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Abstract

We analyze the potentiality of hadron colliders to search for large ex-
tra dimensions via the production of photon pairs. The virtual exchange of
Kaluza—Klein gravitons can significantly enhance this processes provided the
quantum gravity scale (Mg) is in the TeV range. We studied in detail the
subprocesses q¢ — vy and gg — 77 taking into account the complete Stan-
dard Model and graviton contributions as well as the unitarity constraints.
We show that the Tevatron Run II will be able to probe Mg up to 1.5-1.9 TeV
at 20 level, while the LHC can extend this search to 5.3-6.7 TeV, depending

on the number of extra dimensions.



I. INTRODUCTION

The known constructions of a consistent quantum gravity theory require the existence of
extra dimensions [1], which should have been compactified. Recently there has been a great
interest in the possibility that the scale of quantum gravity is of the order of the electroweak
scale [2] instead of the Planck scale M, ~ 10 GeV. A simple argument based on the
Gauss’ law in arbitrary dimensions shows that the Planck scale is related to the radius of

compactification (R) of the n extra dimensions by
My, ~ R*Mg™ (1)

where Mg is the (4 + n)—dimensional fundamental Planck scale or the string scale. Thus
the largeness of the 4—dimensional Planck scale M,,; (or smallness of the Newton’s constant)
can be attributed to the existence of large extra dimensions of volume R"™. If one identifies
Mg ~ O(1 TeV), this scenario resolves the original gauge hierarchy problem between the
weak scale and the fundamental Planck scale, and lead to rich low energy phenomenology
2,3]. The n = 1 case corresponds to R ~ 10® km, which is ruled out by observation on
planetary motion. In the case of two extra dimensions, the gravitational force is modified
on the 0.1 mm scale; a region not subject to direct experimental searches yet. However,
astrophysics constraints from supernovae has set a limit Mg > 30 TeV for n = 2 [4], and
thus disfavoring a solution to the gauge hierarchy problem as well as direct collider searches.
We will therefore pay attention to n > 3.

Generally speaking, when the extra dimensions get compactified, the fields propagating
there give rise to towers of Kaluza-Klein states [5], separated in mass by O(1/R). In order to
evade strong constraints on theories with large extra dimensions from electroweak precision
measurements, the Standard Model (SM) fields are assumed to live on a 4-dimensional
hypersurface, and only gravity propagates in the extra dimensions. This assumption is
based on new developments in string theory [6-8]. If gravity becomes strong at the TeV

scale, Kaluza—Klein (KK) gravitons should play a role in high—energy particle collisions,



either being radiated or as a virtual exchange state. There has been much work in the
recent literature to explore the collider consequences of the KK gravitons [3,9-14]. In this
work we study the potentiality of hadron colliders to probe extra dimensions through the

rather clean and easy-to-reconstruct process

pp (p) — X, (2)

where the virtual graviton exchange modifies the angular and energy dependence of the
qq (gg) — ~yy processes. In the Standard Model the gluon fusion process takes place via
loop diagrams. However, it does play an important part in the low scale gravity searches
since its interference with the graviton exchange is roughly proportional to Mg* instead of
M;® for pure Kaluza-Klein exchanges. Moreover, we expect this process to be enhanced at
the LHC due to its large gluon—gluon luminosity.

Since the introduction of new spin—2 particles modifies the high energy behavior of the
theory, we study the constraints on the subprocess center—of-mass energy for a given Mg
in order to respect partial wave unitarity. Keeping these bounds in mind, we show that the
Tevatron Run II is able to probe Mg up to 1.5-1.9 TeV, while the LHC can extend this
search to 5.3-6.7 TeV, depending on the number of extra dimensions. We also study some
characteristic kinematical distributions for the signal.

In Sec. IT we evaluate the relevant processes for the diphoton production in hadron
colliders. We then examine the perturbative unitarity constraints for the vy — ~v process
in Sec. ITI. Our results for the Tevatron are presented in Sec. IV A, while Sec. IV B contains

results for the LHC. We draw our conclusions in Sec. V.

II. THE DIPHOTON PRODUCTION

In hadronic collisions, photon pairs can be produced by quark—antiquark annihilation

qq — v, (3)

as well as by gluon—gluon fusion
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The lowest order diagrams contributing to these processes are displayed in Figs. 1 and
2 respectively. We only consider the contribution from spin-2 KK gravitons and neglect
the KK scalar exchange since it couples to the trace of the energy—momentum tensor and
consequently is proportional to the mass of the particles entering the reaction.

The differential cross section of the process (3), including the SM ¢— and u—channel

diagrams and the exchange KK gravitons in the s—channel, is given by

do(qq — v7) 1 2 21+C0529 54‘D(§)’2 A4 29 2
= 32 0 (1 0
dcos 0 10273 |22 ™ T —cotg T a6 ° S0 (1+cosTh)
— Re (iwomQD*(é) 8% (1 + cos® 0))} : (5)

with § being the center—of-mass energy of the subprocess and « the electromagnetic cou-
pling constant. k is the gravitational coupling while D(§) stands for the sum of graviton

propagators of a mass m -

DE) =Y

5 -
KK 6 —Mikk

(6)

Since the mass separation of 1/ R between the KK modes is rather small, we can approximate

the sum by an integral, which leads to [12]

_ A
K2D(5) — 16w 52 Mg+ [w + 2l (Eﬂ : (7)

where n is the number of extra dimensions and the non-resonant contribution is

A A/VE ynfl

Here we have introduced an explicit ultraviolet cutoff A. Naively, we would expect that the

cutoff is of the order of the string scale. We thus express it as
A =rM S 5 (9)

with 7 ~ O(1). Taking A = Mg > /5, we have for Eq. (7)



32vm

QDA -
K- D(8) — e

for n > 2. (10)

It is interesting to note that in this limit, the power for Mg is independent of the number
of extra dimensions. Our results in this limit agree with the ones in Ref. [14]. However,
we would like to stress that it is important to keep the full expression (7) since there is a
significant contribution coming from higher V.

In the Standard Model, the subprocess (4) takes place through 1-loop quark-box diagrams

in leading order; see Fig. 2. The differential cross section for this subprocess is then

2
do(gg—~yy) 1 1 11 o s,
dcosd  oims 15 s | 2 Maa MR (11)

We present the one-loop SM helicity amplitudes M2122232 in an appendix, which agree
with the existing results in the literature [15]. As for the helicity amplitudes Mj12243* for

the s—channel exchange of massive spin—2 KK states, they are given by

Myt ™ = Myt = =60 7= 12 D(3) 8 (1 + cos6)”. (12)
M=t = M= = 5, — k2 D(3) 8% (1 — cosf)? (13)

grav grav 16

where the remaining amplitudes vanish and a and b are the color of the incoming gluons.
As we can see from Egs. (5) and (11), the cross sections for diphoton production grow
with the subprocess center—of-mass energy, and therefore violate unitarity at high energies.
This is the signal that gravity should become strongly interacting at these energies or the
possible existence of new states needed to restore unitarity perturbatively. In order not to
violate unitarity in our perturbative calculation we excluded from our analyses very high vy

center—of-mass energies, as explained in the next section.

III. UNITARITY BOUND FROM ~v — v

We now examine the bounds from partial wave unitarity on the ratio Mg/\/s and r
in Eq. (9). For simplicity, we consider the elastic process vy — 7. The J—partial wave

amplitude can be obtained from the elastic matrix element M through
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1
/71 d cos di;u, [—i/\/l’\l’\”\w‘} , (14)

where 1 = A\ — X\, ¢/ = A3 — Ay, and the Wigner functions di; u/ follow the conventions of

Ref. [16]. Unitarity leads to
Im a), <la). >, (15)

wip =

which implies that

. (16)

DN | —

Re o] <

J
wip'

After the diagonalization of a the largest eigenvalue (x) has modulus |y| < 1. The
critical values |y| = 1 and |Re(x)| = 1/2 define the approximate limit of validity of the
perturbation expansion. In our analyses we verified that the requirement of |x| < 1 leads to
stronger bounds for almost all values of r.

At high energies the v~ elastic scattering amplitude is dominated by the KK exchange,
and consequently we neglected the SM contribution. Taking into account the graviton

exchange in the s, t, and u channels we obtain that

M — M = —i 262 [D() + D(u)] : (17)
MEH = Mot = —i W2k [D(s)+ D(t)] : (18)
ME—F = M = —i 212 [D(s) + D(u)] | (19)

where the D(s), D(t), and D(u) stand for the graviton propagator in Eq. (6) in the s, t,
and u channels respectively; their explicit expressions after summing over the KK modes
can be found in Ref. [12]'. Notice that the imaginary (real) part of M comes from the

(non-)resonant sum over the KK states; see Eq. (7).

Here we rectify the expression for D(t) (D(u)), for n odd, which should be given by

n/2—1 n
D) = 3y Tz 21/

with



Bose—Einstein statistics implies that only the even J partial waves are present in the
elastic vy scattering. From the expressions (17)—(19) we obtain that the non-vanishing

J = 0 and 2 independent partial waves for n=2 are

is? 1
ago = I [mQ In (ﬁ + 1) +In (x2 + 1)] , (20)
2 is? 4 2 1 2
A0 = Sa" {(4;}5 + 3z + 2) In (1 + ?> —4x* — 4] ) (21)
s
a2, = i [r—iln(2? = 1)] + s |27 (80 + 1602” + 1602" + 802° + 162%) x
27 J0M3 G400
1 154 188
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and for n = 3
2N b2 1
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a3,y =y, (27)
with © = rMg/y/s and by parity a3, = a*, , and a®,, = aj._,. Since the matrix

a? ; has a very simple form, it is easy to obtain that its non-vanishing eigenvalues y; are
2 2
ago and 2 aj,.

(n=1)/2  \k 2k—1
IE(MS/\/H):(—D(”_I)/Q[ > Q(kl—)l <%) +tan—1(MS/\/m) .
k=1



We exhibit in Figs. 3 and 4 the excluded region in the plane y/s/Mg®r stemming from the
requirement that |x;| < 1and |[Re(y;)| < 1/2 for n = 2 and 3. As we can see from Fig. 3, the
J = 2 partial wave leads to more stringent bounds than the J = 0 wave for almost all values
of r for n = 2. Meanwhile, in the case of n = 3, the J = 0 partial wave leads to stronger
bounds for large r. Assuming that the ultraviolet cutoff » = 1, we find that perturbation
theory is valid for v/ < Mg. This is what one may naively anticipated. Asymptotically for
larger 7, the limit approaches to v/ < 0.7Mg for n = 3, and V5 < 0.1 Mg for n = 2. In the

rest of our calculations we make the conservative choice r = 1 and v/§ < 0.9Ms.

IV. NUMERICAL STUDIES AT HADRON COLLIDERS
A. Results for Tevatron

Due to the large available center—of-mass energy, the Fermilab Tevatron is a promising
facility to look for effects from low scale quantum gravity through diphoton production
in hadronic collisions. At Run I, both CDF and D@ studied the production of diphotons
[17]. The CDF probed higher v+ invariant masses in the range 50 < M,, < 350 GeV, but
the binning information on the data is not available. It is nevertheless possible to exclude
Mg < 0.91 (0.87) TeV for n =3 (4) at 95% CL [14].

For Run II there will be a substantial increase in luminosity (2 fb™!) as well as a slightly
higher center—of-mass energy (2 TeV). Therefore, we expect to obtain tighter bounds than
the ones coming from the Run I. We evaluated the diphoton production cross section im-

posing that
e 0y <1
e pr > 12 GeV;

e 350 GeV < M., < 0.9 Ms.



Notice that we introduced a upper bound on M., in order to guarantee that our perturbative
calculation does not violate partial wave unitarity; see Sec. III. The strong cut on the
minimal M., reduces the background from jets faking photons [17] to a negligible level,
leaving only the irreducible SM background. After imposing those cuts and assuming a
detection efficiency of 80% for each photon, we anticipate 12 reconstructed background
events at Run II per experiment.

We display in Fig. 5 the M., spectrum from the SM and graviton-exchange contributions
for ¢¢ and gluon—gluon fusions. We use in our calculation the MRSG distribution functions
[18] and took the M., as the QCD scales. As we can see from this figure, the ¢g fusion
dominates both the SM and graviton contributions and the graviton exchange is the most
important source of diphoton at large vy invariant masses. This behavior lead us to introduce
the above minimum M., cut to enhance the signal.

We obtained the 2¢ limits for the quantum gravity scale Mg requiring that

Ttot — Ism Le>2), (28)

\Osm
where € = (.80 is the reconstruction efficiency for one photon, o, is the SM cross section,
and oy, the total cross section including the new physics; see Sec. II. We present in Table
I the 20 attainable bounds on Mg at Run II for several choices of n and an integrated
luminosity of £ = 2 fb™!, corresponding to the observation of 19 events for SM plus signal.
Notice that the bounds are better than the ones for Run I [14] because the higher luminosity

allows us to perform a more stringent cut on the minimum M., consequently enhancing

Y
the graviton exchange contribution. Furthermore, these bounds do not scale as (n — 2) M2
as expected from Eq. (10), showing the importance to take into account the full expression
for the graviton propagator.

In order to establish further evidence of the signal from low scale quantum gravity after
a deviation from the SM is observed, we study several kinematical distributions, comparing

the predictions of the SM and the quantum graviton exchange. We show in Fig. 6 the photon

rapidity distributions after the invariant mass and transverse momentum cuts, relaxing the



rapidity to be |n,| < 3, for the SM and for the n = 3 gravity signal with Mg = 1.9 TeV,
which corresponds to the 20 limit, and Mg = 1 TeV, which leads to a larger anomalous
contribution. As we expected, the s—channel KK exchange gives rise to more events at
low rapidities in comparison with the ¢ and u—channel SM background, indicating that an
angular distribution study could be crucial to separate the signal from the background. As
remarked above, the rapid growth of the M., spectrum is an important feature for KK

graviton exchange; see Fig. 7.

B. Results for LHC

The CERN Large Hadron Collider (LHC) will be able to considerably extend the search
for low—energy quantum gravity due to its large center—-of-mass energy (y/s = 14 TeV)
and high luminosity (£ = 10-100 fb~!). Therefore, we have also analyzed the diphoton
production at LHC in order to access its potentiality to probe Mg via this reaction.

At the LHC there will be a very large gluon—gluon luminosity which will enhance the
importance of gg — 77 subprocess, as can be seen from Fig. 8. Therefore, we can anticipate
that the interference between the SM loop contribution to this process and the KK graviton
exchange will play an important role in determining the limits for Mg since it is comparable
to the leading ¢g anomalous contribution for large Mg.

At high v~ center—of—mass energies the main background is the irreducible SM diphoton
production. In order to suppress this background and enhance the signal we applied the

following cuts:

e we required the photons to be produced in the central region of the detector, i.e. the

polar angle of the photons in the laboratory should satisfy | cos6,| < 0.8;

e M, > 0.8 (1) TeV, according with the luminosity £ = 10 (100) pb™~", in order to use
the fast decrease of the SM background with the increase of the subprocess center—of—-

mass energy;
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o M, <0.9 Mg to be sure that partial wave unitarity is not violated.

The SM contribution after cuts has a cross section of 1.86 (0.83) fb, which corresponds to
18 (83) reconstructed events for £ = 10 (100) fb™!.

In Table II, we present the 20 attainable limits on Mg for different number of extra
dimensions and two integrated luminosities £ = 10 fb~! and 100 fb~!, corresponding to the
observation of 27 and 101 events for the SM plus signal respectively. In our calculation we
applied the above cuts and used the MRSG parton distribution functions with the renor-
malization and factorization scales taken to be M,.. As we expected, the LHC will be able
to improve the Tevatron bounds by a factor ~ 4 due to its higher energy and luminosi-
ties. Moreover, our results are slightly better than the other limits presented so far in the
literature [9-11].

In order to learn more about the KK states giving rise to the signal, we should also
study characteristic kinematical distributions. For instance, the rapidity distributions due
to graviton exchange are distinct from the SM one since the signal contribution takes place
via s—channel exchanges while the backgrounds are u— and t—channel processes. We show
in Fig. 9 the photon rapidity spectrum after the invariant mass cut and requiring that
Iny| < 3, including the signal for Mg = 6.7 TeV and Mg = 3 TeV with n = 3 and the SM
backgrounds. As expected, the distribution for the graviton signal is more central than the
background. Analogously to the Tevatron analysis, the KK modes also show themselves in

the high diphoton invariant mass region as seen in Fig. 10.

V. DISCUSSION AND CONCLUSIONS

High center—of-mass energies at hadron colliders provide a good opportunity to probe
the physics with low—scale quantum gravity. We have analyzed the potentiality of hadron
colliders to search for large extra dimensions signals via the production of photon pairs.
Although the virtual exchange of Kaluza—Klein gravitons may significantly enhance the rate

for this processes and presents characteristically different kinematical distributions from the

11



SM process, it is sensitive to an unknown ultraviolet cutoff A, which should be at O(Mg). We
examined the constraints on the relation between /s and Mg from the partial wave unitarity
as a function of this cutoff. Keeping in mind the unitarity constraint, we calculated in detail
the subprocesses qqg — vy and gg — 77 taking into account the complete Standard Model
and graviton contributions. We found that the Tevatron is able to probe Mg at the 20 level
up to 1.5-1.9 TeV at Run II, for 7-3 extra dimensions; while the LHC can extend this search
to 5.3 (6.5)-6.7 (8.5) TeV for a luminosity £ = 10 (100) fb~!.

It is important to notice that our results are better, or at least comparable, to the
ones presented in the literature so far. At the Tevatron, it is already clear that the Run
IT will provide stronger limits on the new graviton scale due simply to the enhancement
of the luminosity. Our analysis shows that a careful kinematical study for the diphoton
production would improve the limits obtained so far in the Run II from other process as
Drell-Yan production [9], pp — jet + £ [10] and top production [11]. In the LHC, besides
the kinematical cuts suggested here, the inclusion of the SM box diagrams for gg — 7 also
improves the signal, since its contribution in the interference level is no longer negligible.
As a matter of fact, our results are comparable to the best ones presented so far, obtained

from the process pp — jet + F by Giudice et. al. [10].
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also studies the diphoton production at the LHC.

APPENDIX A: HELICITY AMPLITUDES FOR THE BOX DIAGRAMS

The independent helicity amplitudes for the SM process gg — <7 including only the

contribution of a massless quark are

S 2 g2 t
M (st u) = i 6a 8Qaa ; (A2)

_ 2 2
M (s,t,0) = —i b 8Q20 {1 FRCEnLE (%) Ll [m? (g) N 7#” A

M (st u) = —i 0y 8Qas ; (A3)

with a;, being the strong coupling constant, (), the quark charge, a and b standing for the
gluon colors, and s, t and u the Mandelstam invariants. The remaining helicity amplitudes

can be obtained from the above expressions through parity and crossing relations [20]:

MEEFE(s b u) = MEFEE (st u) = MEFFF(s ¢, u) = MEFEEF(s,t,u) ; (A4)
M (s, t,u) = MTT (s, t,u) ; (A5)
MEFEF (st u) = M~ (u,t,s) = M7 (u,t,s) ; (A6)
MEFFE(s tu) = M (tu, s) . (A7)

On the other hand, the top contribution is given by

M (51 ) = %5ab8Q3aas {—2 + SiQ [2(u2 — 2)(Bo(t) — Bo(u) + (Colt)t + Colu)u)x
x (8mis — 2t* — 2u®) + (Dy(s,t) + Do(s,u))s*m?(—4m; + 2s) +
+ Dy(t,u) (—4mf82 + 2m?st? — dm?stu + t*u + 2misu® + tu?’)}} i (A8)
M= (s,t,u) = i608Q2aqy [1 — 2m{ (Do(s,t) + Do(s, u) + Do(t,u)] (A9)
M (s,t,u) = i6,4,8Qao {—1 + i [me (Co(s)s+ Co(t)t + Co(u)u) (t2 + tu + u2) +
+ 2mystu (Do(s,t) + Do(s,u) + Do(t,u)) + mis*t*Dy(s, t) +

+ mis*u?Dy(s, u) + mit*u®Do(t, u)” , (A10)

13



where my is the top quark mass and By, Cy and Dy are Passarino—Veltman functions [21]

By (s) = Bo(s, my, mu) ; (Al1)
CO(S) = 00(070787mt7mtamt) ; (A12)
Dq(s,t) = Dy(0,0,0,0, s, t, my, mg, mg, my) . (A13)
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TABLES

‘ n ‘ 3 4 5 6 7 ‘

‘Ms (TeV)‘ 1.92 1.73 1.61 1.52 1.45‘

TABLE I. 20 limits in TeV for the quantum gravity scale Mg as a function of the number of

extra dimensions for the Tevatron Run II.

n 3 4 b} 6 7
L£=10fb"! 6.70 6.15 5.78 5.90 5.28
£ =100 fb~* 8.50 7.70 7.16 6.79 6.50

TABLE II. 20 limits in TeV for the extra dimensions gravity scale Mg as a function of the

number of extra dimensions for the LHC with luminosities £ = 10 and 100 fb~1.
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FIG. 1. Feynman diagrams contributing to the subprocess ¢q¢ — 7, including the Kaluza—Klein

graviton exchange.
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FIG. 2. Feynman diagrams contributing to the subprocess gg — =7, including the Kaluza—Klein

graviton exchange. The crossed diagrams are not displayed.
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FIG. 3. J =0 and 2 unitarity bounds in the plane \/s/Mg ® r for the elastic y7 scattering and
n=2. J=2(A) corresponds to the limit from the eigenvalue x = |ago| <1, (B) to 2|a3,| < 1 and

(C) to 2|Re(a3,)| < 1/2.

Excluded region

RERRARE SN R

25 f VVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVV J=2(A)

2 |

I T 1=2(C)

VE iy T—— T

05 [

0 :\ | ‘ L1 1| ‘ L1 1| ‘ L1 1| ‘ I — ‘ L1 1|
1 2 3 4 5

FIG. 4. Same as in Fig. 3 but for n = 3.
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FIG. 5. ~~ spectrum originated from the SM (solid lines) and graviton—exchange (dashed)
contributions for ¢q and gluon—gluon fusions at the Tevatron Run II. In this figure we took Mg =1

TeV, n = 3, and applied the cuts described in the text, using now M,, > 150 GeV.
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FIG. 6. Rapidity distributions of the photons for the SM background (solid line) and for the
signal for Mg = 1.9 TeV (dashed line) and Mg = 1 TeV (dotted line) with n = 3 at the Tevatron

Run II. We imposed the cuts |n,| < 3, 350 GeV < M., < 0.9Mg and p}. > 12 GeV.
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FIG. 7. Invariant mass distributions of the photon pair for the SM background (solid line) and
for the signal for Mg = 1.9 TeV (dashed line) and Mg = 1 TeV (dot-dashed line) with n = 3 at

the Tevatron Run II. We imposed the cuts |n,| < 1, 150 GeV < M, < 0.9Mg and p. > 12 GeV.
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FIG. 8. ~v spectrum originated from the SM (solid lines) and graviton—exchange (dashed)
contributions for ¢q and gluon—gluon fusions at the LHC. We took Mg = 4.7 TeV, n = 3, and

applied the cuts described in the text, using now M., > 400 GeV.
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FIG. 9. Rapidity distributions of the photons for the SM background (solid line) and for the
signal for Mg = 6.7 TeV (dashed line) and Mg = 3 TeV (dotted line) with n = 3 at the LHC. We

imposed the cuts |7,| < 3 and 800 GeV < M., < 0.9Mg.
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FIG. 10. Invariant mass distributions of the photon pair for the SM background (solid line)
and the signal for Mg = 6.7 TeV (dashed line) and Mg = 3 TeV (dot—dashed line) with n = 3 at

the LHC. We imposed the angular cut |cos6,| < 0.8 and 400 GeV < M., < 0.9Ms.
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