Virtual G ex
hange, gg ! (G�)! 

.ExtraDimensionsLED:ffbar2ll { Virtual G ex
hange, f �f ! (G�)! `�̀.ExtraDimensionsLED:gg2ll { Virtual G ex
hange, gg ! (G�)! `�̀.The model parameters related to the LED graviton pro
esses are spe
i�ed by,17



ExtraDimensionsLED:n { Number of large extra dimensions, n.ExtraDimensionsLED:MD { Fundamental s
ale of D dimensional gravity, MD.ExtraDimensionsLED:LambdaT { Cut-o� s
ale for virtual G ex
hange, �T .ExtraDimensionsLED:CutOffmode { This parameter spe
i�es the treatment of the highenergy 
ontributions. Possible values are 0 to 3.ExtraDimensionsLED:t { Form fa
tor parameter, t.The model parameters related to the unparti
le pro
esses are spe
i�ed by,ExtraDimensionsUnpart:spinU { The unparti
le spin. Possible values are, 0, 1 or 2.ExtraDimensionsUnpart:dU { S
ale dimension parameter, dU .ExtraDimensionsUnpart:LambdaU { Renormalization s
ale, �U .ExtraDimensionsUnpart:lambda { Coupling to the SM �elds, �.ExtraDimensionsUnpart:gXX { Options for the LL/RR heli
ity 
ontributions, gXX .This parameter is only relevant for the spin-1 `�̀pro
ess, where the available options 0, 1 and 2
orrespond to the heli
ity amplitudes beingmultiplied by a fa
tor 1, 0 or -1.ExtraDimensionsUnpart:gXY { Options for the LR/RL heli
ity 
ontributions, gXY .This parameter is only relevant for the spin-1 `�̀pro
ess, where the available options 0, 1 and 2
orrespond to the heli
ity amplitudes beingmultiplied by a fa
tor 1, 0 or -1.ExtraDimensionsUnpart:CutOffmode { This parameter spe
i�es the treatment of the highenergy 
ontributions. Possible values are 0 or 1.More details on the meaning of the model parameters are given in the text.Appendix - S
alar Unparti
le Produ
tion, f �f ! ZU .The relevant s
alar unparti
le intera
tion terms for this pro
ess are given by,L � OU�dU�1U �f(�01 + �00i
5)f (14)Due to CP 
onservation, the two 
ouplings �0 or �00 are only 
onsidered separately. Sin
e thematrix element expression of the two 
ases be
omes identi
al in the absen
e of any interferen
ewith the SM, only one 
ommon � value is used for the implementation in a

ordan
e with Eq.(3). These 
ouplings are usually suppressed by a quark mass fa
tor, be
ause of the 
hirality
ipping, and are therefore expe
ted to be small in the s
alar unparti
le 
ase. However, in thephenomenologi
al spirit of this paper the 
hoi
e of restri
ting model parameter values is left tothe user.As des
ribed in [5℄, the 
ross se
tion for the, f �f ! ZU , pro
ess is given by,d2�dP 2Udt = j �M j216�ŝ2 AdU2��2U  dP 2U�2U !dU�2 (15)18



where j �M j is the 
olour and spin averaged matrix element and P 2U is the invariant mass of theunparti
le, 0 � P 2U � (ps�mZ)2. The matrix element is given by [21℄,j �M j2 = 14N
  e2sin2 �W 
os2 �W ! (g2L;q + g2R;q)�2jAj2 (16)jAj2 = 4 "�st �  1� m2Zt ! 1� P 2Ut !� su (17)� 1� m2Zu ! 1� P 2Uu !+ 2 1� P 2Ut ! 1� P 2Uu !# (18)with gL;d = �12 + 13 sin2 �W , gR;d = +13 sin2 �W , gL;u = 12 � 23 sin2 �W and gR;u = �23 sin2 �W .Regarding the amplitude formula, jAj2, the �rst two terms inside the square bra
kets resultfrom the t-
hannel, the following two terms from the u-
hannel and the last term from theinterferen
e.In the same way as for the other spin versions of this pro
ess, the pro
ess where a photon isemitted together with an unparti
le has been obtained by the following photon limit of the Zmatrix element, mZ ! 0 (19)g2L + g2R2 ! Q2 (20)1sin �W 
os �W ! 1 (21)where Q is the ele
tri
 
harge of the in
oming fermions.
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