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Diphoton signals for large extra dimensions at the Fermilab Tevatron and CERN LHC
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We analyze the potentiality of hadron colliders to search for large extra dimensions via the production of
photon pairs. The virtual exchange of Kaluza-Klein gravitons can significantly enhance this process provided
the quantum gravity scaléM) is in the TeV range. We studied in detail the subproceqs_ps vy andgg
— 7y taking into account the complete standard model and graviton contributions as well as the unitarity
constraints. We show that the Fermilab Tevatron run Il will be able to pMgeup to 1.5-1.9 TeV at @
level, while the CERN LHC can extend this search to 5.3-6.7 TeV, depending on the number of extra
dimensions.

PACS numbgs): 13.85.Hd, 04.50th

[. INTRODUCTION in high-energy particle collisions, either being radiated or as
a virtual exchange state. There has been much work in the
The known constructions of a consistent quantum gravityrecent literature to explore the collider consequences of the
theory require the existence of extra dimensiphg which KK gravitons[3,9—14. In this work we study the potential-
should have been compactified. Recently there has begty of hadron colliders to probe extra dimensions through the
great interest in the possibility that the scale of quantunrather clean and easy-to-reconstruct process
gravity is of the order of the electroweak scf? instead of
the Planck scalé p|'21019 GeV. A simple argument based pp(p)— y¥X, )
on the Gauss law in arbitrary dimensions shows that the
Planck scale is related to the radius of compactifica®n  \here the virtual graviton exchange modifies the angular and

of the n extra dimensions by energy dependence of thﬁ(gg)ayy processes. In the
standard model the gluon fusion process takes place via loop
diagrams. However, it does play an important part in the low

where Mg is the (4+n)-dimensional fundamental Planck scale gravity searches since its interference with trle8 (f:;c:?wton

. . 74 .
scale or the string scale. Thus the largeness of the fougXchange is roughly proportional Ms ™ instead oM ™ fo
dimensional Planck scaM , (or smallness of the Newton’s pure Kaluza-Klein exchanges. Moreover, we expect this pro-
constank can be attributed to the existence of large extraC€SS to be enhanced at the CERN Large Hadron Collider

dimensions of volum&". If one identifiesMs~O(1 Tev), ~ (LHC) due to its large gluon-gluon luminosity. B

this scenario resolves the original gauge hierarchy problem_Since the introduction of new spin-2 particles modifies the
between the weak scale and the fundamental Planck scal@gn-energy behavior of the theory, we study the constraints
and leads to rich low-energy phenomenoldgy3]. Then  ©On the subprocess center-of-mass energy for a ghterin

—1 case corresponds ®=1C% km, which is ruled out by 'orde'r to respect partial wave unitarity. Keeping thege bounds
observation on planetary motion. In the case of two extrd" mind, we show that the Fermilab Tevatron run Il is able to
dimensions, the gravitational force is modified on the 0.1ProbeMsup to 1.5-1.9 TeV, while the LHC can extend this
mm scale; a region not subject to direct experimentaf€arch 10 5.3-6.7 TeV, depending on the number of extra
searches yet. However, astrophysics constraints from Supeclilmensmns. We also study some characteristic kinematical

novas has set a limits>30 TeV for n=2 [4], and thus  distributions for the signal.
disfavoring a solution to the gauge hierarchy problem as well N Sec. Il we evaluate the relevant processes for the
as direct collider searches. We will, therefore, pay attentiorfliPhoton production in hadron colliders. We then examine

ton=3. the perturbative unitarity constraints for the— y+y process
Generally speaking, when the extra dimensions get com Sec. lll. Our results _for the Fermilab Tevatron are pre-

pactified, the fields propagating there give rise to towers of€nted in Sec. IV A, while Sec. [V B contains results for the

Kaluza-Klein stated5], separated in mass b@(1/R). In  LHC. We draw our conclusions in Sec. V.

order to evade strong constraints on theories with large extra

dimensions from electroweak precision measurements, the Il. THE DIPHOTON PRODUCTION

standard mode{SM) fields are assumed to live on a four- ) . .

dimensional hypersurface, and only gravity propagates in the !N hadronic collisions, photon pairs can be produced by

extra dimensions. This assumption is based on new develogUark-antiquark annihilation

ments in string theor}6—8§]. If gravity becomes strong at the o

TeV scale, Kaluza-KleilKK) gravitons should play a role qq— v, 3

M3 ~R"ME"2, (1)
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Here we have introduced an explicit ultraviolet cutdft

Naively, we would expect that the cutoff is of the order of
the string scale. We thus express it as

FIG. 1. Feynman diagrams contributing to the subproa:ﬂ_qss
— v, including the Kaluza-Klein graviton exchange.

as well as by gluon-gluon fusion A=rMg 9)

. 4 A
gg9—vyvy (4) with r~O(1). Taking A=Mg> \/; we have for Eq(7)

The lowest order diagrams contributing to these processes a0

are displayed in Figs. 1 and 2, respectively. We only con- - ™

sider the contribution from spin-2 KK gravitons and neglect K*D(S)—— (n—2)M?%’ for n>2. (10

the KK scalar exchange since it couples to the trace of the s

energy-momentum tensor and consequently is proportionat s interesting to note that in this limit, the power fiots is

to the mass of the particles entering the reaction. independent of the number of extra dimensions. Our results
The differential cross section of the proc€8p including i this limit agree with the ones in Ref14]. However, we

the SMt- and u-channel diagrams and the exchange KKyould like to stress that it is important to keep the full ex-

gravitons in thes channel, is given by pression(7) since there is a significant contribution coming

from higher\/g.
In the standard model, the subprocdg$ takes place

do(qa—wy): 1 a2 ,1+cog

d cosé 1927s 1—cogd through one-loop quark-box diagrams in leading order; see
w |2 Fig. 2. The differential cross section for this subprocess is
s
2556) —————s*sir6 (1+cosh) then
da(9g—vy)
— Re(i max?D* (8) & (1+co20)) |, dcosg
1 111 NqAoA3g\ N1AoA3g\ 2
= — = M1234+M1234
®) 647s4 88 aib%,z,u( grav :
with s being the center-of-mass energy of the subprocess and (11

a the electromagnetic coupling constart.is the gravita-

tional coupling whileD(S) stands for the sum of graviton We present the one-loop SM helicity amplitudes
propagators of a massyy : in the Appendix, which agree with the existing results in the

literature[15]. As for the helicity amplitudes\t gﬁ;j““‘ for

N1Aohghg

thes-channel exchange of massive spin-2 KK states, they are
D(§)=>, ©  given b J P Y
KK g—mgy 9 y
Since the mass separation oR1between the KK modes is e e L e a2 2
i . = ===k D 1+cosb)?,
rather small, we can approximate the sum by an integral, = 9 Marav abyg X (8)s*(1+cosh)
which leads td12] (12)

A
\/é

wheren is the number of extra dimensions and the nonresowhere the remaining amplitudes vanish andndb are the

i n
— k?D(s) s?(1—cos6)?,

LM Mga  =Mga = dag
(13

k?’D(8)—16ms T2 Mg ("2 | 74 2il

nant contribution is color of the incoming gluons.
As we can see from Eq$5) and(11), the cross sections
v q o (8) g v(k) for diphoton production grow with the subprocess center-of-
KK mass energy, and therefore violate unitarity at high energies.
K K This is the signal that gravity should become strongly inter-
9 p (k') g (k) acting at these energies or the possible existence of new

states needed to restore unitarity perturbatively. In order not
FIG. 2. Feynman diagrams contributing to the subprogggs t0 Vviolate unitarity in our perturbative calculation we ex-
— vy, including the Kaluza-Klein graviton exchange. The crossedcluded from our analyses very highy center-of-mass ener-
diagrams are not displayed. gies, as explained in the next section.
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lll. UNITARITY BOUND FROM  yy— vy

We now examine the bounds from partial wave unitarity

on the ratioMg/\/s and r in Eq. (9). For simplicity, we
consider the elastic procesy— yy. TheJ-partial wave am-
plitude can be obtained from the elastic matrix eleméifit
through

J

1 1 .
&, =%£ld cosedim,[ —iMMr2 el (14

75

where u=N;—\,, u'=NA3—\,4, and the Wigner functions
dim’ follow the conventions of Ref.16]. Unitarity leads to

PHYSICAL REVIEW D 61 094007

M+__+:M—++—:_:_1t2K2[D(s)+D(u)], (19

where theD(s), D(t), and D(u) stand for the graviton
propagator in Eq(6) in thes, t, andu channels, respectively;
their explicit expressions after summing over the KK modes
can be found in Ref{12].! Notice that the imaginaryrea)
part of M comes from thé€non) resonant sum over the KK
states; see Ed7).

Bose-Einstein statistics implies that only the even
J-partial waves are present in the elastig scattering. From
expressiong17)—(19) we obtain that the nonvanishing
=0 and 2 independent partial waves for2 are

Ima’, =>la). |2 (15) . )
o is
which implies that a8;0=m x2In —+1 +In(x2+1) |, (20)
S
|Rea’ |s1 (16)
papl 2° is? 1
0:0= =X (4x*+3x+2)In| 1+ — | —4x*— 4|,
After the diagonalization ohfw,, the largest eigenvalue 8Ms X 21
(x) has modulus|y|=<1. The critical values/y|=1 and @D
|[Re(x)| = 1/2 define the approximate limit of validity of the ) -
perturbation expansion. In our analyses we verified that the , _ —S . 2 IS 2 2
requirement of y|<1 leads to stronger bounds for almost all 22 4OM§[7T HnOE=1)1+ 45 x(80+ 160«
values ofr.

At high energies theyy elastic scattering amplitude is . . o 1 )
dominated by the KK exchange, and consequently we ne- +160¢"+80x”+16x%)In| — +1 | +16In(1+x)
glected the SM contribution. Taking into account the gravi- X
ton exchange in thse, t, andu channels we obtain that ,/154 188 , ]

i —2X T ?X + 36x"+ 8x ) (22)
M****:M""z—ZSZKZ[D(t)+D(u)]; (17
. a§;72:ag;2' (23)
i
+-+-_ —t—t 2,2 .
M M U [D(s)+D(t)]; (19 and forn=3
0 = SA_ s 2 tarr (x) +x—in| 1+ (249)
ag.o= — ——| 2tan *(x)+x—x°In — 11,
%% 2M% M2 X2
, is? Al 3 144102 +70+252x2+180<4 2t . 70x2+252<4+180<6| " 1 -
A0.0™ 14M3 10" ) 30 Tan "0 30 M| (25

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

|t|n/271 n

D(t)—mw(—Zi)lE(MS/\/m),
with
(nfl)/2(71)k My 2k—1
—(— (n—1)/2 . —1
le(Ms/V[t)=(-1) [;1 I\ +anm Mg/t |.
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2

) _ 1 [A++s is? is 4 )
a5.,=— 5 T2 —x+5Inf ——=] |1+ sA— sA| 2— 52 (72+14x°)
1oV 2"\ A—1s 20M3  576M3 21
1848+ 2304+ 1300«*+28° 2048 | 2520+ 3360« +3024"+ 1440(6+280(8| e
- 35 + 35 tan (x)+ 35 n +; ,
(26)
ag;,2=ag;2, (27)

with x=rMg/+s and by paritya3.,=a,._, and a*,.,
=aj._,. Since the matrixa’; has a very simple form, it is
easy to obtain that its nonvanishing eigenvalyesre ag;o
and 23..,.

We exhibit in Figs. 3 and 4 the excluded region in the

plane \'sIMs®r stemming from the requirement thay;|

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

Due to the large available center-of-mass energy, the Fer-
milab Tevatron is a promising facility to look for effects
from low scale quantum gravity through diphoton production
in hadronic collisions. At run |, both CDF and /D&udied

<1 and|Re(x;)|<1/2 forn=2 and 3. As we can see from the production of diphotor{g 7]. The CDF probed higheyy
Fig. 3, theJ=2 partial wave leads to more stringent boundsinyariant masses in the range M 4y<350 GeV, but the

than theJ=0 wave for almost all values of for n=2.

Meanwhile, in the case of= 3, theJ=0 partial wave leads
to stronger bounds for large Assuming that the ultraviolet
cutoff r=1, we find that perturbation theory is valid for

binning information on the data is not available. It is never-
theless possible to excludds<0.91 (0.87) TeV for n=3
(4) at 95% C.L.[14].

For run Il there will be a substantial increase in luminos-

\/§<Ms- This is what one may naively have anticipated.ity (2 fb~1) as well as a slightly higher center-of-mass en-

Asymptotically for largerr, the limit approaches to\/g

<0.”Mg for n=3, and\/ESO.lMsfor n=2. In the rest of
our calculations we make the conservative chaieel and

\/§s0.9l\/ls.

Excluded region

J=2(A)

w
\Illll\l,kl'lllllllll
S

['-l-.,\"\ T | TT 12T | T

..............

o
1 2 3 4 5 6 7 8 9 10

r

FIG. 3. J=0 and 2 unitarity bounds in the plan&s/Ms®r for
the elasticyy scattering anch=2. J=2(A) corresponds to the
limit from the eigenvaluey=|a3.,| <1, (B) to 2/a3.,|<1 and(C)
to 2|Re(@3.,)|<1/2.

ergy (2 TeV). Therefore, we expect to obtain tighter bounds
than the ones coming from the run I. We evaluated the
diphoton production cross section imposing tlhat/|<1,
p¥>12 GeV, and 350 Ge¥ M ,,<0.9 Mg. Notice that we
introduced an upper bound o, in order to guarantee that
our perturbative calculation does not violate partial wave
unitarity; see Sec. lll. The strong cut on the mininl,,,
reduces the background from jets faking photbhg] to a
negligible level, leaving only the irreducible SM back-
ground. After imposing those cuts and assuming a detection

Excluded region

mtmimiaiaimiaiaimiai e S g min i a i aial i miatarm i,

_IIHF‘I'I\II\II
o,

1 2 3 4 5 6

r

FIG. 4. Same as in Fig. 3 but for=3.
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FIG. 5. yy spectrum originated from the Skéolid lineg and ¥
graviton-exchangédashed contributions forqq and gluon-gluon FIG. 6. Rapidity distributions of the photons for the SM back-
fusions at the Fermilab Tevatron run Il. In this figure we tddk ground(solid line) and for the signal foM s= 1.9 TeV(dashed ling
=1 TeV, n=3, and applied the cuts described in the text, usingandMgs=1 TeV (dotted ling with n=3 at the Fermilab Tevatron
now M,.>150 GeV. run Il. We imposed the cutsy,|<3, 350 Ge\xM,,<0.9M and

py>12 GeV.

efficiency of 80% for each photon, we anticipate 12 recon-
structed background events at run Il per experiment. more stringent cut on the minimuM ,,, consequently en-

We display in Fig. 5 theM ,, spectrum from the SM and hancing the graviton exchange contribution. Furthermore,

graviton-exchange contributions fag and gluon-gluon fu-  these bounds do not scale @s-(2)M¢ as expected from Eq.
sions. We use in our calculation the Martin-Roberts-Stirling(10), showing the importance to take into account the full
set G(MRSG) distribution functiong18] and took the,,  expression for the graviton propagator.

as the QCD scales. As we can see from this figure qﬁe In order to establish further evidence of the signal from
fusion dominates both the SM and graviton contributions andOW Scale quantum gravity after a deviation from the SM is
the graviton exchange is the most important source of dipho@PServed, we study several kinematical distributions, com-
ton at largeyy invariant masses. This behavior leads us toP&ring the predictions of the SM and the quantum graviton

introduce the above minimuM ..., cut to enhance the signal. €Xchange. We show in Fig. & the photon rapidity distribu-
We obtained the & limits fomhe quantum gravity scale tions after the invariant mass and transverse momentum cuts,

M requiring that relaxing the rapidity to b¢z,|<3, for the SM and for the
n=3 gravity signal withMg=1.9 TeV, which corresponds
to the 2o limit, and Mg=1 TeV, which leads to a larger
anomalous contribution. As we expected, thehannel KK
exchange gives rise to more events at low rapidities in com-
where e=0.80 is the reconstruction efficiency for one pho- parison with thet gnq u-qhannel SM backgrounq, indicating
fon. o is.the SM cross section, and, the total cross that an angular distribution study could be crucial to separate
> sm ' ot .the signal from the background. As remarked above, the

section including the new physics; see Sec. Il. We present Ipapid growth of theM .., spectrum is an important feature for
Table | the 2r attainable bounds ol g at run Il for several KK graviton exchangyg' see Fig. 7

choices ofn and an integrated luminosity @f=2 fb™*, cor-
responding to the observation of 19 events for SM plus sig-
nal. Notice that the bounds are better than the ones for run | B. Results for LHC
[14] because the higher luminosity allows us to perform a The CERN Large Hadron Collidgt. HC) will be able to
considerably extend the search for low-energy quantum
TABLE I. 20 limits in TeV for the quantum gravity scaM s as gravity due to its large center-of-mass energ/y_s:é 14 TeV)
a function of the number of extra dimensions for the Fermilabgq high luminosity(£=10—100 fb—l)_ Therefore, we have
Tevatron run II. also analyzed the diphoton production at LHC in order to
access its potentiality to probd s via this reaction.
At the LHC there will be a very large gluon-gluon lumi-
nosity which will enhance the importance gf— vy sub-
process, as can be seen from Fig. 8. Therefore, we can an-

(28)

n 3 4 5 6 7

Ms (TeV)

1.92 1.73 161 1.52 1.45
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TABLE II. 20 limits in TeV for the extra dimensions gravity
scaleMg as a function of the number of extra dimensions for the
e s LHC with luminosities£=10 and 100 fb*.

(pb/GeV)
=

T rTIHIl]

n 3 4 5 6 7

VY
&

e
<

£=10 fo ! 6.70 6.15 5.78 5.50 5.28
£=100 fb ! 8.50 7.70 7.16 6.79 6.50

do/dM

LI IIIHII

Yo
<
’
2]

press this background and enhance the signal we applied the
following cuts: 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 satigfyos¢,/<0.8; M,
>0.8 (1) TeV, according with the luminosity.=10 (100
fb~1, in order to use the fast decrease of the SM background
T with the increase of the subprocess center-of-mass energy;
10 200 300 400 500 600 700 800 900 M,,<0.9 Mg to be sure that partial wave unitarity is not
violated.
M, (GeV) The SM contribution after the cuts has a cross section of
1.86 (0.83 fb, which corresponds to 183) reconstructed
FIG. 7. Invariant mass distributions of the photon pair for the events for£=10 (100) fb™ 1.
SM background(solid line) and for the signal foMs=1.9 TeV In Table II, we present the® attainable limits orM g for
(dashed lingand Ms=1 TeV (dot-dashed linewith n=3 at the  different number of extra dimensions and two integrated lu-
Fermilab Tevatron run Il. We imposed the cutg,|<1, 150  mingsitiesC=10 and 100 fb?, corresponding to the obser-
GeV<M,,<0.9Ms andpi>12 GeV. vation of 27 and 101 events for the SM plus signal, respec-
tively. In our calculation we applied the above cuts and used
ticipate that the interference between the SM loopthe MRSG parton distribution functions with the renormal-
contribution to this process and the KK graviton exchangdzation and factorization scales taken toMg,,. As we ex-
will play an important role in determining the limits fag ~ pected, the LHC will be able to improve the Tevatron bounds
since it is comparable to the leadigg anomalous contribu- by @ factor=4 due to its higher energy and luminosities.
tion for largeM. Moreover, our res_ults are slightly better than the other limits
At high vy center-of-mass energies the main backgroundrésented so far in the literatuj@—11.

is the irreducible SM diphoton production. In order to sup- N 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
4 0 Mg = 4.7 TeV graviton exchange are distinct from the SM one since the
n=3 signal contribution takes place vigchannel exchanges
while the backgrounds are- and t-channel processes. We
show in Fig. 9 the photon rapidity spectrum after the invari-
aq ant mass cut and requiring tHa;y|<3, including the signal
------------------------- i for Mg=6.7 TeV andMg=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.

T 1 IllHlI

-6
10

T IIHHl

[voy
(=]

T IHIHI'

(pb/GeV)

WP—‘
(=]

T T|T1III|

.
szan
4=t

do/dM
; I

10

V. DISCUSSION AND CONCLUSIONS
10 High center-of-mass energies at hadron colliders provide
a good opportunity to probe the physics with low-scale quan-
II|IIII|HII|II!I|III tHII«Ill‘IIlI IIIIIiII tum grav'ty We haveanaIyZEdthe pOtentIaIItythadron
10 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 colliders to search for large extra dimensions signals via the
production of photon pairs. Although the virtual exchange of
MW (GeV) Kaluza-Klein gravitons may significantly enhance the rate
for these processes and presents characteristically different
FIG. 8. yy spectrum originated from the Sksolid lineg and  kinematical distributions from the SM process, it is sensitive
graviton-exchangeédashedl contributions forqq and gluon-gluon  t0 @n unknown ultraviolet cutoffA, which should be at
fusions at the LHC. We tooM s=4.7 TeV,n=3, and applied the O(Mg). We examined the constraints on the relation be-
cuts described in the text, using ndw,.,>400 GeV. tween /s andM ¢ from the partial wave unitarity as a func-

iy
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i LHC
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e - 2 M ATy
Em — : s ie
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M, = 6.7 TeV
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n'Y

FIG. 9. Rapidity distributions of the photons for the SM back-
ground(solid line) and for the signal foM s=6.7 TeV(dashed ling
andMg=3 TeV (dotted ling with n=3 at the LHC. We imposed
the cuts|,/]<3 and 800 Ge¥M,,<0.9Ms.

tion of this cutoff. Keeping in mind the unitarity constraint,
we calculated in detail the subprocessgs— vy and gg

— vy taking into account the complete standard model anq)
graviton contributions. We found that the Tevatron is able to

probe Mg at the Zr level up to 1.5—-1.9 TeV at run I, for

PHYSICAL REVIEW D 61 094007

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 Il 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 Il from

other process as Drell-Yan productif®|, pp— jet+ E [10]
and top productiofnll]. In the LHC, besides the kinematical
cuts suggested here, the inclusion of the SM box diagrams
for gg— vy 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 procepp— jet+ E by Giudiceet
al [10].

Note addedWhen we were preparing this manuscript we
became aware of Ref19] which also studies the diphoton
production at the LHC.
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7-3 extra dimensions; while the LHC can extend this search APPENDIX: HELICITY AMPLITUDES FOR THE BOX

to 5.3 (6.5-6.7 (8.5 TeV for a luminosity £=10 (100
fb~ L.

T T 1117

do/dM, , (pb/GeV)

LSRN

LRI

T T IIIIH]

Ill\llllllll\Illllllll\I!llllljll}\llll\lL

500 750 1000 1250 1500 1750 2000 2250 2500
M, (GeV)

-8
10

FIG. 10. Invariant mass distributions of the photon pair for the
SM background(solid line) and the signal forMg=6.7 TeV
(dashed lingand Mg=3 TeV (dot-dashed linewith n=3 at the
LHC. We imposed the angular cytosd,|<0.8 and 400 GeV
<M,,<0.9Ms.

DIAGRAMS

The independent helicity amplitudes for the SM process
gg— vy including only the contribution of a massless quark
are

u—t u
M;rm+++(s,tyu): —i 5ab8Q§aas[ 1+Tln(?)

Jr1t2+u2 2 u L AL

2 2 o]+ (AD

M (s, u)=i 8,,8Qaa, (A2)
My (st u)=—i 8,,8Q%aas, (A3)

with ag being the strong-coupling constar®, being the
quark chargea andb standing for the gluon colors, arglt,
andu being the Mandelstam invariants. The remaining helic-
ity amplitudes can be obtained from the above expressions
through parity and crossing relatiof0]:

Miiit(s,t'u):

titi(

s,t,u)
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M T (s tu)=M T (s t,u), (A5)
MTTEE(st,u) =M T (ut,s) =M T (UG, s), (AB)
MTFFE(s,t,u) =M T (t,u,8). (A7)

On the other hand, the top contribution is given by
M;nj“(s,t,u)zizaabsqgaas[ -2+ é{Z(uz—tz)[Bo(t)—Bo(u)]+[Co(t)t+Co(u)u](8mtzs— 2t2—2u?)
+[Dg(s,t)+ Do(s,u)]s?’m2(—4m2+2s) + Do(t,u) (— 4mf's?+ 2m?st?
—4mfstu+t3u+2mtzsu2+tu3)}] : (A8)
Mn T (stU) =1 6ap8Qears{ 1~ 2m{ Do(s,t) + Do(s,U) + Do(t,u) I}, (A9)

++—+ ; 2 1 2 2 2
Mgm T (s,t,U)=10,,8Qqaas —1+§J{2mt[C0(s)s+Co(t)t+Co(u)u](t +tu+u®)

+2mistu[Dy(s,t) + Do(S,u) + Do(t,u) ]+ m2s?t?Do(s,t) + m?s?uD(s,u) + mZt2u?Do(t,u)} ¢,

(A10)
wherem; is the top quark mass ari,, Cy, andD, are Passarino-Veltman functiofid1]
Bo(s)=Bg(s,m;,my), (A11)
Co(s)=Cy(0,08,m;,m;,my), (A12)
Dy(s,t)=Dy(0,0,0,0s,t,m;,m;,m;,my). (A13)
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