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We study the dijet production in the Randall-Sundrum model at the LHC with QCD next-to-leading
(NLO) order accuracy. Our results show that the QCD NLO corrections can increase the total cross sections
by more than 80% and reduce the scale dependence. We also explore in detail several important kinematic
distributions at the NLO level. Moreover, we discuss the upper limits of the Klauza-Klein graviton
excluded mass range and the allowed parameter space for the coupling constant and Klauza-Klein graviton

mass, using the experiment data.
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I. INTRODUCTION

Searching for new physics is one of the most important
tasks at the LHC. In many extensions of the standard model
(SM), there exist massive particles that couple to quarks or
gluons, which may be observed as a narrow resonance
in dijet production, such as the W', Z', excited quarks,
axigluon, and Klauza-Klein (KK) graviton from extra
dimensions. Therefore, the study of dijet events provides
a possibility to probe new physics effects. In the SM, the
dijet events are mostly produced through QCD interactions
in hadron colliders, which predicts a smooth and steeply
falling dijet mass spectrum. Experiments at the LHC have
already used the dijet invariant mass to constrain the mass
of these new resonances [1-3]. The Randall-Sundrum (RS)
model [4,5] is one among various new physics models
which can solve the large hierarchy problem of the weak
and the Plank scale.

In the RS model, the extra dimension is assumed to be
located on a S/Z, orbifold, which has two fixed points,
¢ = 0 and ¢ = 7. They correspond to a high energy brane
and the brane we live on, respectively. A graviton is the
only particle that can propagate through the bulk between
these two branes. The five-dimensional warped matric is
given by

2
ds? = =217 (n,w +—5 h,w) dxtdx’ — r’d¢?,
My

0< gl < (1)

where ¢ is the five-dimensional coordinate, k is a scale of
order of the Plank scale, r is the compactification radius of
the extra-dimensional circle, and £, is the graviton metric.
Solving the five-dimensional Einstein equation and using
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Eq. (1), we can get the relation between the four-dimen-
sional reduced Plank scale M » and the five-dimensional
Plank scale Mp [4],

_ M

M, = TP (1 — e 2km), (2)
The physical mass m of a field in four dimensions is related
to the fundamental mass parameter m, as the following:

m = e mmy, (3)

Thus, the hierarchy problem can be solved by assuming
kr ~12.

There also exist KK towers of the massive spin-2
graviton that can interact with the SM fields, and their
four-dimensional effective Lagrangian is given by [6,7]

1 » (0) 1 o < (n)
L= —M—pTﬂ(x)haﬂ (X)-A—ﬂTﬂ(X);ha (x)’ (4)
with
K—i: _1 Zk’”:Lk-’ (5)
Aﬂ Mp mKKMp

where « stands for the coupling constant between the KK

graviton and SM particles and A, is around the electroweak

scale. mygg is the mass of the first KK excitation mode of

the graviton, which we will focus on in this paper. x; is the

first root of the first-order Bessel function. Then the masses

of the first KK excitation modes are given by
k X1

—krm _

(6)

mgg = k.X] e

p K

From Egs. (5) and (6), the graviton sector of the RS mode_l is
completely determined by two parameters mgg and k/M .
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The RS KK graviton can be produced through both the
gg fusion and the ¢g annihilation at the leading order (LO).
The detailed Feynman rules of the graviton couplings can
be found in Ref. [8], and the propagator for the massive
spin-2 KK states is [9]

pG (k) _ i Byu./)o'(k)
wrpo 2 k2 - mZKK + imKKFKK ’

()

where

Kk k,k
Bt~ (1) (- 55
HY.p Hp mZKK m2KK
kko k,k,
() ()
2 kK, Kok,
- - - ., (8
() () ®

where I'xx is the width of the heavy resonance,
respectively.

The LO cross section and the signal for dijet production
via KK graviton exchange have been calculated in the
RS model in Refs. [10,11]. To put more a stringent bound
on the parameters of the model at the LHC, we need the
QCD next-to-leading-order (NLO) corrections to promote
the theoretical accuracy. Presently, many processes are
available for NLO accuracy, including single KK graviton
production [9,12] and graviton decay to different final
states such as Drell-Yan [13,14], diphoton [15,16], ZZ
[17,18], WTW~ [19,20], Z + missing energy [21], and 7
[22]. Since K factors at the NLO level in these processes
are large, it is also essential to go beyond LO for dijet
final state process. In this paper, we present a QCD
NLO calculation to the KK-graviton production and decay
in the dijet channel at the LHC and give constraints on
the relative parameters with NLO accuracy through
comparing with the latest dijet event data from the
CMS collaboration [3].

This paper is organized as follows. In Sec. Il we show the
analytic results for the LO and QCD NLO cross sections
and the consistent treatment for including the QCD NLO
effects of KK graviton decay width. In Sec. III we present
the numerical predictions for inclusive and differential
cross sections at the LHC. We simulate the signal for
RS KK graviton at the LHC and update the constraints on
the KK graviton mass using the recent measurement with
the NLO results. Some of the lengthy analytic expressions
are summarized in the Appendix.
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II. ANALYTICAL RESULTS

In this section, we present the analytical results for dijet
production via KK graviton exchange. The QCD NLO
corrections can be factorized into two independent gauge
invariant parts, i.e., a KK graviton produced at the NLO
with a subsequent decay at the LO and produced at the LO
with a subsequent decay at the NLO, similar to the cases
of Refs. [22,23]. We neglect interference between radiation
in the two stages, which are expected to be small, of order
O(a,I'kx/Mgg) [24-26]. This whole procedure can be
illustrated as

MESP = |MESE © |MET @ Pl

dec
MG = {IMS] ® | MG
+IMESP ® IMEEP} @ [Pgl
1 1
S M = (MRS © (Mg M) + M

® (M My} ® [P, ©)

’

’

where we have suppressed the possible Lorentz indices
here for simplicity.

A. Leading-order results

The LO Feynman diagrams for the production and decay
of the KK graviton are shown in Fig. 1. After summing over
spin and color of the final state particles and averaging over
spin and color of the initial states, the amplitude squares are

1
|M“ee_>qq| =353¢ (st + 1051 + 425%12
+ 648 + 321)R(s) (10)
3
[Miee ]? = = ~55¢K 41(s2 + 25t +22) (s + )R(s)  (11)
1
|Mg§iqq =5k 41(s2 + 25t +262) (s + 1)R(s)  (12)

1
M 12 =~ (st + 4531 4 65282 4 45 + 21 R(s),

(13)

where the Mandelstam variables s, ¢, u are defined as

s=(p1+p2)* t=(pi—p3)% u=(pi—ps)? (14)

R(s) represents the LO contribution from propagator for
Breit—Wigner resonance, which can be written as

Sl e Bl B

FIG. 1 (color online).

Tree-level Feynman diagrams for KK graviton production and decay into dijet.
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Ris) = (s* = mKK)1+ TRxmix (o)

Throughout this paper, we work in the 't Hooft—
Feynman gauge.

At hadron colliders, the LO total cross section is
obtained by convoluting the partonic cross section with

the parton distribution functions, which is

o(pp = jJj)
—ZZ/dxldXZ q/p(xlvﬂf)Gq/p(xb,uf)
qq ab
+ (x1 < xy)]
+Z/dxldXZGg/p(xl7ﬂf)Gg/p(x27ﬂf)6'gg—>abv

(16)

where i/ is the factorization scale. The LO partonic cross
section is defined as

/ dPS, M TP, (17)

lj—mh

B. NEXT-TO-LEADING-ORDER QCD
CORRECTIONS

1. Virtual corrections

The loop diagrams for the production part are shown
in Fig. 2. The virtual corrections contain both UV and
IR divergences, with the UV divergences renormalized by
introducing counterterms. Using the on-shell subtraction
scheme, we define all the renormalization constants for
massless quarks and gluons, which are given by

5ZOS:—&C€ L_L ,
! 3n €uv  €IR

where C, = T'(1 + ¢)(4au}/m?)¢ and n; =5 is the num-
ber of flavors of the massless quarks and u, is the

FIG. 2 (color online).
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renormalization scale. For the ¢g initial states, the
renormalized virtual corrections to partonic cross section
are

with

I'(l—2¢) \ s
: 8
A= 2
? 3
AV = 4,
g _ 8 2
Ay = §(ﬂ' - 15). (20)

For the gluon initial states, the renormalized virtual

corrections are

s Ay AV
6l = 54,5 D { L Clap } 1)
IR €IR
with
A;"g = —6,
2ny —33
Av.g _ f ’
! 3
. 1
A(”)'g = 18 (35nf + 3622 — 609)
1
+ K{l2m, (6C0m[ + 3COS + 11)
— 12(5m? + 5) [m(”’) +1n ( )} +47s}
m? 52
(22)

where Cj, is the finite scalar integral in Ref. [27], which
shows as

9
Y4

By
=

One-loop Feynman diagrams for the production of the KK graviton.

014027-3



SHI ANG LI et al.
Co(0,0, s;m*, m>, m?)

X, 1
W{ —1In%x; + 21In(x,) In(1 + x,)
+ 2Sp(—x,) +%]’ (23)

with
I In(1 — zt
Sp(z)—/ dtgn( Z),
0 t

—K(s + ie,m;,m;),

1= /1—dmm'/[z— (m—m')?]
14+ /1 =4mm'/[z = (m —m')?]
2# (m—m)?,

K(z,m,m') = -1

Xy =

K(z,m,m') =

z=(m—-m')> (24)

Note that in above renormalized amplitudes all the UV
divergences cancel each other, leaving the remaining IR
divergences and the finite terms.

2. Real corrections

The real corrections consist of radiation of an additional
gluon, or massless quark (antiquark) in the final state. For
real particle emission, the phase space integration contains
both soft and collinear singularities. We adopt the two-
cutoff phase space slicing method [28] to isolate all the IR
singularities, where the phase space is divided into different
regions by introducing two small cutoffs &, and .. The soft
cutoff §, separates the phase space into the soft region and
hard region according to the soft condition E; < s, which
can be written as

&5 = 8,-5j + 85. (25)

Furthermore, the hard piece is divided into two regions by

collinear cutoff §. according to the collinear condition
6.5 < (p;—ps)? <0,

6.[1-]1 _ AHC + AHC‘ (26)

The 85C contains the collinear divergences, which can
be obtained by integration over the phase space of the
emitted partons. The hard noncollinear part &gc is finite,
and we can compute it using standard Monte Carlo
integration techniques.

Soft gluon emission.—In the limit that the energy of
the emitted gluon becomes small, i.e., E5 < 5,+/s/2, the
amplitude square can be factorized into the Born ampli-
tudes times an eikonal factor ®,;,

Z‘Mreaﬂ(l + 2-3 + 4 + 5>|§oft - (47Tas) Z |MO|2(I>eikv

(27)
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with
s
éeik = C[ - ) (28)
P1PsP2"Ps
where C; = Cj. for the ¢g initial state and C; = C, for the

gg initial state. Here we only consider the situation for the
initial state. Then the parton level cross section in the soft
region can be expressed as

o 1 M [ SO
ij = Z/ |Mreal|2|softdF3 ft’ (29)

where dI'*™ is the three-body phase space in the soft
region, which can be factorized:

(S e o

with

1 4 -€ Js \/3/2
dS = — (—) / dESE;_ZSSinl_zegldel Sin_2592d92.
0

(31)

After the integration over the soft gluon phase space, we
have

R a, . AS AS \
&% = 5 65D, (6—22 + ?1 + AO> , (32)
with
A3 =20,
Al = —4C;Ins,,
A} = 4CIn%5,. (33)

For soft gluon radiated from outgoing partons, it gives the
same results. Here we do not show their expressions.

Collinear emission.—In this section we discuss the
collinear singularities in oy, which is treated differently
according to whether the singularities are from the initial or
final state.

Initial state collinear radiation.—The real emission
diagrams from initial states are shown in Fig. 3. In the
hard collinear region, Es > §,/s/2 and 0 < —1;5 < &5,
the emitted hard gluon (quark) is collinear to one of the
incoming partons. As a consequence of the factorization
theorem, the matrix element square can be factorized
into the product of the born amplitude square and the
Altarelli-Parisi splitting functions P;;(z,€) [29],

Z|M3 1—|—2_)3—|_4—f—5)coll

2P1/1(Z,€) —2P2/2(Z, 6)
(4raguze M + .
sk Z | ’ [ 2lys 2lps

(34)
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FIG. 3 (color online).

Here z denotes the fraction of the momentum of 1 (2)
carried by parton 1’ (2) with the emitted parton 5 taking a
fraction (1 — z).

Moreover, the collinear three body final phase space can
be factorized in the collinear limit. For example, in the limit
0 < —t15 < 6.5, it has the following form [28]:

dlz(1+2->3+4+5)|.
- dl(1'4+2—>3+4)]

Gy
1672°T°(1 —¢€)

s'=zs

dZdt15 [—(1

- 2)ns|™ (35)

Substituting the matrix elements square and phase space
in collinear limits into the hard collinear cross section,
we have

do 5C 2”D ( 1)5 {da 2[P11(2.€)G1yp(x1/2)Goyp(x2)

+ Py (2,€)Goyp(x1/2)Gyyp(x2) +
+dé gy [Py (2,€) Gy p(x1/2)Goyp(x2)
+ Py2(2,€)Goyp(x1/2)Gjp(x2)]}

dz (1-z
x & <—2) dxdx,,
zZ\ z

where G;/p is the bare parton distribution function (PDFs).

Final state collinear radiation.—The real emission
diagrams from final states are shown in Fig. 4. The
treatment of the final state collinear singularities is much
the same as that in the previous case of the initial state
situation. But for indistinguishable final states, there is
no need to introduce fragmentation functions. For proc-
ess 1 +2 —-3+4+5 with 5 splitting from parton 4,
following similar treatment as for the initial state, we
have

+ (%1 < x,)]

(36)
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1Y

HYYY

Real correction Feynman diagrams for the production of the KK graviton.

do 1+2—>'§+4+5

/ 1
d61+2—>3+4 2“ De <_ _) 5;6
T €

X /dzz_e(l —2)Pyy(z,€). (37)

Expanding the integrand and performing the integration
over z yields the final state hard-collinear terms

da;}g;sﬂﬁ _ d6(1)+2—>3+4’%stl)€ <A41V_’45 +A3/*45>,
(38)
where
A9 — Cp(3/2+2In4,),

A§"Y = Cp[7/2-2%/3 —Ins, —Ind,(3/2 +21n4,)),

AT = —n; /3,

A5 =n,/3(Iné, - 5/3),

AT = Cy(11/6 +21n6,),

C4[67/18 = */3 —In?6;, —In5,.(11/6 + 21n &)].
(39)

AG—’W/

Hard noncollinear emission.—We also have to consider
contributions from the hard noncollinear part, which is
finite. The hard noncollinear partonic cross section is given
by

8¢ = ACZW 2dPs;. (40)
We can calculate the amplitude square of these real
radiation diagrams directly in four dimensions. Besides
the channels we have considered in the LO diagram, there
are also gg and gg initial state processes. The detail results
are given in the Appendix.
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FIG. 4 (color online). Real correction Feynman diagrams for the decay of the KK graviton.

3. Mass factorization

After adding the renormalized virtual corrections and the two-cutoff real corrections, the parton level cross section still
contain some collinear divergences which can be absorbed into a redefinition of the PDFs at the NLO, namely mass
factorization [30]. This procedure means we replace the bare PDF G, ,(x) with renormalized PDF G,,,(x, ;) and then

convolute it with the partonic cross section. With the MS convention, the scale-dependent PDF G, /p(X.piy) is given by [28]

Guptoy) = G+ 3 (1) i —as () | [ £ PatoGutoro) (1)

f

This replacement will produce a collinear singular term, which will be combined with the hard collinear contribution
in Eq. (36). Then the expression for the remaining collinear contribution after considering the gg initial state contribution
will be

do" COHI 27D {[éq/p(xlaﬂf)Gq/P(xz’Mf) +Gq/p(xl’ﬂf)éq/p(x2?ﬂf)

Af(a—=ag) . A
+ Z [% + A (a = ag)} Gop (X1, 17) Gy p (X2, iy) + (%1 <> x,)]dES,
a=q.q

+ Gy (X1 1) Gyyp (X2 ag) + Gy (31, 117) Gy p (X2 i)
sc g9 B R
+2 [% + A() (g - gg)] Gg/p (xl’/"f>Gg/P (xq’ ,uf)]d()'gg}dxldxz, (42)

where

As¢(q = qg) = A(g — gg) = Cr(3/2 +21n4,),
Aic(g e gg) = 2CA ln5s + (IICA - 2flf)/6,

A = A% In <%>
f
1-6,6,,
Guten) = 3 [T Gt Pa ),

- l—ys
Pij(y) = Pij()’) In <5c——2> - P:'j()’)- (43)
Y Ky
Finally, the NLO total cross section for pp — jj in the MS factorization scheme is
N0 = /dxldXZ[Gq/p(xls:uf)Gq/p(xbﬂf) + (x) < x)(85, + 6y, + 65, + 60y T + 61C)
+ / dxldszg/p(xl,ﬂf)Gg/p(xz,yf)(&gg + 85‘1/51 +6 _|_ 5{]‘1(1CF 4 ’*HC) + geoll

4 / a1y S (G (1 ) Gy (520 1) + (311 5 12)]GTIC). (44)

a=q.q
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FIG. 5 (color online).

Note that the above expression contains no singularities
since 245 + A =0, 2477 + A} +2A5(q - q9) =0,
2A77 + ATY + 2A5¢(g = gg) = 0 for the initial state cal-
culation. And similar results can be obtained for final states.

4. Consistent treatment of KK graviton decay in
perturbation theory

In the narrow width approximation (NWA) [23], the
production cross section for a specific decay channel is
given by the total cross section times the branching fraction
of the decay channel, which requires a consistent treatment
of the decay at the NLO. For the Breit—~Wigner resonance,
there is a similar procedure. In this subsection, we briefly
review the basic idea of this procedure in the NWA, then
introduce the method we use for Breit—Wigner resonance.

The perturbative expansion of cross section and decay
width can be written as

o0 = 6 + a0, (45)

NLO =Ty + o, T (46)
Following the approach in Ref. [23], by expanding the

cross section to O(a,) and discarding terms of order O(a?)

or higher, we can write the differential cross sections as

Fi a I
NLO _ Lo
! 0 Iy 0 Iy 01 Iy

npr,
ol
(47)

— ;00 X ——

3,=1x10"
{s=14TeV

T'(GeV)
S

WTTTTT TTITTTITTITTI T TT TTTITITTTTT]TTT
AR RN RN RN R L R

0.006
0.0035
0.001

"

2000 4000 6000

FIG. 6 (color online). The LO and NLO decay widths of the KK
graviton for different KK graviton mass.
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Decay channels of the KK graviton.

where o and I are the lowest-order contributions to the
production rate and total decay width and a0, and o, I'"; are
the corresponding NLO corrections. Meanwhile, T and
a,[ are the LO differential decay width and its NLO
corrections for the channel i we considered. Following the
above approach, we expand the KK graviton propagator
with NLO decay width as

1
(8% = miy)* + [T + a1 Py
1 ZasmKKl"Orl
(S — mig)® + Comgg [(52 — migg)® + omgg]*’
R(s)[1 = 2a,R(s)mgg Lol ], (48)

and then we can rewrite similar cross section for Breit—
Wigner resonance as

PO = [1 = 2a,R(s Tyl )o ® T
+ a0 @)+ a,6° T, (49)

where in the convolution the LO width is always used in the
propagator.

Now we turn to the calculations of NLO QCD correc-
tions for the decay width of the KK graviton. The KK
graviton can decay to all the particles in the SM, which is
shown in Fig. 5. The LO decay width has been calculated
in Ref [4], and the calculation of NLO total decay width is
straight forward. Figure 6 shows the mass dependence of
the LO and NLO decay width, which can be fitted as

FO =3.15x 10_3mKK,
asrl =2.08 x 10_3asmKK. (50)

III. NUMERICAL RESULTS

A. Cross section

In this subsection, we present the numerical results for
total and differential cross sections for dijet production via a
RS KK graviton at the LHC. In our numerical calculations,
we use the two-loop evaluation for a,(Q) [31] and CTEQ
PDFs [32]. We use the CTEQ6M PDF for the NLO
calculation and CTEQ6L PDF for the LO calculation in
our numerical calculations of total and differential cross
sections, respectively. We assume k/M » = 0.1 and mgg =
1.5 TeV or 2 TeV for the RS model unless specified, so the
coupling strength between the graviton and the Standard

014027-7
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FIG. 7 (color online). Total cross sections for pp - G — jj at
the LHC as a function of §, in the phase space slicing treatment.
The &, is chosen to be §. = §,/50.

Model particles will be fixed when the graviton mass is set,
as shown in Eq. (5).

For the final state jets, we use the anti-k, jet algorithm
[33] with the distance parameter D = 0.5 to combine QCD
partons into jets. We reconstruct the trigger jet using the
FASTIJET algorithm [34]. We also require the final state jets
to satisfy the following basic kinematic cuts according to
ones used in the CMS study [3],

pr; > 30 GeV, In;| <2.5.
Here pr, and #; are the transverse momentum and
pseudorapidity of the final state jets, respectively.

Both the renormalization and factorization scales are

fixed to the invariant mass m;; of the dijet final states,

\/(Ejl +Ep)® = pj + Ppl
We have checked that the Breit—Wigner approximation is
applicable at the LO and calculated the full LO results

including all the channels. The results show that the
contribution from the s channel, which we discuss in

where m;; =

2 T T T T
1.8 -__\/_
9 T (s=7TeV 1
L 16k ~tot ]
cz' L —pro 1
i wdec ]
1.4 —
1 .2 L 1 1 1 1 1 1 1 1 1 1 1 1 ‘III‘I'II‘I-

1000 1500 2000 2500 3000

myk (GeV)

FIG. 8 (color online).
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our work, is dominant, since contributions from the ¢
and u channels are about 6% of the full LO total cross
section. After taking the experiment kinematics require-
ment shown below, their contributions are extremely
smaller and are only about 3%. The reason is that ¢ and
u channels are obviously suppressed by the kinematics
effect from the KK graviton propagator.

In Fig. 7 we show that the dependence of the NLO total
cross section on the arbitrary cutoffs 6, and J, is indeed
very weak. Here o4, includes the contribution from the
Born cross section and the virtual corrections. Both the soft
plus hard collinear contributions and the hard noncollinear
contributions depend strongly on the cutoffs, especially for
the small cutoffs (5, < 1072). However, after combining
every contribution (asoft + Ohard-coll T Ovirtual + ahard—noncoll)’
such dependence on the cutoffs cancels each other. The
final results for oy o are almost independent of the cutoff
for 8, < 1072. We take 6, = 103 and 6, = §,/50 to obtain
the numerical results presented below.

Figure 8 shows the NLO K factor, which is defined as the
ratio of the NLO cross section oy o to the LO cross section
010, as a function of the KK graviton mass at the LHC with
different center-of-mass energies. We can see that the total
QCD NLO corrections can be large, which can increase the
total cross sections by about 80%—100%. Numerical results
show that the NLO corrections from the production part are
dominant and agree with the ones given in Refs. [12,20,22].
The contributions from the decay part are relatively small
but can still reach about 20%-30%.

We further present the ratios between the total cross
sections from the different channels at both the LO and the
NLO in Fig. 9. It can be found that the contribution from
the gg channel is dominant at the low KK graviton mass
region for the large PDF of the gluon, and the contribution
from the gg channel becomes more important at the high
mass region since the PDF of the valence quark decreases
more slowly than the gluon. The NLO corrections can
change the ratio between different channels significantly.

In Fig. 10, we show scale dependencies of the LO and
NLO total cross sections. At the LO, the scale dependence

2 T T T T

gl — .
g | Is=14TeV ]
1.6 ~tot 7
& [ —pro 7
- - dec .
1.4~ —
1.2 [ s P I S S EN T T S S R S S S N i

1000 1500 2000 2500 3000

My (GeV)

The NLO K factors as functions of the heavy resonance mass at the LHC. The long dotted and solid lines

correspond to including the total NLO QCD corrections and the corrections from the production part alone, respectively.
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FIG. 10 (color online).
different KK graviton mass.

is purely from the factorization scale. Figure 10 shows that
the factorization scale dependence of the NLO cross section
is significantly reduced compared to the LO result.

B. Differential cross section

We separately present invariant mass and transverse
momentum distribution in this subsection. Following the
experimental analysis in Ref. [3], we consider wide jets as
the final states, which are formed by clustering additional

| AL e e e

Trr T rrorT
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I S O(og)sum |
< 0005 Rk
[}
)
o)
e _
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FIG. 11 (color online).
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Scale dependence of the total cross sections for dijet production through the RS KK graviton at the LHC with

jets into the closest leading jet if within a distance

AR = \/An?> + A¢? < 1.1. To account for resolution of

the detectors, we also add a Gaussian smearing to the
energy of final state jets [35], where the width is set as

AE;/E; =05/,/E;/GeV @ 0.02. (51)

Figure 11 gives the invariant mass distributions of the

dijet. At the LO it is a Breit-Wigner distribution with a

HLEL A I B L
- {s=14TeV
— my=1.5TeV

0.005

s

()

Q

@ 0
85

-0.005

AP N N BN B BN
1200 1300 1400 1500 1600 1700 1800
m (GeV)

Differential cross sections in the invariant mass for the final state dijet through the RS KK graviton; the left plot

shows the LO, NLO results, and the NLO corrections. The right plot shows the NLO corrections from production and decay separately.
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FIG. 12 (color online).
with mgg = 1.5 and 2 TeV.

center value mgg and width I'xgx. At the NLO there could
exist an additional hard parton besides the two leading jets
in the final state. Thus, the NLO corrections push the peak
of the distributions to the lower invariant mass region. We
also show separate contributions from initial state and final
state corrections in Fig. 11. It can be seen that the initial
state corrections shift the invariant mass distributions to a
higher region while the final state corrections tend to shift it
in the opposite way, which is a consequence of different
origins of the additional radiated parton.
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Normalized differential cross sections of the invariant mass for the final state dijet through the RS KK graviton

Figure 12 shows the normalized invariant mass distri-
butions with different KK graviton mass and collider
energy. Collider energy shows weak impact on the shape
of the distribution.

In Fig. 13, we display differential cross sections for the
transverse momentum py of the leading jet and the next-to-
leading jet for different center-of-mass energies and KK
graviton masses. We find that the NLO QCD corrections
enhance the LO results at both low p; and high p;. There is
a sharply falling in py distribution at about half the KK

_3 -
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8 105 . L
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The LO and NLO differential cross sections in the transverse momentum py of the two leading jets in dijet

production. Different types of lines correspond to different collider energy. The top row shows the result for the leading jet, while the
bottom row shows the result for the next-to-leading jet. The left row and right row correspond to different graviton masses.
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FIG. 14 (color online). Observed upper limits at 95% C.L. on
o x A for resonances decaying to the dijet final state compared
with the expected limits and their variation at the lo and 20
levels.

graviton mass, which is called the Jacobian edge [36]. The
edge is broadened by the KK graviton width and real
corrections at NLO.

C. Signal analysis

A search for the KK-graviton has been performed in the
dijet mass spectrum by CMS [3], based on the LO
theoretical prediction. Following Ref. [3], in Fig. 14 we
present the generic upper limits at the 95% confidence level
for the cross section o x A, where A represents efficiency
due to the kinematic requirement of [An;;| < 1.3 and
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045" NLO [ |
040+

k (Tev™h)
>
a

0301

0.25}

0201

1500 2000 2500 3000 3500
m gk (GeV)

FIG. 15 (color online). Allowed parameter space (upper side,
95% C.L.) for dijet production through KK graviton at the
LO and NLO.
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mj; >890 GeV. In this subsection, we use CTEQ6M
PDF for NLO calculation and CTEQ6L1 PDF for LO
calculation. We also assume k/M p1=0.1 for the RS
model. Due to the large QCD NLO corrections, the upper
limit of the excluded mass range of the graviton is
promoted from 1.45 to more than 1.6 TeV.

Figure 15 shows the allowed parameter space for the
KK graviton mass and its coupling to SM particles, based
on the upper limit for the total cross section in Ref. [3].
In our calculation, we consider the coupling region
0.15 TeV™! <x <0.50 TeV™' and the mass region
1.5 TeV < mgg < 3.5 TeV the same as in the experiment
analysis. In Fig. 15, the red and blue region corresponds to
the 95% C.L. exclusions at the LO and NLO, respectively.
It can be seen from Fig. 15 that the NLO corrections
significantly tighten the allowed parameter space.

IV. CONCLUSION

In conclusion, we have investigated dijet production in
the RS model at the LHC, including QCD NLO corrections
to the production and decay of the KK graviton. Our results
show that the QCD NLO corrections increase the total cross
sections by more than 80% and reduce the scale uncer-
tainties. Furthermore, we have also explored the distribu-
tions for final state dijet invariant mass, jet transverse
momentum with QCD NLO accuracy. Finally, we have
discussed the constraints on the KK graviton mass and the
allowed parameter space of graviton mass and its coupling,
based on dijet measurement at the LHC. We have found
that the upper limit of the KK graviton excluded mass range
is promoted from 1.45 to more than 1.6 TeV based on our
NLO calculations. The allowed parameter space is tight-
ened as well.
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APPENDIX: HARD NONCOLLINEAR PARTONIC
CROSS SECTION

In this Appendix we collect the hard noncollinear
amplitude square. We use Breit-Wigner approximation
and ignore the interference between initial and final state
radiation. For simplicity, we define the following invariant
variables:

sij = (pi + Pj)z- (A1)

For radiations from incoming partons, we have
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real
M 94(9) -

—qq

|2 nemagk*s3,R(s)

48(513 + S14 — 534) (523 + $24 — 534) (513 + S14 + S23 + 524 — 534)

X [=3s34 (13 + s34+ 533 534) + 353a(s15 + 514 + 523 + 5000) (575 + 574 + 533+ 53,)

- 4(S%3S24 + 3S%3S14S23 + 3513S24(S%4 + S%3) + S14SZ3(S%4 + S%3 + 3.8%4))],

and

Aragk*s3, (535505 + 513535 + S14504 (574 + 534)|R(s)

(A2)

| real | 2 _
q4(9)~99

and

(513 4 S14 = 534) (523 + 524 — 534) (513 + S14 + 523 + 524 — 534)

|2 9nfaSK47rs%4R(s)

(A3)

real
|qua(y) q

—4q9

32(s13 + 514 = 534) (523 + S04 — 534) (513 + 814 + 523 + 524 — 534)

3 3 2 3 2 3 3
X [2S13S14 + 2S13S14 + 3513S14S23 + S14S23 + 3S13S14S23 + SI4S23 + S13 S$24

2 2 2 2 3 2
+ 3513574524 + 3573523824 + 3574523524 + 3513553504 + 2553524 + 3513514524

2 3 3 3 2.2
+ 3514523854 + 513554 + 252385, — (S13 + 514 + S23 + 524) 534 + 3(513 + 14 + 523 + 524) 7554

—4(s13 + 514+ 523 + $24) 83, + 25%,].,
and

2 3raktsi,R(s)

(A4)

1
|M;Za(q) -

9)—499

A(s13 + S1a = 534) (523 + 524 — 534) (S13 + S1a + 523 + 524 — 534)

X {(s13 4 513523 + 533)% — 253, (s13 + 514 + 523 + 524) + 355, [(513 + 523)% + (514 + 524)7]

— 2534 [(513 + 523)° + (514 + 524)°] + (574 + s14504 + 53,)* + 53, }.

The other results can be obtained by crossing symmetry.
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