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Kaluza-Klein gluons at 100 TeV: NLO corrections
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We explore the reach of a 100 TeV proton collider to discover Kaluza-Klein gluons in a warped extra
dimension. These particles are templates for color adjoint vectors that couple dominantly to the top quark.
We examine their production rate at NLO in the six-flavor m-ACOT scheme for a variety of reference

models defining their coupling to quarks, largely inspired by the Randall-Sundrum model of a warped extra
dimension. In agreement with previous calculations aimed at lower-energy machines, we find that the NLO
corrections are typically negative, resulting in a K factor of around 0.7 (depending on the model) and a

residual scale dependence on the order of +20%, greater than the variation from the scale exhibited by the

naive LO estimate.
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I. INTRODUCTION

Massive color octet vector particles (generically known
as colorons, G) are common ingredients in models of
physics beyond the Standard Model (SM). In particular, in
models where some or all of the SM quarks are composites,
such states are ubiquitous as a consequence of the need for
underlying preon degrees of freedom which themselves
carry color. These include topcolor models where electro-
weak symmetry is broken by a top condensate [1], axigluon
extensions of quantum chromodynamics with chiral sym-
metry breaking [2,3], or technicolor models with colored
composite states analogous to the p meson [4]. The most
popular incarnation of colorons are Kaluza-Klein (KK)
excitations of the gluon in models with an extra dimension.
As motivation, we take the particular case of the Randall-
Sundrum (RS) model of a warped extra dimension [5]
which is related to strong dynamics via the AdS/CFT
correspondence [6,7]. In many models, such particles have
preferential coupling to the top quark [8—12]. We explore
the production of such states at a future 100 TeV proton—
proton collider [13] at next-to-leading order (NLO) in
quantum chromo-dynamics (QCD). At such energies, the
top quark’s mass is small, leading to large logarithms which
can be resummed into an effective top parton distribution
function (PDF) [14-17].

The original RS model localized all Standard Model fields
on a brane so that only gravity propagated in the bulk of
the extra dimension. Subsequent versions of this model
incorporated bulk gauge fields to alleviate constraints from
proton decay and flavor-changing neutral currents [ 18-20],
and later bulk fermions in a way that can explain the
hierarchy in observed Yukawa couplings [8,21]. The min-
imal realizations of these models were tightly constrained by
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electroweak precision observables and large contributions to
the Zbb coupling [20,22,23]. At face value, these push the
Kaluza-Klein scale to O(10 TeV), beyond the reach of
existing colliders, unless one invokes additional structure
such as a gauged custodial symmetry [9,24-26] or large
brane kinetic terms [27-29] which allow for O(1 TeV)
masses of the Kaluza-Klein (KK) excitations. Detailed
reviews of the RS model can be found in [30-33].

One may take the alternative viewpoint that the natural
scale of RS models is O(10 TeV), with a relatively modest
fine-tuning between the electroweak and compositeness
scales. From this point of view, a more minimal model may
be the realization preferred by nature. In this case, a future
100 TeV collider [34] that can access O(10 TeV) partonic
energies represents the best hope to probe the physics
which underlies the electroweak scale. KK resonances of
the gluon are likely to be the first signal of new physics as a
result of their strong production cross sections.

In these modern RS models, the Standard Model fields
propagate in five-dimensional anti—de Sitter spacetime,
where one dimension is compact and warped. The warped
dimension is an S;/Z, orbifold with fixed points, or
“branes,” on the infrared (IR) and ultraviolet (UV) boun-
daries. The hierarchy of Yukawa couplings is suggested by
the exponential profile of zero-mode fermion profiles that
are peaked towards either the infrared or ultraviolet brane
according to their bulk mass parameters—corresponding to
differing anomalous dimensions in the dual strongly
coupled theory. The solution of the gauge hierarchy
problem requires the Higgs to be largely localized on
the infrared brane so that fermions which are peaked
towards the infrared brane pick up large Yukawa couplings,
and those peaked towards the ultraviolet brane end up with
small Yukawa couplings. Further, the KK excitations of
gauge bosons are redshifted by the warped background and
are thus peaked towards the infrared brane. As such, the KK
gluon has the largest wave function overlap and effective
coupling to top quarks, since these are the colored Standard
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Model fermions whose wave functions are most peaked on
the IR brane. The structure of the KK gluon couplings, and
its coupling to the top quark, in particular, thus provides a
diagnostic of RS models [35].

In this work, we build on previous studies of KK gluons
[36-38] which studied production at leading order (LO)
[39-41] or NLO [42-44] at lower energies, where the top
content of the proton can be safely neglected. Our aim is to
provide precise estimates for the production cross section
such that detailed collider studies [45,46] of the signal and
background can be used to more accurately predict the
reach of a 100 TeV pp machine to probe the interesting
range of RS parameter space.

II. REVIEW OF THE RANDALL-SUNDRUM
FRAMEWORK

The five-dimensional spacetime has a nonfactorizable
metric:

R\ 2
ds* = <—> (ndxtdx” — dz?). (2.1)
Z

The coordinate x* describes the four-dimensional
Minkowski  spacetime,  with  the metric 7, =
Diag(+ —). Coordinate z describes distances in the

extra dimension, and is confined to R < z < R’. Here,
7= R ~ 1 /My, corresponds to the UV brane, whereas the
IR brane at z = R’ ~ 1/TeV is set by some unspecified
radius stabilization mechanism.

For gauge fields, A, and fermions, W, the action is
given by

1 . -
S—/d“xdz\/g[—EF;;,NFMNa+i\I/rMeﬁDN\IJ+i%W :

(2.2)

The field strength tensor is defined as F§,y = 0yA% —
OnAY, + gsfebcAb A, where gs is the coupling constant in
the five-dimensional theory, and the vielbein is defined as
e’ Capital roman letters M and N rtun over all five
spacetime dimensions. The bulk fermion mass is para-
meterized by a dimensionless constant ¢ times the AdS
curvature, k = 1/R. One may also add brane-localized
terms proportional to §(z — R) or §(z — R’) to the action
[27,28], but we neglect them for simplicity in this
discussion.

In the expansion of FyyFMN there are mixing terms
between A, and As. To remove this mixing, we choose a
gauge in which 0, A* = 0and As =0atz = Rand z =R/,
and we add gauge-fixing terms to the effective four-
dimensional Lagrangian. In the general R; gauge, the
action becomes [47]:
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We work in the Feynman gauge, & = 1.

(2.3)

A. Kaluza-Klein decomposition

Vector bosons: A five-dimensional bulk gauge field can
be decomposed into orthogonal functions.

Mo = =AW @)
=0
#5(x.0) == AV 0S)). @)

The wave functions f;(z) can be expanded in terms of
Bessel functions, and satisfy

1 m3
9, Eazfj +7'fj =0;

(2.6)

d
?Zfi(z>fj( ) - 5zj>
8Zf/(z)|z:R.R’ =0.

Theories with unbroken gauge bosons have flat zero
modes, with 0_f(z) =0,

1

foz)=fo= log(R/R)’ (2.7)

For SU(3), this zero mode is identified with the Standard
Model (QCD) gluon, and we refer to higher modes as KK
gluons.

Chiral fermions: In four-dimensional spacetime, the
Standard Model fermions are left- or right-chiral Weyl
fermions. In five dimensions, the y° matrix is appropriated
into Y = (4°,...,7>,7°) and the bulk quarks and leptons
are four-component Dirac spinors. To recover the chiral
Standard Model, we impose boundary conditions to
remove the wrong-chirality states for the fermion zero
modes.

The Weyl components of the Dirac spinor ¥ = ( ) are
expanded separately as
1 ; N
=5 h@(). Wl Zh
Jj=0
(2.8)

with the orthogonality relations
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(2.9)

For ¢ < —1/2, the zero mode peaks towards the UV
boundary; for ¢ > —1/2, it peaks towards the IR. An
anarchic flavor model with O(1) Yukawa couplings in
the five-dimensional Lagrangian suggests [11] ¢, =0,
cg,, ~0.4,and c; < —0.5 for all other quarks to reproduce
the observed hierarchy in their masses. In this way, the RH
top quark peaks strongly to the IR brane, and the LH Q3
doublet is relatively flat.

B. Interactions in four dimensions

Interactions between particular KK modes of the fer-
mions and bosons can be derived from the five-dimensional
theory by integrating over z. From the five-dimensional
action, Eq. (2.3), we determine the relevant Feynman rules
for the effective four-dimensional theory describing the (0)
and (1) KK modes. Because the gauge boson zero modes
|

gs / d2§ [ﬁfo(z)fi(z)fj(z)] = \/Ll»efogs %fi(z)fj(z) = \/—Egséij = 9,6}

o5 [ ac(2) | e rolo el (@) = a5 T8 [ az(2) b a(ot]at2) = 8

as demanded by gauge invariance.

KK gluon couplings: We are primarily interested in the
coupling of the KK gluon to the left- and right-handed
fermions. These stem from the terms in the action

/ d*x[g 705 A 1O + gy 0o AV g O),  (2.14)

leading to couplings

o= [a(?) wrone. e

M, a I/,b = _;/Lyé‘a;) a b

PESEETEE P’ =M coc0dooo

pa b o= Uwla ;

R TIL111110 p erreeapenneen
FIG. 1.
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are flat and the functions f(") are orthogonal, some
couplings vanish.

QCD gluon couplings: To relate g5 of the five-dimen-
sional theory to the four-dimensional coupling g,, we
extract the three-gluon vertex for the gauge boson zero
mode:

R 1 3
(2.10)
_ Jogs
gs = JR (2.11)

With the definition of g, above, the Feynman rules for the
three-point vertex with zero-mode gluons matches QCD.
Using the orthogonality of the f; and hi’  basis functions, it
can be shown that the zero-mode gluon couples to fermions
and other KK gluon modes with the same coupling g,

_Jo (2.12)

4
(2.13)

se=2 () tr@r. @)

C. Feynman rules

In this subsection, we summarize the Feynman rules
needed for our calculation. Figure 1 shows the propagators
in the § = 1 gauge. Typically, the quark mass m, will be set
to zero (except in Sec. V C). The KK gluon mass is denoted
by M.

The leading-order process is determined by the inter-
action of SM quarks with the KK gluon:

il I

e _‘i_______b_ T2 M2

. 10ap ) . Z(? + mQ)(Sij

- i -7 v
P2 P2 —m2

Propagators, Feynman gauge. Top: KK gluon, KK ghost, and A(Sl). Bottom: QCD gluon, QCD ghost, and SM quark.
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W a = VT (g Pr 4+ grPr) = iv"(gv + gavys)T°.

(2.17)

where T indicates a generator of SU(3) in the fundamental representation. The virtual O(«y) corrections also involve the

triple gluon (0)-(1)-(1) vertex, and interactions with the Agl) scalar and Fadeev-Popov ghosts:

YR ¢ = —g. f%(p — )"

ao
9.

aoc Zxo aoc

RO 11 ¢ = — g, fpH “CRARRR ¢ = —gs foPp"

(]
& <
L] .

bho b <

a ...
N

c = _Z'Mgsfabcnuu

where all momenta flow into the vertex and f%*¢ are the structure constants. The pure QCD interactions involving only zero

modes are unchanged with respect to the Standard Model.

1. Other interactions

It can be shown that the A5 couples to quarks with an interaction proportional to the quark mass. In Sec. III B, we justify

neglecting these corrections,

T T %TG(QL —9r)15s — 0.

The three-point interaction involving three KK gluons is proportional to

gum == [ S OV E0)

@ (k —p)” + 0" (p — )" +n"(q — k)"].
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FIG. 2. Perturbative expansion in a, and log(u?/m?). We include the NLO/LL and LO/NLL diagrams in our calculation, and we

neglect the shaded corrections above.

This coupling is not necessarily small, but we do not
include it in the present calculation. It was calculated in
[41] for typical values of R and R’ with the result

gan) = 2.5g;.

III. KK GLUON PRODUCTION

At a hadron collider, the leading-order process for KK
gluon production is through annihilation of two initial state
quarks of the same flavor, gg — G. The fact that the heavy
quarks typically have larger couplings than the lighter
quarks is balanced by the fact that heavy quarks in the
proton are derived from collinear gluon splitting. At
energies much higher than the quark mass, gluon splitting
is enhanced by large logarithms which are resummed into a
heavy quark PDF. For a KK gluon with M = O(10 TeV),
even the top quark can be treated as effectively massless for
most purposes.

Since a; ~ 0.1 at TeV energies, higher-order corrections
to KK gluon production are generically important. In

Fig. 2, we show representative diagrams for the LO and|

N = My +iMpr =

It is useful to define

9L+9RE 9r =9 _

) 9v B ga- (3-2)

0y (gL P + grPr)T w6, = iMryo.

NLO contributions to KK gluon production (as well as
higher-order diagrams in the shaded portion). At NLO there
are both virtual corrections to the LO process, as well as
real corrections where an additional parton is radiated into
the final state. When the radiated particle is a light quark or
gluon, the correction is O(a,) compared to the leading-
order diagram. When it is a heavy quark, the LO term
already implicitly contains a factor of o, log(u?/m?) from
each gluon splitting kernel. Compared to the LO, real
corrections with a (g;g) initial state are effectively of order
log=!(u?/m?), after subtracting the appropriate counter-
term in the ACOT [48] scheme to avoid double-counting
the collinear regime. We refer to processes with one initial
gluon as “next-to-leading log” (NLL) and those with two
initial gluons as ‘“next-to-next-to-leading log” (NNLL).

A. Leading-order cross section

In general, the KK gluon couples chirally to the quarks.
In a typical RS model, this is primarily important for the top
and bottom quarks. The matrix element is given by

(3.1)

Note that for the light quarks, typically g, = 0. In the cross
section, the average over initial states includes 2 spins and
N, colors for each quark. It will be convenient to leave
N.=3 and Cp =4/3 explicit in the calculation. The
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integration over phase space is trivial, leading to a LO
partonic cross section of

T 6(1—-1
010 = FIMioPals = M) — a1 - ) 202D (33)
s M
where we define 7= M?/s and
zN.C zC
0= (G +R) 5 =5 (G +a) (34

Nz 2N,

B. Higher-order corrections

In Sec. IV, we compute virtual corrections to the
KK gluon production to order a,, g7 and g% We
neglect the order gzm) corrections, which are typi-
cally subdominant and not enhanced by large loga-
rithms [44]. These contributions typically contain
ultraviolet (UV) and infrared (IR) divergences, which
we regulate with dimensional regularization. We
renormalize in the MS subtraction scheme to remove
the UV divergences.

In Sec. V, we calculate the real corrections from 2 — 2
processes such as ¢q;q; » Gg and ¢,9 — q;G. These
include soft and collinear divergences, which cancel
between the virtual corrections, the real emission contri-
butions, and the PDF counterterms. The divergences cancel
independently for each distinct initial state (¢;g;, 99;, 94;),
allowing us to consider the NLO and NLL perturbations
separately.

In the virtual corrections and some of the real
corrections, we omit the mass of the top quark, as in
the simplified ACOT scheme (s-ACOT) [49]. This is not
necessarily appropriate for the NLL cross section
tg — tG, which includes diverging logarithms in the
s — M? limit. We follow the modified ACOT scheme
(m-ACOT) of [17], in which the top quark mass is
retained in the tg — rG cross section to regulate the
collinear divergence. We show in Sec. V C that although
s-ACOT and m-ACOT lead to different expressions for
the NLL cross section, the effect on the total cross
section is not large.

IV. VIRTUAL CORRECTIONS

At this order, the virtual corrections take the form of a
one-loop diagram interfering with the leading-order graph,
and share its 2 — 1 kinematics. In the process at hand, they
can be divided into self-energy corrections and corrections
to the vertex.

The relevant part of the renormalized Lagrangian
describing the KK gluon and fermion zero modes can be
written,

PHYSICAL REVIEW D 94, 054012 (2016)
M? o SM? Aapan
A=A

] - .
—0iy (0,48 = 0,40 + > [W;idV;

Jj=L.R

+ Uy [gL Py + grPRIT W A% + 60 0,i00,
+ 8,07 [gLPr + grPR]T VA%, (4.1)

1
Lrixi = =3 (AL = 9, A7) -

where the counterterms are related to the wave function
renormalization constants in the usual way,

sgi=zg"-1 8 =2,-1 M*=ZM}-M
(4.2)

1
Sur = ZLrZG"\Z) =1 = 6Z5% + 55" + S0 (43)

As shown in detail below in Sec. IV A, the counterterms are
determined in terms of the one-loop self-energy diagrams
in the MS scheme.

In the MS scheme, the propagators do not generically
have poles with unit residue on-shell. As a result, there is a
contribution from the self-energy diagrams through the
LSZ reduction. We denote the amount by which the
residues differ from one by 5RgR and SR; (computed
below), respectively. At NLO, the amplitude for gg — G
can be written

iM=iv/Ri(RGMy + REMg + MIE +-1)  (4.4)

1 1
:i<1 +5R5+§6R1) xML+i<1 +5R§+§5R1> X Mg

+iIMYTE (4.5)
After renormalizing the couplings, this expression will be
UV finite but will still contain residual soft divergences that

will cancel those from the 2 — 2 gluon emission process.

A. Self-energy corrections

In this section, we compute the self-energy corrections to
the quarks and to the KK gluon in order to extract the order
a, corrections to the residues SRIé'R and SR, in the MS
scheme. After renormalization, these will be UV finite (but
generically still IR-divergent).

1. Quark self-energy

The quark self-energy receives corrections at O(a;) from
the zero-mode gluon, and others proportional to g2 and g%
from the KK gluon. The counterterms 55R cancel the UV
divergences of the fermion wave function:
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_ e [ iR,
Sy = - T [ e o
= —iYp(p) = /ﬁiv”(g Pr, + grP )T“i<k+p) . ZPY”( P+ grPr)T*
gy = ()t TR T IR Gy pp ke e

(4.7)
This leads to the following UV divergences:
—iEWV = ’m CF< ) (4.8)
€
) iCrp 1
The MS counterterms are, thus,
o = _Crfa, g or = Crla g (4.10)
Q & |4n ' (4n)?) Q & |4n ' (4n)?] '
The corrections to the residues 5R2’R are extracted from the derivative of the self-energy:
1 di¢ Y
—iZ =g (2-2¢)C dx(1 - - Ay = p*(x? - 4.11
im0 = 2@-2)Cr [Lar1-0) [ S5 A= - @)
d 1 ai¢ 1 4p*x(1 —x)
—i—X =ig?(2 —2¢)C dx(1 — - 4.12
ldﬁ A(ﬁ) lgs( 6‘) F[) x( x)/(zﬂ)z |:(l,ﬂ2—A)2 (KZ—A)3 :| ( )
dZ,(p=0
dX,w=0) _ (4.13)

dp

In the on-shell limit, the loop integrals become scaleless: A, = —p?x(1 — x) — 0. As shown in Appendix A 2, the IR and
UV divergences precisely cancel each other. This is not the case with the KK gluon loop, which is not IR divergent:

dZp iCp 1 e dmy® € 2exp?
_ld—p = (4 ) F(e)(Z 2€)A dx(1 —x)l (1\/[2——)52192 1 +]V[2— (PLgL + PRgR) (4.14)
dZg(p =0) Prg; + Pz [1 w1
oW =) ot IL T IRIR (D g B 4.15
dp T @ny |z %2 (4.15)

Finally, we add the contribution from the counterterms,

d
@l %+ S = C Prgi + Prog [ 1y w2 1 1) Cr e (4.17)
dp T T T TR (42 e B T2 E T e |aa) '
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Fermion residue: The residue of the full propagator of the renormalized fermion field is RZ’R =1+ 6RER, with

L,R_asc gLR 1 s
OR =17 +(4n) CF[ logw]. (4.18)

Note that the correction to the residue still includes an IR divergence.

2. KK gluon self-energy

The O(ay) corrections include gluons, ghosts, and the A5 scalar. Corrections from quark loops are O(g? + g%) rather than
O(ay).

m@m %+m o m+m§% @%ﬁ

(4.19)

The contribution from the counterterms takes the form
S i = i (77’”(51q2 + 5M2) - 51%%)- (4.20)
The functions I1(g?) and A(g?) denote the coefficients of the two tensor forms that appear in the two-point function:

o e = I = i(H(qQ)nW - A(QQ)QHQV) (4.21)

Resumming the two-point functions: Because of the longitudinal polarizations, resumming the two-point corrections is
slightly more complicated. In the Feynman gauge the propagator has a simple form, allowing us to write:

i — 2 i, 2 2 . B
q-—M"+ie q°—M" +ie

(4.22)

This is the tensor that appears for every additional two-point function added to the propagator. “Squaring" this tensor
produces:

1
2_M2

TeTs= (T, = <q )2[112;7; — (21A — ¢*A%)g* q,). (4.23)

For massless (and therefore transverse) bosons, IT = g?A, and the q"q term simplifies so that everything is proportional to
I12. For a massive boson this is not generally true. However, this potentially messy remainder only shows up in the q9"qp
term and disappears when contracted with the on-shell fermion bilinear v,y*u;:

F(@) g var*uy = f(q*)vagquy = f(q*)02(my —mp)u; = 0. (4.24)

Thus, for our purpose it is sufficient to consider only the IT(g?)7** part of the two-point function. In this case, the full
propagator becomes

_ir];w _in;m T(J _inuy 2
+...= + f(9%)q.9.- (4.25)
g* —M?* G —M?q* - M? q* — M?* —TI(q?) i

From here on, we drop the ¢,q, term.
Two-point function: We label the various contributions to I1(¢?) as A, B, C, and so on by their order of appearance in
(4.19). Based on the reasoning of the previous section, we can discard any terms proportional to g or ¢:
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—i MaA
k2

) dk .
iy s = / 20 g5 Sl (q = k)P + 0 (2k + q)* + nP*(—k — 2q)")

_l’/[ C L. 12 12
7fngsfbd (A (g — k)B + B (2k + q)* + B (—k — 2¢)*)

(k+q)?
dlk v (2k* + 2k - q + 5¢%) + 2k*k (5 — 4e)
= N 5% . 4.26
rina® [ o Ellk+ g7 -2 (420
The two ghost diagrams contribute equivalent terms to IT:
ddk gf"dc(q—i—k)”g bedk'/'i i
Mg 6% = iM% = (-1 / X . 4.27
tipn lcen ( ) (Zﬂ)d kz[(q+k)2 _M2] ( )

dk kH kY
= —¢’N 5‘”’/ . 4.28
SN | ami (g + k7 = o7 (428)

From the A5 diagram:

ddk —i YM adc ua —i . i (=i rM cbd ,,fv

T 5 — / d( gsM [ 2)( n /3)2 (2 gy MfPin) (4.29)
(27) k(g + k)* = M7
dk 1
T, = —g2M>N, / 4.30
tlp = =g 2” dk2 q + k) } ( )
Diagram E is the easiest to calculate, being scaleless and thus vanishing in dimensional regularization:

illy = 0. (4.31)

We simplify k#k* using the symmetric loop momentum ¢ = k — gx, discarding ¢* and ¢“, and replacing £#¢¥ with n**.
After this replacement, the total O(a,) two-point function for the KK gluon is

N.@T(e) [t [4m\¢[8 -6
N(g?) = Cgf()/ dx( 2 CA+(5=2x +2:2) g% — M?|, (4.32)
<4ﬂ') 0 A 1—e¢

where, in this expression,
A =x(M? - %) + x*¢*. (4.33)

Quark loop corrections add the following diagram to the KK gluon self-energy:

This adds a UV-diverging, IR-finite piece to the two-point function. By simplifying the projector matrices P; and Py, this
self-energy amplitude is

2 ’

T 5 = (<1 )5“” <9L +9R>/ / d'k Trly"ky* (K + q)] (4.34)

where D = k* + 2xk - g + xq*> = > — A, with A = —x(1 — x)g?. After discarding the g#¢" terms, we can write

6 . 2\ €
T = g ;(g% + ) EZSZ /01 dx (%) (=24%) (x = 22). (4.35)
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This sum over quark couplings can be expressed as a constant, defined as

Gt

>l + (g2 (4.36)

Renormalization: All together, the UV divergent part of the KK gluon self-energy is

N.ag1 [1 G2 1 /1
Myy = Caj:/ dx[8x(M?* — p?) + 8x?p? + (5 — 2x + 2x?) p? — M?] +—Tz(—2q2):/ dx(x — x?) (4.37)
4z € 0 (477,') € .Jo
N.ag1 10 G 1 1
Myy = ——= |3M?> + —p? - -%4%). 4.38
W g é{ +3p}+(4n)25< 3") (4.38)

As a result, the MS counterterms §; and SM? are

_ N, 101 | G} 11

_ 2 -1 4.39

"7 4z 3@ (4n)?3e (4.39)
N.a, 3M?

SM? = —<22 4.40

dr € ( )

It can be shown that the p* p* part of the two-point function has the same UV divergence, and that the value of §; above is
sufficient to make the entire two-point function finite, as is required by the form of (4.20).

Derivative of two-point function: The shift in the residue 6R; is given by the derivative of the two-point function
(including the counterterms) evaluated on-shell,

d(Tly + Ier)

OR, =
1 dqz

(4n)? (4.41)

M2 Az

Na[4 @& 32 2] G [2 1 @
- Tlog 4222 .
[3OgM2+9 é]

In this expression, the UV diverges cancel by construction leaving behind a purely soft divergence and finite terms.

B. Vertex corrections

AtNLO in ay, three triangle loop diagrams correct the three-point function. We also include the (g7 ;) correction from a
virtual KK gluon. To simplify the Passarino-Veltman decomposition of the triangle loop integrals, we use the
MATHEMATICA’S PACKAGE X [50]. We calculate the scalar C, functions by hand in Appendix A 1. We follow the
notation of [51] for the Passarino-Veltman decomposition. The NLO vertex correction diagrams are:

We label these diagrams “A,” “B,” “C,” and “D.” Each of these may include UV and IR divergences. We absorb the UV
divergences by renormalizing the coupling of the KK gluon to fermions. The IR divergences of the vertex corrections cancel
those from the gluon emission process.

Diagram A

dk i(K+ q) ik —in
; — I ] (lTb il 5 T4 = (i [)’Tb ap * 4.42
iMy /(2ﬂ)d va(igsy )(k+q)2 (ir*lgv + gar’IT) 15 (igsr )uli(k_i_pl)z 24 (4.42)

d'k vaN uy €3,
2m)? k2 (k+ p1)*(k+ q)*

= @ (=TtT°T?) / (4.43)

where (¢ = p; + p,) and N* is defined as
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Nt =yP(k+@y* gy + garslkys (4.44)
= ((2 — 2¢) (2kk* — K*y*) + 4kph — 4p, - ky* — 4ep'lk + 4er* py - k)[gy + gays)- (4.45)

The loop integral can be evaluated using Passarino-Veltman (PV) scalar functions [52]. To separate the UV from the IR
divergence, notice that UV divergence requires powers of k* (or higher). In the unitary gauge we would have powers of k*
from the propagator, but in the Feynman gauge our only UV divergence is from

/ Ak YPykyg / d’k (2)(2kk* — K*y*) (4.46)
- . .
(27[)le 'D2 'D3 (Zﬂ)d Dl 'D2 'D3
This can be rearranged using the PV tensor function C*, which has a UV divergence of %.
Ak (2 —2¢)(2kk* — K2p) i o Mgt -1
2| 2yy——y"——| = y*— + finite. 4.47
/ 27 D, -Dy-Dy _ (4n) Tege 71 " 4e v it (447)
Using T°TT" = (Cp — N,./2)T¢,
) o, _ . . (N,
iMy = - Uy T [gv + garslui€3, (2 - CF>
1 log(—u%/q? 3 —2 2\ 2 2
x |2 q—l-M +t+3logi2—|— logi2 +8-"1. (4.48)
€ € € q q 6

All of the terms proportional to p/ or p5 also multiply p; or g, which are proportional to the quark masses and vanish.
It is useful to separate (4.48) into UV-finite (M™) and UV-divergent (MYVY) parts:

. . Ay NC 1 log(_MZ/q2) 4 _MZ _ﬂZ 2 @
AWV g O (Ne_ o V[ 4.50
lMA lMLO4ﬂ_ < 3 p){ E‘} ( . )

Diagram B

. k. i(k+p1) . —ilaa__—IN
iMg :/ ”2(’9s73Tb)g(17A[9v + garsI T uy s z

(2m)? (k+ py)? k* — M? (k + q)?
X g fP P (—k — k = q)* + P (k + q + @) + n**(=q + k)’]e3, (4.51)
d% UoN*u €3
= ig?TeT? fabe / . 4.52
TS | o =Mk + pr) K+ P (4.52)

where N* is
Nt = y5(ky o + 2p1a) 1P (—2k — q)* + nP*(k +2q)" + n**(k — q)P][gv + gars)- (4.53)

After completing the loop integral, the amplitude is

: iN, _ A 1 log(u*/M?) N2 1 Iy
iMp 2932(4”)2 Doyt gy + gars| T ur€3, | —1 =TT 2 3 logW +E+IOgW . (4.54)

The UV divergence of this amplitude arises from

2274 + (4 — de)kk* — 21,5CP + 4y, C¥ (4.55)

054012-11



LILLARD, TAIT, and TANEDO PHYSICAL REVIEW D 94, 054012 (2016)

;844
- @%y" + finite, (4.56)

As before, we separate the UV divergence from the rest of the amplitude:

om AN 1 log(*/M?) 2 . #\? n

— &0 S e\ il P G P SLy § PSR R 4.57
My =122 ZMLO[ 2 z R VA V2 12 (4:57)
. ag N, . 3
lMgv = 47[21MLO{(§} (458)

Diagram C: In the Feynman gauge, the numerator structure can be made identical to that of diagram B by commuting the
[90 + gays) twice to the right. The difference is the location of M? in the denominator:

d’k N u, €3,
2m) (k) (k + p1)*((k+ g)* = M?)”

iMp = ig?T TP fabe / ( (4.59)

If we perform the shift k - k — g and then an inversion in k, we can make the denominators match. Applying this
transformation to the numerator N* of diagram B has the effect of switching p; <> p,. This would change the amplitude, if
not for p} = p3 = 0; the only nonzero invariant p, - p, = ¢*>/2 remains unchanged by the p, <> p, transformation:

iMe = iMp. (4.60)

Diagram D: This amplitude is very similar to the one in diagram A, with small changes in the numerator and with one
massive propagator:

iMp = /%%[W“(PLQL + PRgR)Tb}%[W”(PLQL + PRQR)TG]_k—izk
< liraPuoe + Pra) ) s, (@61)
N, i 1 ? . 8x? : _
= (7 - CF) (4n)? [—g - logW + 6 + Siz — KN + 8Ly (2) | 027 (PLg; + Prop) T 163, (4.62)
In analogy with M, we define My as follows:
Mik = 2iy"(PLg} + Prgp) T u,€3,. (4.63)
The UV divergent and finite parts of M are
MR = (& - CF> Mgk [— log'u—2 + 6 + 5iz — 8z + 8Liy(2) (4.64)
2 (4r)? M? 3
o (-e) e

1. Gluon mixing amplitude

In addition to the self-energy and vertex corrections, there is a diagram in which the QCD vertex is attached to a bubble of
quarks which mixes the gluon and the KK gluon,
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= (e

where the sum over ¢’ includes all flavors of quark in the loop. While it appears to be a mixed self-energy, it vanishes when

the gluon is on-shell, and formally contributes to the renormalization of the coupling of the SM quarks to the KK gluon.
: P . . . (9) (q) : . . .

Unlike the leading-order amplitude, which was proportional to [gy” + g, 75, this amplitude is proportional to a sum over

qg =d,u,s,c bt

iMyu(gq — G) ~ gzz o+ g rs). (4.66)

The gluon mixing two-point function H”ﬂ( 2) is IR finite but UV divergent and is contracted with a QCD vertex,

iMy = (Byiguey’ Tu,) q"’” IS (¢2) 5% €3t (4.67)

ap

We may drop any terms proportional to the gluon momentum in IT; proportional to ¢*, because g*¢3, = 0:

d?k (=1)TrliguTy® - ik - iy* TC - i(k
iH%@“b :/ d( ) I'[lgs//l Vol > Ly [gV;_gAyS} l( +q)] (468)
(27) k*(k + q)
T 9s9v ! ddf 1 2
Iy = - d —— |5 N, 4.69
u 2 A x/(27r)d 2y (4.69)
where A = —¢?x(1 — x) and
Q fZ 2 2 2 Q a
N = 4 2g—f + q*(x = x°) [n™* 4+ q%q"(...). (4.70)

The g4 term is proportional to 4ie,,,,q”q° = 0. After discarding the g“¢* part of the two point function and summing over
loop quark flavors, the remainder is

; (¢ (e) [1 4ap\ © 2 2
im™ =n™* g,(2g dx| — ) (-2¢°)(x — x 4.71
=2 G | () (2= @71)
. ) ) I'(e) Ap®\ € ) Ir2-el2-e)
I, = — | (2¢°) ———"—7—=. 4.72
H M gsZ(.gL + gR ) (4”)2 <_ 2 ( q ) F(4 _ 26) ( )
@) i
We define G{, and i My, as follows:
Go=Y (0" +9d)  iMyep = 0rir"GyTusel, (4.73)
(4)
Now the amplitude i M may be written in a compact form,
iMbep Ty, (¢2) -1/1 2\ 5
. N e Qcp iy \gq H
lMM = g4 T/Q q2 (lMQCD) dn |:? <g + IOg ——q2> - §:| y (474)

which we split into finite and UV-divergent parts:
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: A (finite A ag | 1 WS / (q)2
IMy" = (iMgep) —>log—5 — =, (4.75) @ ol 5N, 1Gy gr 1 (N,

dr| 3 °-¢*> 9 o' == |-Cr— 0 52| 5 —Cr

dre 2 3,9 (4rm)?e\ 2
9Ir
a 11
uv _ s (4.81)
iMYV = (iM -—=. 4.76
(Mo 32 (~53) (4.76)

We use Z; and Z, from the gluon and quark two-point
functions to find the Z7 and Z} that correspond to these

2. Coupling renormalization
counterterms:

The counterterms for the couplings of the quarks to the

KK gluon take the form 1
5Z,R = ZZ,RZQ V Zl -1= 5ZZR + 5Q + 551 (482)

q
— (@) (@) G
= |00 gr PL+5RQR r| 1o g _ ol ( . SN 0 1 1ION.
e A B T
q 391
(9)2
(4.77) grr 1 Ne 4
+ nyz Cr+ 5 Cr (4.83)
The values of §, and 5y are determined in the MS scheme e
by the UV-divergent terms: @ _ a,1 [ 25 Gy 9% 1[N,
Ze= g \Te Nt ) Tane\2 )
iMyy = iMcer + iMFY + iMPY + iMEY + iMBY LR
+iMYY =0. (4.78) (4.84)

As expected from the Ward identity, the divergences

. (I q . .
The scalings Z; and Zj are chosen so that the amplitude is proportional to C cancel between counterterms.

UV finite,
[ 5(Lq) g(Lq) P, + 55;1) gsaq) Pxl C. Virtual correction to the cross section
a1 5N We now have all of the ingredients necessary to assemble
= 4—St {(Q(Lq) P, + g%q)PR) [ C} the virtual correction to the cross section. For the terms in
T e 2 oyix Ot proportional to 6, we define ok and ogcp as
G, follows:
+ (P + Pg) <—TQ)], (4.79)
nCr
such that KK = 2N, ~(gh + (1 -e),
(9) (q) (q)
s %1 o SN 1Go) g 1N, aien = Coqy- (0" + ). (4.85)
Podme| T 2 3 0] (4mpe\2 T
Assembling the various pieces into Eq. (4.5) leads to the
(4.80) final result,
|
(a) 2 142 2 2\ 2
o0 _ a0, 4  Alog(p*/M?) 2 7 H H
v1rt (S( )<? {CF{—g—f—;—10+§ﬂ2—210gW—2 1OgW
(a)
2 104 4 19 4 aooep [ 2, p* 10
NR—=+———n*+—1 ——log-— ——
+C{ 9 3T TEe H+ 4n 3°gM2 9
(q) 2 2
16 8
+ (ZKI)<2 {CF< 3” —11- 16Re[Li2(2)]> + NC< log 2 s 6 % + 8Re[L12(2)])} ) (4.86)
74

which we separate into an IR divergent piece and finite remainder, to make it easier to cancel with the real correction:
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‘ a 4 4log(p*/M?) 2 2
az‘i’ftt:Eaéq)é(s—Mz)[CF{—é—z—M—— ~NeZ (4.87)

€ €

(q)

iy 7 2 2\ 2
sl — 5(s — M?) <‘2‘j‘; {CF{—lo +37 - ZIOg%— 2(10g£12> }

140 4 19, 12 @) 167
+NC{+—ﬂ2+logﬂ}] + KK [CF<”— 11 —16Re[Li2(2)]>

9 3 3 °M? (47)? 3
2 2 (9) 5
U kY3 . a0qcp | 2. p 10

V. REAL CORRECTIONS

In this section, we compute the O(a;) corrections from the radiative processes qg — ¢gG, qg — qG, and gg — gG (the
latter two are NLL for an initial state top quark). These contributions contain collinear divergences which have been
absorbed into the definition of the PDFs and are removed by MS counterterms, and the g§ — gG process additionally
contains soft divergences which cancel with those in the virtual corrections.

We describe the 2 — 2 scattering kinematics with Mandelstam variables s = (p; + p»)?> = (ps + pa)* t = (p3 — p1)?
= (ps—p2)% u=(ps— p1)*> = (p3 — p»)?, only two of which are independent because s + ¢ + u = M>. The IR and
collinear divergences are regulated by integrating over d-dimensional phase space:

1 d~' p, d'p,

=— 27)6¢ - p3— 2, 5.1
2s (2ﬂ)d_]2pg (27[)d_12pg ( ”) (pl +D2— D3 p4)|M| ( )

o

For gluons and massless quarks,

I @ 1 d~'p, d~'p,

—I =— 2m)45¢ - p3 — 5.2
s — M? dzs ¢ T(1—¢)
= o, 5.3
327252 ((s - M2)2> r(1-— 26)/ (53)
where we define [ d® as
/ 40 = / " d6(sin )1~ / " dp(sin ). (5.4)
0 0
The cross section is
s=M?* (4z\e[ 1 2 T(1—¢) )
77 s (?) [1 - T:| '(1-2e¢) / dOMI. (5:3)

The necessary integrals are evaluated in Ref. [53] and tabulated in terms of t = (M? —s)(1 +cos@)/2 and u =
(M? — 5)(1 —cos®)/2 in Appendix A 3.

A. qq - gG

The radiative process gg — gG contain both soft and collinear singularities, which are regulated by the d-dimensional
phase space as in Eq. (5.5).

Amplitude: We assign p; to the incoming quark, p, to the incoming anti-quark, (ps, #) to the KK gluon and (py, v) to the
massless gluon. There are three Feynman diagrams,
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ll“‘

g chabc
. S -
iMs=="—"1m7 D (0" (P4 — #3) = 27 Py + 2r* 59y + garslurel; ey (5.6)
P =
iMy = Dyig,Thy" 1 =) p 3) iT{r" gy + gavsluielyess (5.7)
P — 7.
iMy = 0Ty [gy + gars) i = 7) lu ) ig,Th.y" u1€4D63M. (5.8)

We have used the fact that p, - ¢, = 0 to simplify M and retain only physical polarizations. Squaring the net amplitude
and summing/averaging over spins and colors, the cross section is evaluated via Eq. (5.5) using angular integrals found in
Appendix A 3. The resulting cross section contains soft (including soft and collinear) and collinear divergences.

Soft divergences: The soft divergences arise from factors of (1 —z)~! in the matrix elements, and are regulated by the
factor of (1 — 7)%¢ in Eq. (5.5). It is convenient to define a “plus distribution” with the fractional power of (1 — 7)%¢ from the
phase space integral. The integral over the incoming parton momentum fractions (see Sec. VI), thus, contains

[l = [l () w00 [ 5T o
:[:“{ka%ﬁﬂ+‘iﬁ“-ﬂ}’ (5.10)

in terms of the plus distribution defined as

1 1 1 —f(1
/ def(2) [—] E/ RIGORNIO) (5.11)
7 -], 7 1-7
The soft divergences are, thus, exposed:
1 ]it2 1 1 log(1 —7)
=—-——46(1- —| =2e|———| . 5.12
L e R =a ) 12
In the process gg — ¢G, the IR divergent terms are
SO 1 ) NZCF 1Og( 2/S)
on = a(gy + N2M2 ( 5 —+C2N{2+7€ +2€ : (5.13)

where the 1/&> terms represent the overlapping soft - and collinear singularities.
Collinear divergences and PDF counterterm: In MS, the correction to the hard-scattering matrix element for the gg
initial state is given by

Hgllé) vm + o - [¢(ql—)>q ® oo + ¢(ql_)>z, ® o10] (5.14)

— v1n+0rea1+6 (515)

The splitting functions ¢ — ¢ and g — g are given by
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1 1+ 22
¢q—’q:¢fl—>51:_2_éCF|:l_Z:|+a (5.16)

where z is the fraction of momentum of the parent carried by the daughter. oqu is the leading-order cross section convolved
with the splitting function,

cr _%Cr [! Ltz 3501 - 1 —€)8(sz — M? 5.17
72 [N+ 500 -9) x 1 = ooz - o) .17

_a,(g? + g2)N.Cr1—¢ { 142 3

2N%s ¢ [ _T]++§5(1 —T)]- (5.18)

The counterterm contains both collinear and soft divergences. The soft divergence multiplies (1 — z), allowing it to be
easily combined with the soft/virtual corrections.

Hard contribution: Combining the matrix elements for ¢g — ¢G and the PDF counterterm results in an expression which
is finite for 7 # 1. We verify that the remaining terms proportional to §(1 — z) cancel the IR divergences in the virtual
corrections, Eq. (4.88). What remains is the finite contribution to the hard-scattering cross section,

N 2 2 272
oline — Z—ﬂ% {5(1 - T){NC (—2 + 210g%) +Cp (—6 - 410g/% +2 [mg’ﬂ ) }

1 2 10 10 2
—l—[ ] {NC<—T3——T2——T+2) +CF(—4T3—|—672—2—87210g'u—>}
-7, 373 3 s

log(1 — ’
+ [Ll( Tq 8Cr(v+7°) + N(2¢° =2) + Cp (2 +271 - 47 + (47 - 41) 10g#—> } (5.19)

B. qg — qG (light quarks)

In computing the hard-scattering cross section for gg — ¢G, we denote by p; and (p,, v) the incoming quark and gluon,
respectively; (ps, 1) and p, correspond to the KK gluon and the outgoing quark. We focus the discussion on gg — ¢G since
the cross section for gg — gG is the same as for gg — ¢G. There are three Feynman diagrams we denote by s channel, ¢
channel, and u channel,

W00a

The three amplitudes simplify to

M = gou CaigNu, €3,63, (5.20)
Mrp = gsﬂecr@nyulﬂﬂ% (5.21)
My = gope CigNy uy €563, (5.22)

where we have used the Ward identity to simplify M, and where

1" i}

C, = T Ny = v (1 + 22)7" [gv + ga7s] (5.23)
T L,

C =- N =y (71 — 3)7"[gv + 9ars) (5.24)

t
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- iTCfabc

CM_u—M2

Ny = [ (P2 + p3) = 2P57" = 2p51"](gv + gavs)- (5.25)

The amplitude is squared and summed/averaged over spins and colors. The necessary angular integrals to determine the
cross section are tabulated in Appendix A 3. The result contains no soft singularities, but does include collinear ones.
Collinear divergences and counterterm: The hard-scattering matrix element is given by

P ag
H,, = o'l — ;‘qﬁél_))q ® oLO. (5.26)

The subtracted term on the right side of the equation is the counterterm:

THOE % <i - 1) (27 - 207 + 7). (5:27)

€
Hard contribution: Combining the counterterm with the real emission diagrams leads to a result which is finite:
finite _ % 00 2 3 2 3 sy’
olinite — 420 Cpqt+67° =77 + (=214 47° — 47) logm

+ N {4+ 47+ 222 — 473 + (472 + 47) log r}} : (5.28)

X i olinite ig identical.
The expression for rﬁe‘;‘l‘; s identical

C.tg > tG

Following the m-ACOT prescription, we retain the heavy quark mass in computing the processes where a top quark fuses
with one or more initial state gluons. As a result, there is no need to dimensionally continue the phase space integral, as the
collinear singularities are regulated by the presence of the top mass. The computation proceeds similarly to the light quark
case of Sec. VB in terms of s—, t—, and u-channel Feynman diagrams, with amplitudes:

MS = gsMECSu]N?vule;”ezy, MT = gsySC,lL;NfDulegﬂezw MU = gsﬂeculxl_4NZDM1€§”€2y. (529)

In this section,

ToT? )
Comm—s N =P+ m)r Loy + ars) (530)
t
ThT? w
C,=- PR N = 7" (1 — w3 + m)r* [gv + gavs] (5.31)
t
iTCfabc MY v M v v
Y Ne' = [ (g2 + p3) = 257" = 257" (gv + gars)- (5.32)

In evaluating the cross section, we drop the small corrections of order m,/M or m,/s. The collinear behavior manifests as
large logs of the form log s/m? or log(1 — M?/s + m?/s).

Counterterm: As in the massless case, the collinear logs have been absorbed into the top PDF and are subtracted from the
hard matrix cross section by the counterterm:

oCT(5) = _ a9y + GINCE

2

H 3 2

= 27% =272 4 7). 5.33

9 2N (N?2 = 1)M? mz(T v +) (5:33)

Combining the counterterm with the cross section for tg — tG, we find that the collinear logs all cancel, leaving behind a
finite contribution,
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finite _ % 90
T 4 2MPC

_M2 2
+ Nc{4r3 — 722 4 87— 5+ (42 + 47) log 7 + (4% — 473) log (ﬂ) })

Once again the expression for ¢/ is identical.
Comparison to light quarks: In the massless case, O(e)
terms which multiply 1/¢ poles contribute to the finite cross
section, but are absent in the top quark contribution. As a
result we observe that although the coefficients of the
logarithms match the expression in (5.28), the simple
polynomials in 7 do not. While these artifacts of the m-
ACOT scheme markedly change the quark emission cross
section, the effect on the inclusive cross section is small: the
real quark contributions are themselves a small correction

to the leading-logarithm cross section.

VI. NLO KK GLUON CROSS SECTION

We assemble the real and virtual corrections into the full
NLO + NLL cross section at O(a;) and O(g? + g%) and
examine the theoretical predictions for KK gluon produc-
tion as a function of its mass at a 100 TeV proton-proton
collider. The rate for pp — G + X at NLO is computed by
convolving the hard-scattering matrix elements with the
appropriate PDFs,

1
o(pp—G+X)= ZA dx1dx2(fq(X2’Q2)fq(x1,Qz)qu
q

+fq(x17Q2)fg(x2’ Qz)aq.l/
+f3(x1,0%) f (%2, 0%)05,+{x1 X2 }).
(6.1)

The integral over the momentum fractions x; and x, is more
conveniently transformed into one over 7z and y,

2
T() X TO . M

X =4/—e€”, X, =4 /—e™, where 7p = —,
T T S

T= (6.2)

.xleS .X'IX2,

where § is the pp center of mass energy and with

1 - y
/ dxldx2—>/0d7/0dy1—g.
0 1 ) T

The limits on the y integral are

PHYSICAL REVIEW D 94, 054012 (2016)

<CF{—1 4 e =30 4 [<20 + 422 — 4] <log L) }

2
CRT R
5.34
s — M? —m? (5:34)
I

1 (1)
o(e) = 5log ™ (64)

T

The hard-scattering cross section 64, is given by
— finite finite
049 = OLO t Oral T O%yirt > (65)

which are found in Egs. (3.3), (4.88), and (5.19), respec-
tively. For the five light flavors of quark (¢ = u, d, s, c, b),
the expressions for ¢,, and 6, are given by Eq. (5.28).

The m-ACOT scheme dictates that we retain the top
quark mass in the process tg — tG, which changes the
limits of integration on 7 of Eq. (6.3) such that its
maximum occurs when the final state top and KK gluon
are produced with no additional momentum, shifting it
away from 1 to:

M? M?
S . 6.6
T a Smin (M+mt)2 ( )

The cross sections o,
by Eq. (5.34).

and o3, are both given

A. Sample RS models

We consider four illustrative sets of couplings based on

popular RS models:

(1) Anarchic: Based on an RS model with flavor-
anarchic Higgs Yukawa couplings, which suggest
particular bulk masses for the various quarks,
predicting that their couplings g; and gz (for quarks
{u,d,s,c,b,t}) are

L/ { (=0.2,-0.2,-0.2,-0.2,+1.0, +1.0)
Or = 9s (=0.2,-0.2,-0.2,-0.2,-0.2, +4.0)
(6.7)

(2) Positive Anarchic: Small changes to the quark
couplings can change the relative importance of
the NLO corrections. We demonstrate this by modi-
fying the gf}e couplings of the anarchic model such
that they are positive:

qr. { (0.2,0.2,0.2,0.2,1.0, 1.0)
= Gs

. (6.8)
gr (0.2,0.2,0.2,0.2,0.2,4.0)

(3) Symmetric: If one ignores the possibility for a

geographic realization of quark flavor, one can

engineer equal vectorlike couplings for all quarks:
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Production cross section at NLO/NLL
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FIG. 3. Inclusive production cross section at NLO/NLL as a
function of KK gluon mass M, with the coupling constants from
the example models discussed in the text.

g1 = gr = 0.5 x g. (6.9)

(4) Top-philic: If the only composite state is the right-
handed top quark [11], there is typically a p-like
state with large coupling to it and very suppressed
couplings to the light quarks:

g = 2m; all other couplings = zero.  (6.10)

B. NLO production cross section

For our four benchmark coupling sets, we evaluate the
NLO production cross section at a /S = 100 TeV pp
collider. We perform integrals numerically using the
VEGAS package, together with the 6-flavor PDFs gen-
erated by NNPDF 3.0 [54]. At V/§ =100 TeV and x ~ 0.1,
the uncertainty of the PDF Iluminosities can exceed
10% [55].

PHYSICAL REVIEW D 94, 054012 (2016)

K—factors
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FIG. 4. K factors as a function of mass, for the representative
models discussed in the text. The oy o shown above includes the
NLL and NLO contributions to the cross section.

In Fig. 3, we show results for the cross section with the
NLO and NLL corrections included. Cross sections fall
from around ~1 nb for masses around 5 TeV to around
~100 fb for masses around 20 TeV, and depend strongly on
the model determining the couplings. Despite the poten-
tially strong coupling to the top quark, the small top quark
PDF at /S = 100 TeV causes the light quarks to dominate
the cross section in many models. To demonstrate the
relative importance of the NLO corrections, in Fig. 4 we
plot for each coupling choice the K factor, defined as
onLo/010- For both plots we have set the factorization
scale ur, and the renormalization scale yp, to the KK gluon
mass M. We observe that the K factor is typically below
one and is as low as ~0.7 for the positive anarchic model.

In Fig. 5, we examine the dependence on the scale u =
ur = pg of the LO and NLO cross sections for production
of a 10 TeV KK gluon in our various coupling scenarios.
We observe that the NLO scale dependence is somewhat
stronger than the LO scale dependence, indicating that LO

Cross section at LO and NLO for 10 TeV KK gluon

200 femmae i s X 10 )
00y T | Symm- oo
sof 1 | — Symm. oo
z e | A o
- 20F 7
s = — Anarc. oy
g 1wk 7 c—mozme— 0
4 = An(+) o
t s (+) o0
O
o V'S =100 TeV An) onio
. HR = HF -=- TOp JL0
0.11 1
— Top onio
L L L N~ g
03 05 1.0 2.0 5.0

Factorization scale ug [in units of My ]

FIG. 5. Scale-dependence of the LO and NLO/NLL cross section for 10 TeV KK gluon production.
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scale variation would likely underestimate the uncertainty
from higher-order contributions, and that it would be useful
to consider NNLO corrections in the future. If one uses the
“rule of thumb” variation between M /2 to 2M to estimate
the scale uncertainty, it yields an estimate of around —30%
to +17% for the anarchic model, and smaller uncertainties
for our other benchmark coupling choices. Also evident in
the figure is the fact that the anarchic and positive-anarchic
models (whose couplings differ only by a sign) have the
same LO cross sections, but are distinguished at NLO
where interference results in sensitivity to the relative signs
of the couplings.

VII. CONCLUSION

A 100 TeV proton collider with a few fb~! integrated
luminosity is able to produce KK gluons with O(10 TeV)
masses. Such particles occur commonly in theories of
strong dynamics, such as the duals to the five-dimensional
weakly coupled RS models. KK gluons are perhaps the
most effective diagnostics of such models, with relatively
large coupling to quarks. In many such constructions,
the coupling to the top quark is particularly strong.
Understanding the results of experimental searches requires
precise theoretical predictions for their production rates. In
this work, we have computed higher-order corrections to
their production in a six-flavor scheme which treats the top
quark as a parton.

In agreement with earlier studies [43,44], we find that the
NLO corrections are typically negative for the canonical
scale choice up = up = M, leading to K factors of order
0.7, depending on the pattern of coupling to the quarks. The
NLO/NLL calculations exhibit somewhat more scale
dependence (of order 20%) compared to the LO approxi-
mation, and are thus important to estimate this theoretical
systematic uncertainty.

A detailed experimental study considering high mass
resonances decaying to a pair of top quarks at 100 TeV [46]
assumes 10 ab™! of integrated luminosity. They find that
o x BR of about 4 fb can probed by such a machine,
leading to the conclusion that KK gluons of masses up to
about 20 TeV can be discovered. Our higher-order correc-
tions suggest a more accurate estimate would be more like
18.5 TeV. While this is less, it nonetheless argues that such
a machine offers an unparalleled opportunity to probe
strongly coupled theories.
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APPENDIX: INTEGRALS

1. Passarino-Veltman decomposition

We follow the Passarino-Veltman reduction as described
in [51]. In the loop diagrams of Sec. IV B, we need only the
three C, functions defined below:

Ak 1
C 2’ 27 2;07070 - 26/
olpi. p3.q | =n 2 T kT 2]
(A1)
Colp3. p3.4%:0,0, M?]
dk 1
2e
o .
s I
Colp3. p3.4*:0,M?,0]
d%k 1
2e
=u . A3
/ e pr -kt qr MY

From now on, we suppress the momenta inputs to C|...].
Note that p% = p% =0, and ¢*> = M? for all diagrams in
Sec. IV B.

The first function, Cy[0, 0, 0], corresponds to diagram A,
where only massless particles run in the loop. This function
is given in Appendix E of [51]:

i 1

Co[0,0,0] = () Me
1 = 1 > 1 —u?
N IS P T PN B
X<[52 12]+éOgM2+20g M2)

(A4)

Many authors, including [51], include this factor of —z?/12
in their definition of 1/¢2. This choice has no effect on how
the total cross section is written, because all factors of 1/ e
cancel each other.

Derivation of Cy|0,0, M?]: Diagrams B and C both use
Co[0,0, ¢%;0,0, M?].

C[OOMZ]—Zf/ddk !
OB ] Cnd ek + pPltk+ 9)F - MY
(A5)
1
Co[0,0, M?] = ,uze/ dxdydz(1 —x —y —z)
0
dik 21
R~ A6
x / 22)1D° (A6)
D =xk? + y(k+ p)* + z(k + q)* — zM?
=k +2k-(yp+2zq) +yp* +z(¢* —M*) (A7)
=72 —(yp + q2)°. (A8)
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We define # = k + yp + zq and use the on-shell conditions to simplify p? and g*. We define A such that

A= M (yz + 22). (A9)

Co[0,0, M?) = / dz/l Zdy/ ddf Foar (A10)
(e o)

_ i” (150 4;1,4) [ 1_2;)_2(*(_126_)23)} (AL3)
CO[O’O’MZ]:@;V (2_—1\412) [@%er%logz% g] (A14)

Derivation of Cy[0,M?,0]: The loop integral of diagram D is distinct from the others and is not IR divergent:

d
o0 = | e T o (A13)
Co[0, M?,0] :,uze/ldxdydzﬁ(l —x—y—z)/ﬂﬂ; (A16)
0 (2r)¢D3

D=xk?>+y(k+ p)? —yM* + z(k + q)* (A17)

=k +2k-(yp+zq) +y(p* — M?) + z¢* (A18)

=2~ [(yp +2q)" +yM* =2’} = £ = A, (A19)
A=M(yz+y—z+72%) +ie, (A20)

with 2# = k" 4+ yp" 4 zg*. The ie term is useful for keeping track of branch cuts in the polylogarithms that appear in the
integral. This integral is not UV divergent, and the IR divergences cancel. While ¢ may be used to regulate the IR
divergences, this is not necessary:

Colo. %0 = (4_1.) (47[”) e / dz/l ZdyMsz (1+2) —1Z+z2—ie - (A21)
“wr ) T o

1 -z dy 1 1+e 1 dz
I = dz/ - :/ —7T.(2), A23
[l ) = e 2
1-z , 1 I+e z(1-z) , 1 1+e€
1= [ av() [ (o (A24)
+z(1-z) y — 1€ —z(1-z2) y — 1€

1-z .
= log <Z(1 — Z)) + iz + O(e) + O(e). (A25)
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Integrating this last term requires the use of polylogarithms, Li,(x), and their recursive relationship:

1

—Li, (x) = =Li,_(x) Li;(x) = —log(1 — x). (A27)
x

Replacing Li, (1) with its analytic expression produces the following expression for Cy[0, M?,0]:

Col0, M2, 0] = @# {% - Liz(z)] " (A28)

The real parts of the three scalar functions calculated above match the results from PACKAGE X 1.0.4 [50].
2. Scaleless loop integral

One may show explicitly that the scaleless loop integral is zero by adding and subtracting a term with a nonzero mass.
This splits the expression into a term that is strictly IR-divergent and a term that is strictly UV-divergent:

it 1 die [ 1 1 1
[ = | G [ s ) A2
1 1 =20 M-
e R e (A30)
_ [T (=T - 22M2)
—/0 dy (% — yM?)* : (A31)
The Euler beta function simplifies the integral in y:
i [l q y(1 —y)T(4)(M* = 262M?)
[ | e
T Lo M2 4e)  2MT(1+e)(2-¢)
=t f, 00 e+ P e 432
_il(1+e) 4z [(1+el(=e)l(2)  (4=2e)(1-€)l(2)
- (427 (Mz) [ r(2-e) r'(3—e) } (A33)

The scaleless integral is identically zero in the € — O limit:

¢ 1 i (4x\¢ [T +e)(1+e)l(=¢)  (4=2e)0(1+e)l(1~-¢) .
[orer=arr) g g el

e Ga) [(-E+me-2) r @+ (2-n) (A34)
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/ e 1
(2m)* (£2)?

3. Tables of phase space integrals

(A35)

We use the tabulated integrals of [53] to integrate over
the angular coordinates. In Table 1, the KK gluon is
produced with a massless gluon or quark; in Table 2, with
a top quark of mass m,.

In the massive quark case, the following constants appear
in the loop integrals shown in Table II:

(s —m?)(s + m? — M?)

a=— - (A36)
p=2 _23’"% V(s = m2 = M2 —4m2M? = —fia (A37)
A _(S—m?)(sz—s mi +M?) (A38)
B=-" _2;"% V(s —m2 = M2 —am2M? = —b  (A39)

\/)_(:M\/(S—Mz—m,) —4M*m? = (s —m?)b.

(A40)
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TABLE 1. Table of integrals for massless quark or gluon
emission.
Jdel =2z fd@% = (5_21’(42)

1

€

1 27 1
Jdo, = :

fd@t:ﬂ(Mz—S) (S_MZ)

[ dOu = n(M?* —5) [dO(u—M?) = —a(M?* + )

[der =2 (s — M?)? [d®(u T =
[dOu* =% (s — M?)? Jae - MZ =5 Mz)log(Mz/s)

Jdog = (‘;—_1?475)2% [d0 ey = i (6 + log(M?/5))

TABLE II. Table of angular integrals for massive quark
emission.

del =2 L1 _ A-bB+VX
f " fd@mu—w - \/—log [ZA hB+\/_]

[d®(t —m}) = 2na JdO(u—M?) =2zA

J & =Flog i 40 = Flog ig
a0 = 2 Jd40(7)* = 725
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