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PROSPECTS FOR IDENTIFYING NEW PHYSICS SCENARIOS AT CERN LHC

Abstract. The signatures of the spin-2 graviton excitations predicted by the Randall — Sundrum model with one warped
extra dimension, in dilepton and diphoton production at LHC were studied. By using the center — edge asymmetry, we eva-
luate the ranges of mass and coupling constant where such gravitons can be discriminated against competitor spin-1 and spin-0
objects that could potentially manifest themselves in these processes. Depending on the value of coupling constants, the nu-
merical results allow one to obtain graviton identification mass ranges of the order of 2.4 TeV and 3.2 TeV for LHC nominal
energy of 14 TeV and time-integrated luminosity of 100 fb.
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MEPCHEKTUBEI HIEHTHOUKAIINHA HOBBIX ®U3NUYECKUX CIIEHAPUEB
HA KOJLJTAMJIEPE LHC B IIEPHe

Annortanus. VccnenoBansl 3¢exTsl BO30YKICHHBIX COCTOSIHHN I'PAaBUTOHOB CO CIIMHOM 2, MPEACKa3bIBAEMBIX MO-
nensio Pengana — CanapyMa ¢ OZHUM HCKa)KeHHBIM JOMOJHUTENFHBIM H3MEPEHHEM, B MPOIeccax AHJICTITOHHOTO U Audo-
TOHHOI'O poxzeHus Ha bosbmom agponHom kommnaiinepe LHC. C nomoribio acCUMMETPUN LIEHTP-Kpail Mbl OLlCHUBAeM UH-
TepBaJl MacC U KOHCTAHT CBSI3M, TA€ TaKNWE TPABUTOHBI MOTYT OTJINYATHCS OT KOHKYPHUPYIOMHUX 00BEKTOB CO CIMHOM | 1 2
B HCCJIEYyEMBIX Iporeccax. B 3aBUCHMOCTH OT BEJIMYMHBI KOHCTAHT CBSI3M YHCJICHHBIH aHAJIM3 IO3BOJSET ONPENETHTH
00nacTh HACHTU(UKAIMH MacC IPaBUTOHA, BEPXHAS I'paHHIIa KOTOporo coctaBiusieT 2,4 u 3,2 ToB nns LHC ¢ HomuHansHOI
sHeprueii 14 TaB u unTerpanpHoii ceeTumocThio 100 Gp6'.

KuroueBsle cioBa: bonbimoii anponnsiii konnaitaep (LHC), ¢usuka 3a pamxamu CTaHIapTHOW MozeH, MOielb Pen-
namn — Canapyma (RS) ¢ mcka)keHHBIM JJOIOJIIHUTEIEHBIM H3MEPEHHEM, POXKICHUE THIICTITOHOB U TU()OTOHOB

Jast untupoBanus. [lepcriekTuBbl HaeHTUGHUKAIMKA HOBBIX (pu3ndeckux cieHapues Ha xomnainepe LHC B IJEPHe /
A. A. Tlauxos [u np.] / Bec. Ham. akan. maByk bemapyci. Cep. ¢i3.-mart. HaByk. — 2017. — Ne 4. — C. 33-38.

Introduction. Extra spatial dimensions were proposed to investigate the mass scale hierarchies
affecting the Standard Model (SM), and requiring parameter fine tuning, in particular the so-called
gauge hierarchy M, << M, ~ 10" TeV. These scenarios predict the existence of heavy new particles,
or excitations of the SM particles, that could be revealed as narrow peaks in cross sections measured
at the LHC if their masses were below the experimental kinematical reach. In this regard, the discovery
reach on an individual scenario can be defined as a maximum value of the corresponding resonance
mass, M,, for which the peak can be observed. However, different new physics scenarios can give, for
appropriate values of their parameters, peaks at the same M = M, and the same number of events under
the peak. Accordingly, one defines for any non- standard scenario an identification mass range, where
it can be unambiguously discriminated as the one really underlying the peak, by excluding the other
models as potential sources of that same peak. The determination of the spin of a discovered heavy re-
sonance is, therefore, crucial for its identification. We will here discuss the identification of the spin-2
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graviton excitation predicted by the RS model with one warped extra dimension [1], against the spin-1
and the spin-0 hypotheses for a heavy neutral resonance discovered in dilepton and diphoton inclusive
production at the LHC:

o1+ X, ppo>yw+X, (1)

where / = e,j1. In case of the spin-1 particle we will consider the Z’' bosons predicted by extended elec-
troweak gauge symmetries, and the spin-0 particles will be modeled by the sneutrinos (\7) envisaged
by R-parity violating SUSY extensions of the SM. ‘Confusion’ domains of their respective parameter
spaces allowed by current experimental constraints exist, in which s-channel exchanges of the above
mentioned particles can in the process (1) produce narrow peaks in the dilepton invariant mass with
the same values of mass and event rates. Therefore, for the spin-2 hypothesis discrimination against
the two alternative ones, more detailed information must be supplied, i.e., that embodied in the charac-
teristic angular distributions of the different scenarios.

1. Spin determination of heavy resonances. The basic observable for a heavy resonance discovery
at an invariant dilepton (or diphoton) mass M = M, (with in our case R = G, Z', v denoting graviton,
extra gauge boson and sneutrino, respectively) is the production cross section governing the rate
of events

N zcjyt MR +J_AM/2 If do
o(pp > R)-BR(R—I1"1")= dz aM | dy———. 2
Cew Mp-ami2 -y dMdydz
and the differential angular distribution
MR+AM /2 Y
9o "0 an | ay—-40 3)

d= Mp-AM/2  -Y ydede.

In Egs. (2) and (3), z =cos0., and y define the lepton-quark (or photon-quark) angle in the dilepton
(or diphoton) center-of-mass and the dilepton rapidity, respectively, and cuts on phase space due to de-
tector acceptance are indicated. Here, AM is an invariant mass bin around M, reflecting the detector
energy resolution, see for instance. To evaluate the number N, of resonant signal events, these equations
must be multiplied by the time-integrated luminosity, for which we will take 100 fb!, and by the fore-
seen reconstruction efficiencies (90 % for both electrons and muons. Finally, with N, the number of

“background’ events in the AM bin, determined by the SM predictions, the criterion Ng =54 Npg or 10

events, whichever is larger, will be adopted as the minimum signal for the peak discovery.
Center-edge angular asymmetry can be written as follows

O CE
Acg =——, @)
(¢)
where
" Z* —Z* Zcut dG Zcut dG
oce(z )= j— I +_f d—dz, o= I —dz.
* * yA
—z —Zcut z —Zcut

In Eq. (4), 0 <z*<z_  defines the separation between the “center’” and the “edge” angular regions,
and is a priori arbitrary. However, its actual value can be “optimized” in the numerical analysis. A fur-
ther potential advantage of 4, is that, as consisting of ratios of integrated cross sections, it could be less
sensitive to systematic uncertainties, such as those stemming from particular choices of parton distribu-
tions, K-factor values, etc.

1. New physics models and observables

1.1. RS model with one compactified warped extra dimension. This simplest version consists
of one warped extra dimension, y, two three-dimensional branes placed at a compactification relative
distance R . in y, and the specific 5-D metric
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ds? =exp(=2k | y ) dx"dx’ —dy?, ()

where My is the usual Minkowski tensor and & > 0 is dimensionful constant. The SM fields are as-
sumed to be localized to the so-called TeV brane, while gravity can propagate in the full 5-D space,
in particular on the other brane, the Planck brane, in which the effective 4-D mass scale is

Mp =1/ 8GNy =2.44- 10" TeV. With M, the 5-D mass scale, analogously related to the cubic root of
the 5-D gravitational constant, Einstein’s equations imply the relation M 2= M 3/ k)(l - exp(—2chRC)),

and the basic “naturalness” assumption imposed on the model, to avoid further fine tunings, is Mp, ~M«~k.
The geometry of Eq. (5) implies that the mass spectrum on the Planck brane, of the order of 10" TeV, can
for kRc ~11 be exponentially ‘warped’ down to the TeV brane where SM particles live, by many orders
of magnitude, namely, to the scale A, =M p;exp(—knRc)~1 TeV. The appealing consequence is then
that gravitational effects can occur in the reach of supercolliders, such as the LHC. Indeed, junction con-
ditions at the brane y-positions imply, for the above value of kR ., the existence of a tower of spin-2 gra-
viton excitations, hﬁﬁ), with a specifically spaced mass spectrum M, = x,kexp(—knR¢) of order TeV

(x, are here the roots of J(x,)=0). Their couplings to the SM particles are only 1/A_-suppressed:

1 1 &
Lrev =| = h{9 (x) +— 3 b (x) |T™ (x), 6
TeV |:MP] uv (x) An E,l uv (x) (x) ( )

and their signature may appear at LHC. In (6), T" is the energy-momentum tensor and hﬁ?,) denotes
the zero-mode, ordinary, graviton.

The RS model parameters are the mass of the lowest graviton excitation, M= M, and the dimen-
sionless coupling ¢ =k /M p;. Theoretically, “natural” ranges of these parameters are 0.01<¢<0.1

and A, <10 TeV. With I',, =pM nxﬁcz and p a number of order unity, narrow graviton resonances

are expected for such small values of c. LHC 95 % CL limits on M, is of order 4.1 TeV (c = 0.1). Thus,
due to the high allowed values of M, the discovery could be limited to the lightest M, and the verifica-
tion of the predicted mass pattern hardly feasible, so that the spin-2 determination through the angular
analysis becomes a crucial test of the model.

For dilepton production, the leading order subprocesses gg —> G — "1~ and gg —> G —>1"]" give

for the z-even distributions needed in 4, with self-explaining notations:

ds® 3 2\ sm O 2 4G, 5 4\ G
- _§(1+z Jos +§(1—3z +4zt)of +§(1—z Jog, )
and
AgEZSEMAE%A+Sg|:22*5+§Z*(1—z*2)—1}+sg[%Z*(S—Z*4)—l:|. ®)

In (8), sqG , sg and SEM are the fractions of G-events under the peak at M, initiated by g¢g and
gg processes, and the SM background, respectively. They are determined by overlaps of parton distribu-

tion functions and, obviously, sg + sg + ng =1. Strictly, Egs. (7) and (8) are quite transparent in showing

the characteristic z (and z*) dependencies for the spin-2 graviton, but hold in that form only forz = 1.
Moreover, next-to-leading order terms in QCD have for simplicity been included in the calculations
through flat (in z) K-factors, K ~1.3.

For diphoton production (1), retaining only the leading order RS resonance exchange contributions
to simplify the presentation, gg - G — yy and gg — G — vy, the analogues of Egs. (7) and (8) with

the same significance of the notations can be written as:

do®
dz

=§(1—z4)cg+3i2(1+622+Z4)Gg, ©)
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and

1 5 5 1
G _ G| sl _x4)_ Gl 1.2 w2 3, L %5
Acg = €4 {22 (5 z ) 1}+sg[ 1+8z +4z +SZ } (10)

It turns out that in this case the gg-initiated subprocess is the dominant, with a shape peaked atz =1
similar to the SM background but by far overwhelming it for the order TeV values of M, we here are in-
terested in. Clearly, the interest of the diphoton channel is that vector state does not decay into — yy and
it leaves only the spin-2 and spin-0 hypotheses, and that the ratio Br(G —vy)/Br(G—171")=2 is
predicted.

1.2. New neutral gauge bosons. Turning to the spin-1 hypothesis, Z' models depend, besides the mass
M = M,, on left- and right-handed couplings to quarks and leptons. In popular scenarios we refer to,
generated by different extended electroweak gauge symmetries, those couplings are fixed theoretically,

so that only M, would remain as a free parameter. This is the case of the Z x , Z T'l, VA w , Z 'LR , Z VALR models,
and the “sequential” Z ssm model with the same couplings as the SM (details can be found in [1]).
Current LHC lower limits (95 % CL) on these Z' masses lay within the range from 4.0 TeV to 4.5 TeV,
depending on the model.

Actually, the leading-order partonic subprocess gg — Z'— "1~ leads to the same form of the z-even
angular distribution as the SM, therefore to the same A4 ., for all models:

0 312 o o). an
and
Al = A =%Z*(z*2 +3)—1. (12)

Our 4, -based estimates for exclusion of the spin-1 Z" hypothesis will, accordingly, have a conside-
rable degree of Z' model-independence.
1.3. Sneutrino in R-parity-violating SUSY. The spin-0 character of the resonant subprocess

dd >v 1", leading to a peak at M = My, manifests itself in a flat angular distribution:

do¥ 3 1
— :§(1+22)62M+50}1', (13)
Alp =g A + ey [22%-1]. (14)

Besides My, the cross section is proportional to the R-parity violating product X = (A Y2 Br; where
Bry is the sneutrino leptonic branching ratio and X' the relevant sneutrino coupling to the dd quarks.
Current constraints on X are very loose (we may take the range 10°5< X < 1071,

2. Spin-2 identification

There are wide domains in M, and coupling constant values allowed by current experimental limits
where the scenarios described above predict the same peaks in M with the same numbers of events, so
that they cannot be distinguished from each other on the basis of the event rates only.

To proceed with the spin-identifying angular analysis, we suppose that a peak at M = M is discovered
in process (1), and assume that it is consistent with a spin-2 RS graviton (in which case Mz =Mg).
To evaluate the domain in the (M g,c) plane, where the competitor spin-1 and spin-0 hypotheses with
the same number of events under the M = M s peak as the graviton hypothesis can be excluded, hence
the spin-2 hypothesis can be established, we look at the “distances” among models:

Aér = A8z — Alp, Nlp = AS — Al (15)
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Fig. 1. Discovery and identification ranges obtained in dilepton final states as defined in the text

We adopt a simple-minded x2 -like criterion, where the deviations (15) are compared to the expected
statistical uncertainty 4% pertinent to the RS model (systematic uncertainties can also be included).
The xz for the Z' and the sneutrino cases in (15) is defined as xz =|AAlg / 8AE: |2 .

Fig. 1 shows the 5-c discovery domains and the 95 % identification domains for LHC luminosity
of 100 fb~! (1 = e, u combined), and the “theoretically favoured” restriction A, <10 TeV taken into ac-
count. Specifically: the area at the left of the line ”G” is the discovery domain for the lowest-lying RS
graviton resonance; the area at the left of the “V” curve is the exclusion domain of the spin-1 hypothesis;
finally, in the area at the left of the S line the spin-0 (and, as one can see, forcefully the spin-1) hypo-
thesis can be excluded. Therefore, the identification domain where both spin-1 and spin-0 hypotheses
can be excluded and the spin-2 established is the intersection of the S area with the A_< 10 TeV one,
i.e., above that curve. The allowed domain to the right of the dashed “oblique corrections” line is quali-
tatively determined by a fit to the oblique EW parameters, but the condition dramatically restricting
the discovery domains to the dashed areas, if literally applied, is the A_bound. This condition essen-
tially forbids the creation of additional mass scale hierarchies in the model.

Fig. 2 shows some attempts to assess both discovery and identification reaches on the spin-2 RS
graviton from the diphoton production channel in (1). Specifically, the left panel shows, for 0.01<¢<0.1
the minimum number of events needed to identify by means of the center-edge asymmetry a peak at di-
photon invariant mass M as an RS resonance, against the spin-0 hypothesis (95 % CL and LHC lu-
minosity of 100 fb™"). Leading order QCD (therefore unit K-factors) has been used to obtain this figure.

0.10

0.05

002}

3 0.01
MG (Tew MG (TeV)

Fig. 2. Discovery and identification from the process pp — yy + X
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The right panel of Fig. 2 represents, with the same style as Fig. 1, the translation to the (M, ¢) RS para-
meter plane of the minimum number of diphoton events for RS graviton identification given in the left

panel.
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