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Pair production of color-octet scalars at the LHC
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Heavy colored scalar particles, which exist in many models of new physics, can be pair produced at the
LHC via gluon-gluon fusion and possibly form quarkoniumlike bound states. If the scalars are also
charged under the electroweak gauge group, these bound states can then decay into electroweak bosons.
This yields a resonant cross section for final states such as yy that can exceed standard model
backgrounds. This paper studies this process in the Manohar-Wise model of color-octet scalars (COS).
Important threshold logarithms and final state Coulomb-like QCD interactions are resummed using
effective field theory. We compute the resummed cross section for gluon-gluon fusion to COS pairs at
the LHC as well as the resonant cross section for octetonium decaying to y7y. The latter cross section
exceeds the standard model diphoton cross section when the COS mass is less than 500 (350) GeV for
/s = 14(7) TeV. Nonobservation of resonances below these energies can significantly improve existing

bounds on COS masses.
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L. INTRODUCTION

One of the main goals of the Large Hadron Collider
(LHC) is to search for new physics (NP) around or above
the 1 TeV scale. Many new physics models predict heavy
scalars carrying a color charge. Such scalars exist in super-
symmetric theories [1,2], Pati-Salam unification [3,4],
grand unified theories [5-7], chiral color [8], and top color
[9]. Generically, such particles can introduce unwanted
flavor changing neutral currents (FCNC) and the usual
expectation is that these particles must be quite heavy
to avoid experimental constraints on FCNC. However,
these constraints will depend on undetermined Yukawa
couplings, and if suitable restrictions on these Yukawa
couplings are imposed, the additional scalars can be sur-
prisingly light. For example, FCNC constraints can be
naturally avoided if one imposes the minimal flavor viola-
tion [10,11] on the Yukawa couplings of new physics to
standard model (SM) fermions. Manohar-Wise [12] re-
cently proposed an extended scalar sector with color-octet
scalars (COS) that are also electroweak doublets, the
unique representation consistent with minimal flavor vio-
lation" The existence of color-octet scalars of this type is
weakly constrained by collider phenomenology because
the COS couple most strongly to the third generation of
quarks. Searches for new physics in final states with bbbbh
yield a rough constraint of mg = 200 GeV, where myg is
the COS mass, assuming that the COS Yukawa couplings
to up- and down-type quarks are roughly equal [14].
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Completely model independent constraints are even
weaker. Reference [15] concludes that masses of these
particles could be as low as ~100 GeV and still be con-
sistent with precision electroweak fits and collider data.

In a recent paper [16], two of us argued that better
constraints on the masses of COS can be obtained in
searches for bound states of the COS. The COS can be
pair-produced and have a strong attractive potential when
they are in a color-singlet state. If the Yukawa couplings of
the COS to SM fermions are O(1) or smaller, this state can
live long enough to form quarkoniumlike bound states
called octetonium. These bound states can then decay to
pairs of electroweak bosons, e.g., vy, yZO, WTW~, etc.
Thus the octetonium would appear as a resonance in these
channels which have relatively small SM backgrounds.
The couplings to gluons and electroweak bosons are fixed
by gauge symmetry so the only free parameter in the
calculation of the cross section is the COS mass.
Reference [16] calculated the production cross section
for octetonia via gluon-gluon fusion as well as decay rates
for a number of two-body decays to SM particles. A back
of the envelope comparison of octetonium production via
gluon-gluon fusion followed by decay to yy suggested that
the resonant cross section for this process would exceed the
SM contribution for COS masses of 500 GeV or less. Thus,
better constraints on the COS masses than those found in
Refs. [14,15] could be obtained from null searches in these
channels.

The goal of this paper is to perform a more careful
calculation of the process discussed in Ref. [16] by incor-
porating important QCD corrections that arise in the
calculation of pairs of strongly interacting heavy particles
near threshold. Many of the same issues arise in the
calculation of 7, squark-anti-squark, and gluino pair
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production [17-21]. There are two classes of corrections
one needs to take into account. First, there are (partonic)
threshold logarithms that appear in any production process
characterized by a large partonic center-of-mass energy
threshold including, e.g., Higgs production or Drell-Yan.
In our previous paper [22], the resummation of these loga-
rithms for the production of a single COS was performed
using soft-collinear effective theory (SCET) [23-25]. There
we showed that the resummation increased the normaliza-
tion of the total cross section by a factor of 2-3 for a COS
with mass in the range 500 GeV-3 TeV. The additional
effect that must be taken into account when two heavy
colored particles are produced is the exchange of
Coulomb gluons between the heavy particles in the final
state. The exchanges scale as a;/v where v is the relative
velocity of the heavy particles. In the threshold region,
v ~ a graphs with Coulomb gluons must be resummed
to all orders. The exchange of Coulomb gluons is respon-
sible for the attractive potential between the COS when they
are in a color-singlet state and gives rise to the resonant
enhancement of the cross section when the invariant mass of
the COS pair is close to that of the octetonium bound state.

The outline of the paper is as follows. In Sec. II, we
perform tree-level matching of the amplitude for gg —
S*S~ in the Manohar-Wise model onto SCET and heavy
scalar effective theory (HSET). The resulting operator
couples the COS, which are slowly moving and hence
described by HSET fields, directly to the initial state
gluons, which are described by SCET collinear fields. In
Sec. III, we derive a factorization theorem for o(pp —
S*S7X). The cross section factors into a hard part (pro-
portional to the square of the matching coefficient obtained
in Sec. II), a soft function, and parton distribution functions
(PDFs). Exchange of Coulomb gluons is included in the
QCD Coulomb Green’s function. In Sec. IV, we solve
renormalization group equations for each of the compo-
nents in the factorization theorem. The resummed produc-
tion cross section up to next-to leading logarithm (NLL) is
obtained directly in momentum space using the methods of
Ref. [26]. In section V, we extend our results to the cross
section o(pp — ST S~ — y7y) and compare with the next-
to-leading order (NLO) SM calculation of a(pp — y7y)
obtained using the program DIPHOX [27]. Before continu-
ing, we wish to emphasize the universality of the factori-
zation and resummation. All dependence on the model of
NP is contained in the matching coefficients which enter

I, a

v, b

FIG. 1.
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the hard part of the cross section. The remaining steps
of the calculation are independent of the model of NP.
With suitable modification of the hard part, the results
of this paper can be applied to any model of NP that
contains COS.

II. MATCHING S*S~ PRODUCTION
ON HSET/SCET OPERATORS

At the LHC, the gg initial state gives the dominant
contribution to pair production of COS. The leading order,
O(a?), production processes are shown in the diagrams in
Fig. 1(a). The couplings come from kinetic terms for the
COS,

L= —1sD>*se - Imisese, (1)

where DY = 9,8 + gf®°Ab. We are interested in
calculating the cross section in the threshold region,
§ ~ (2mg)?, where § the momentum squared of incoming
partons. In this region, the COS are moving slowly, but the
initial state gluons are highly energetic. We integrate out
the large scale mg and the match the diagrams in Fig. 1(a)
onto operators with SCET collinear fields describing the
initial state gluons and the HSET fields describing the
slowly moving COS in the final state. After this matching,
the production of S* and S~ is accomplished via the
operator depicted in Fig. 1(b) which is

3 (fkac pkbd fkadfkbc)(ynB,J{#)a(yﬁBl% ’
2myg "

X (S5 YDS, YD + 0(a?), )

where n and 7 are light cone vectors satisfying n> =
=0, n-in=2, and By is a leading n-collinear

T

LINT =

gluon field strength tensor, defined by fBZ‘i =
in?g""Gh ,, Wht = iiP gl" WHteG! ,,. Byl is related
to B! by exchanging n and 7. W¢? is a collinear Wilson
line in the adjoint representation

W ab(x) = Pexp(ig /x dsii -A’,g(sﬁ”)Tk)ah. 3)

In Eq. (2), the heavy scalar fields are described by the
HSET Lagrangian

1
— ——St(D?)ecss,  (4)
2mg

L yser = S?Z“(v : iDs)“CSf;

Feynman diagrams for leading order color-octet pair production in full QCD (a) and effective theory (b).

075017-2



PAIR PRODUCTION OF COLOR-OCTET SCALARS AT THE LHC

where v* is the velocity and D is the covariant derivative
including only the soft gluon field. The HSET Lagrangian
can be obtained from Eq. (1) by making the substitution

1
\/st

dropping all terms in which the large phase does not
cancel, and expanding to O(1/mg). Note that we have
decoupled soft gluons from the collinear and heavy fields
by performing field redefinitions, so the soft Wilson lines

X ab
Yb(x) = Pexp(igf dsv - A’;(SV/‘)T")

vH = n/"’ I’_l'u, vk

5(3) = (e MUISY() + €MTISE@), ()

(6)

appear in the operator in Eq. (2)
We find it useful to classify operators by the irreducible
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demanding that total color be conserved. There are eight
operators that can contribute to COS pair production via
gluon-gluon fusion, and we will denote them by (R, Ry) =
(1,1), (8, 85), (85, 84), (84, 8s), (84, 8,4), (10, 10), (10, 10),
and (27, 27) [28], where R; and R denote the irreducible
representations of initial and final states, respectively.

Using this operator basis the interaction Lagrangian in
Eq. (2) is

Linr =D Co(w)0,, (), (7)
where each operator is given by

1 m *
O (1) = 5 Egpea(Yu B ) (Ya B, ) (S5 YL)

representation of color carried by the initial and final states. X (8y" y:r’)d (8)
The possibilities are enumerated by applying 8 ® 8 =1
8; @8, ® 10 ® 10 ® 27 to the initial and final states, and  Here the color factors E(a'Z)Cd = E(alzzsf) are [28]
J
g _pan _Llsoo o) B89 _ 3 e p O pesso L
abed abed g ab%cd> abed — “abed T 10\/5 ba™ cd’ abed — “abed T zm ba' cd’
@ B85 _ 3 ) 88y _ 1
Eabcd - abAcds - IOJ_Fiand’ Eabcd - ahsch - 2\/mFll§aFfd’
)
2
Efzéb/cg = Efllboczli(])/(w 10— 4\/_[5a65bd 5ad5bc - _FlliaFlc(d = (D](;cFllgd + Ffch]l;d)iI’
1 6
Eglglzcd E1(12b7c57) 6\/_[56“ 6bd + 5ad5hc 4 6ub8cd - gD]gaD]Zd]’

where D§,. = d*, =T¢ = —ifec and we set

=3, where N, is a number of colors. All the color
factors satisfy the orthonormality relation Eabchabcd
&Y. At tree level the Wilson coefficients in Eq. (7) are
(Cy, Cy, Cg) = 7ar (6,642, —6+/3), and C3 = C, = Cs =
C¢ = C; = 0. In general, these color factor E,, R) are
defined to be [28]

(RiRy) _ pRaRi)e _ L R R
E ’ Ecdzab \/(W Calab Cazcd’ (10)
where CR , = (R, alab) are the Clebsch-Gordon coeffi-

cients between two different color spaces (R, @) and (a, b).
The EQIZ‘C?) vanish unless the two irreducible representa-
tions R, and R, have the same dimension.

III. FACTORIZATION FOR COS
PAIR PRODUCTION

For single COS production at threshold [22], the only
degrees of freedom after integrating out the hard scale are
the collinear initial state partons, soft partons, and a single
heavy COS. The interactions of the heavy COS with the
initial state collinear partons via soft gluon exchange are

equivalent to a timelike soft Wilson line. The resulting
factorization theorem is a convolution of two PDFs and
soft function multiplied by hard Wilson coefficients. The
factorization formula for COS pair production at threshold
is similar, but Coulomb gluon exchanges between two
COS in the final state must also be taken into account.
These can be resummed to all orders using the QCD
Coulomb Green’s function,
Gr(x,x", E) = < ’>

_ 3 ¢, ) P X)lﬂﬁ*(X’)

E, —E- (11)
where Hjy is the nonrelativistic Hamiltonian including the
Coulomb potential in a specific irreducible representation,
R, that for a pair of COS must be 1, 8g, 84, 10, 10, 0r27. In
the second equality of Eq. (11), we have written the Coulomb
Green’s function in terms of the wave functions, ?(x), of
eigenstates with energy E,. Our strategy for extracting the
dependence of the cross section on the full Coulomb’s Green
function is to calculate the cross section for energy eigen-
states and then use the second identity in Eq. (11) to infer the

075017-3



AHMAD IDILBI, CHUL KIM, AND THOMAS MEHEN

dependence on the full Couloumb’s Green’s function. We
will also take into account the finite width of the COS by
making the replacement £ — E + il .
The cross section in the threshold region for producing
COS pairs is given by
27

> og,(pp— S5X)
R=1

- zzszz [ Sz

mk X

o(pp— SSX) =

—q-— px)IM(Rf P,

RO XSl

Rf a mk X
(Rf,a) 2
X |Mm,k | |q=Pn+Pﬁ*px=pn+pa*px ) (12)

where P!, are the incoming protons’ momenta, p;, ; are
the momenta of the partons, M, is a bound state mass,
and the matrix elements Mﬁfj’ka) are defined to be Mﬁf’ka) =
<0,({R’Q)X|Cm(9m|PnP,-,>. Here the state |(9§€R’0‘)> is a COS
pair in the color state (R, @) and k refers to all other
quantum numbers. The subscript m denotes the (R;, Ry)
quantum numbers of the SCET operators and the summa-
tion is nonvanishing when the SCET operator’s R/ is the
same as the final state’s R. For example, if we consider the
final state with R = 8g, m can be either m = 2 (8g, 8g) or
m=5(8,, 8s).

X 8(P, + P;
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The states X in Eq. (12) consist of n(7i)-collinear and soft
partons, so the final state momentum and the phase space
integral can be rewritten as py = px + px, + px, and
2x = Xx, Xx, 2x,» respectively. The incoming parton
momenta satisfy the relations, p,z = P — Px, x,)-
Then the argument of the delta function in the last equality
of Eq. (12) becomes

q° — M= (p, + ps — px,)) —Mp =5 — 298" — M}

= (812 + My)(8'72 = M) — 273!/

~ 2812512 = 2mg — E, — )

=2812(M — 2mg — E,) =28""2(E— E;), (13)
where n = pg)(s, M, = 2mg + E;, and the invariant mass

of the COS pair is M = §'/2 — 5 = 2mg + E.
In order to derive the factorization formula in momen-
tum space, we will insert into og,

) n-P
1= [dndyldyzé(n + 130)5<)’1 - = )
n-P,
n-P
>< —_
o2~ 27) (14)

where 71 - P(n - P) is a large label operator acting on
n(i)-collinear fields, and the partial derivative, id,, gives
the energy of soft partons. Using the definition of O; in
Eq. (8) and the completeness relation |X)(X| = 1, we write
Og, as

- m m)* m
or,(pp — §TSTX) = (2m3)s & ZE(absz(ef;h fd”ld)’1d)’25(f]2 — MYIC,,(M, w)|?

X (P, Pl(Br* YD (BL, YD (Y, S (Y, 8,105 ), (15)

X (O 18(n + i90) (Y, B [y1 (Y,

fdndyldyz%(qz = M)IC (M, ) fo/p(31)fo/p(v2)

_ ™ (. pm)
8(m§)3(Nc2 _ 1)2 P abed™efgh

BL LD (S5 YDE(S, YD) P, Py),

X (0153755° 108 N0 E | s 5, OOl P YL YerYds s(m + iag) Y YL YEE Y 0),

where § = y;y,s. In the third line of Eq. (15), we intro-
duced the following notation:

fBrJ{M’a[)’l] = [5()’1 - i_l T)Br%#’a],

n-P, (17
Bﬁlﬂ'a[)’z] = [5<Y2 -2 P)BIJ{M'H}

n- Pﬁ

The PDF for the gluon in Eq. (16) is defined by

(PABHBEIP,) = gt ST )l)fg/P(y)

(18)

(16)

|
The same equation, with n and 71 exchanged, defines for the
ii-collinear gluon PDF.

In Eq. (16), the bound states |0'® )Y are defined in terms
of the COS states by

3
08 = CEET, [ 55 HEG0IS 008, (k)

19)

where % (k) are the nonrelativistic wave functions in
momentum space. The COS single-particle states annihi-
lated by the HSET field, S¢, are related to the states
annihilated by the field S¢ by [S¢) = (1//2myg)|S%).
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In case of the final state with two identical particles such as
|59.59), the right side of Eq. (19) should be divided by ~/2.
Finally the matrix elements for the color-octet scalars in
Eq. (16) can be written in terms of the wave functions at the
origin using

(05575, 10{ X0, 155,10}
= ZMkcgf’i avwl lﬁkf(0)|2,

~ 2MNAGmREG" [y (0)2. (20)

Here we identified M ~ M, in the second equality, ignor-
ing O(1/M) corrections. Using the relation

~ s B = m—
25k 2Mm E, — E — i€’

2D

8(¢> — M})

inserting Egs. (11), (13), and (19), into Eq. (16), and using

R 1
gé(qz = MYl OF = 57— ImGg, (0,0, E), (22)

we see that the cross section is proportional to the imagi-
nary part of the Coulomb Green’s function evaluated at
x = X’ = 0. Because the COS are unstable, we make the
substitution E — E + il'.

Combining Egs. (16), (20), and (22), we then obtain

1 .
U'Rf(PP — 88X) = WRZ fdndyldyzs

X ICRi,Rf-(M’ M,)l2 X ImGRf(O, 0,E+ lrs)

X forp1)fg/p(v2)Sk.r, (M), (23)

where we have slightly modified our notation by replacing

2. with 3 and C,, with Cg g, . The function Sg g, is
defined by

/—(RR)* (RR)(R ) r

SR Rj(n)_ dim Eubcdf gfghf rséw/ (OWTMV;;qbVi

X Y& 8(n +id) Vi VRV Y0 24)

When we introduce the variable z = M?/§, which goes
to 1 at threshold, the soft momentum 7 can be rewritten as

z— 1.

(25)

al/2 al/2 1/2 §1/2
=382 —-M=3572(1-¢ )~7(1—Z),

Using the relation y;y, = 7/z and replacing [dn—
— f dM, we find that the differential scattering cross
section is

PHYSICAL REVIEW D 82, 075017 (2010)

dO’R
i +omy) —
M (pp—S7S7X) = ;HR,»,R/(M: KF)

M
X — (2ms)6 ImGRf(O 0 E + lrs, ,MF)T

dz - T
X[ s SR Rf( -z /'LF)F(EIU“

where wf is the factorization scale, F(7/z) is a convolution
of two PDFs,

P} o

d
Flx, up) = f 1 S Fagn )l ), @D

—z), are
= (8'2/2)Sg,r,(m), so that

and the dimensionless soft functions, gRi)Rf(l
defined to be S’Ri,Rf(l -2)

SR,.,Rf(l —z) = 8(1 — z) at tree level. Finally, the hard
function Hp, g : is
|CR-,Rf(My w)l?
Hg, g, (M, u) = 16W- (28)

This factorization formula is one of our main results, and
can be extended to other processes with different initial
states such as ¢g and gq. Note that to obtain the scattering
cross section for the production of two identical particles,
such as S°S°, the cross section should be divided by 2. If we
restrict the sum over bound states to the ground state of
the singlet channel (R = 1 and k = O corresponding to
the state with principal quantum number n = 1 and [ = 0),
and use the tree-level soft function, § R.R; = o(1 — z),

Eq. (26) becomes

6413 N2a?

m|¢o(0)|27F(7)

o (pp — 0) = (29)
This reproduces the tree-level cross section for pp — 09
in Ref. [16].

In the scattering cross section, the hard function, H, the
soft function, S, and the Coulomb Green’s function in
Eq. (26) should be evaluated at renormalization scales
labeled wy, pmg, and we, respectively. These scales are
chosen so that large logarithms are minimized. Large log-
arithms are resummed by evolving the hard function from
My to up, the soft function from g to pp, and the Green’s
function p- to wp. This is described in the next section.

IV. RESUMMATION AND NUMERICAL RESULTS

In this section we calculate the resummed scattering
cross section to NLL accuracy with leading order (LO)
Wilson coefficients. This approximation, called NLL +
LO, includes all O(1) terms when the large logarithms
are counted as an inverse power of ag, so corrections to
NLL + LO are O(a,) suppressed. Next-to-leading order
Wilson coefficients have not been calculated for COS pair
production. Refs. [29,30] have observed that 772-enhanced
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NLO contributions, which can be inferred from the imagi-
nary parts of anomalous dimensions as we will see below,
are numerically similar in size to the complete NLO «;
correction. So we will include this contribution in our
numerical results, which, based on expectations from
previous calculations of Higgs production [30], should
provide a result numerically consistent with a full NLL +
NLO calculation.

As shown in Sec. II, the only nonzero LO Wilson
coefficients for gg — SS are C, C,, and Cg, which corre-
spond to the initial and final states (1,1), (8g, 8g), and
(27, 27), respectively. Computing anomalous dimensions
for the NLL resummation in each of these channels is
straightforward, and the results are

2 2 o
T4+ ﬁ) FA)I e D
vin(p) = (477' (477 ! n—M2 —ie 4w !
(30)
a.\2
- Y\
You (i) ( ( 77_) )(2 MZ
a
—B 1
_M2 lE) A7 8€ (3 )
a.\2
= \Yr
yon (1) ( (o )(3 ot
1 7 g
In———)——B4, 32
3 n—M2—ie) 4o 7 (32)
where CA = Nc’ B‘f = 2ﬁ0, B1845 = 2CA + 2,80, BIZ47 =

16 + 28, and 3y is the first coefficient of the QCD beta
function. Here, I'j and I'4 are the first and second coef-
ficients of the cusp anomalous dimension of Wilson lines
in the adjoint representation: I'j =4C, and I'! =
8N [(67/18 — 72 /6)N, — 5n;/9], where n; is a number
of flavors.

From the anomalous dimensions we can infer the form
of the double logarithms in the Wilson coefficients,
which are

(0) o 1 1
C{l,Z,S}(:u’) C{] 28}[ - ECA<{1’ Ey - g}

2
2 il 1 i}
X (—M2 = ie) " {0’2’3
2
X ln2<%> 4. )] (33)

These lead to large 7*-enhanced corrections when eval-
uated at the scale u = M,
T 1
1) y TS
A{ 3}>

;
A{l,%, —%}) (34)

€12 = 160, 4

a.TT
~1efl 00 exp(“
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In the second line we have exponentiated, the 77°-enhanced
terms. This is a consequence of evolving the renormaliza-
tion scale to a complex value so as to minimize the loga-
rithms [22]. Interestingly, the Wilson coefficient for the 27
channel is suppressed when the 772-enhanced contribution
is included.

In the resummed cross section, we use the tree-level
values for the soft functions in Eqgs. (24) and (26).
However, we need to evolve the soft functions from the
soft scale, g, to the factorization scale, ur, and to deter-
mine the appropriate wg we will use the one-loop expres-
sions for the soft functions:

Siul—zpm) =a8(1-2z)+ %NCAO —zp), (35

i a,
Sses(l =z m)=06(1—2z)+ Z‘TNC(ZA(I — 7 1)
+ B(1 — z, u)), (36)
i a,
Syl =z u) =6(1 —2) + ch(zAu )

8
+ §B(1 -z ,u)), 37)

where the coefficient function A(1 — z, u) is obtained from
soft gluon exchanges between Y, and Y; or Y,z and Y,,,
and B(1 — z, u) from soft interactions between VY,,s. These
coefficient functions are

1 wr o w?
A(l — z, 2 ——)o(l —z) —2In—
(1-zm = (3 4)< - 2mls

M2
1 In(1 — 2)
-2, +4( T2 ) (38)
2 2
B(l =z p) = (m% n 2)5(1 —)- g 69
+

where the standard plus distributions are used, and UV
poles have been absorbed into counterterms. Note that
these expressions are IR finite. The general form for the
NLO soft function for the process 1,1, — F, where /| and
I, denote the color representations of the initial partons
and F denotes the irreducible representation of the final
two heavy particle states, is given by

—z, 1)

_ a
Sa, i rl —z u)=6(1—-2)+ E((CII + Cp,)A(1

+CpB(1 =z, 1)), (40)

where Cy, ,
the initial and final representations. Our result agrees with
Ref. [28], where the computation has been performed in
coordinate space.

The Coulomb Green’s functions in Eqs. (22) and (26) are
[17,31]

and Cy are the quadratic Casimir operators for
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, o), S0 in
Gg, (0,0, E + il'g, u) = yp CRfmS[_ 2w 1n<2m517)
1
+5—ul —K>], “D
where k, U, and ¢ are
Cra(p) ) /E + il
K=l—Ff17—7, L | E—
20 mg (42)
d
Y@ = yp + - Inl'G).
z

Here E = M — 2myg, g is the Euler gamma, and I'(z) is
the Gamma function. The C R, are the coefficients in the LO
Coulomb potential, Vi g (r) = —a Cp, /r, where R refers
the representation of the COS pair. For COS pairs, C; =
N, Cg, = N./2, and C5; = —1, so the COS pairs in the 1
and 8g feel an attractive force while COS pairs in the 27 feel
a repulsive force. The appropriate scale for the Coulomb’s
Green’s function is wc ~ mgv ~ mSCR/aS(,uC), where v
is the relative velocity of the COS. In the resummed cross
section the Coulomb Green’s function needs to be evolved
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from the scale . to the scale uf, as indicated in Eq. (26).
However, the Coulomb Green’s function anomalous dimen-
sion starts at O(a?) so its evolution can be neglected in a
NLL calculation.

The renormalization group equations for the hard func-
tions, soft functions, and PDF’s are solved directly in
momentum space using the methods of Refs. [26,32,33].
The details of the calculation are very similar to the
calculation of the resummed cross section for single COS
production in Ref. [22] so we simply quote our result for
the differential cross section:

dU'Rf b ae M ]
M (pp—)S S X):WImGRf(0,0,E‘Flrs,ﬂ/c)T

ldz
X / ?VR/ (2 M, pup)F(1/2, pp),
Z

(43)

where the resummation function, Vg, (z, M, ), is given by
Vi (& M, pyp) = ;HR,-,Rf (M, i) U, g, (g, s, por)
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Mass distribution of the scattering cross section for pp — S*S~X near threshold for /s = 7 TeV. Upper

(lower) filled regions with blue (yellow) color represent doy/dM(dog,/dM) with the soft scale varied between u§ = pg = uf.
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Here § R, (0, ws) are the Laplace transforms of the soft
functions, and the evolution functions Ug, f(,u 0 s MF)
are multiplicative factors that come from evolving the hard
functions from the scale w to the scale wy and the soft
functions from the scale wy to the scale wg. Up to NLL
accuracy the representations of the initial and final states
are the same, so below we will simplify our notation by
replacing fr r ; with f R, where f represents either a hard
function, soft function, or evolution function, and suppress
the summation over R; in Eq. (44). For the NLL resumma-
tion, the auxiliary parameter 7 is defined to be 7 =
(I / Bo) In(at, (1) x, (1)) as in Ref. [26].
The NLL expressions for Ug (g, ps, pur) are

A
anRf('“H’ Ms, p) = 1“[4SUNLL(,U~H, ns) + %
(’LLS) Y(IU“F)

Xln Do . (45

(MH) Bo (Ms)] (43)

where B, = 23, and Bﬁf are defined in Egs. (30)-(32).

The function SUnpp. (g, o) is
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rar 4m 1 r g
SUniL(1, o) = [ (1———1nr)+<—‘——)
NLL\M 1, M2 430 () r Ing Bo
X(1—=r+Inr)+— '8 ] (46)
,3
where r = as(MZ)/as(Ml)'
We will choose the hard scale to be wy = M, and use

the second line of Eq. (34) for the Wilson coefficients in the
hard functions so that the large 7>-enhanced contribution
is included. To resum logarithms of 1 — z, the soft scale
should be set to ug = M(1 — z). However this choice
gives divergences in the z integral since the running cou-
pling will cross the Landau pole as z — 1. Instead we
chose the scale g so that the higher order corrections to
the soft function are perturbatively small In order to do
this, we define two soft scales, u’ g and ,u ! The scale u gis
defined by starting from g = wy and lowering g until
the O(a,) correction is less than 15%. The scale uf is
chosen so that the one-loop correction is minimized. The
soft scale g is then defined to be the mean of u and u¥
[30,33].
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In the Manohar-Wise model [12], the dominant decay
modes for S with masses greater than 200 GeV are " —
th (S~ — 1b), so the width of the COS is given by

PVl fm,e
Iy = 15" — 1) = () ot~ ez, 4)
S

where v is the vacuum expectation value of Higgs and 7,
is an unconstrained complex Yukawa coupling. Equation
(47) is used to determine I'y in the evaluation of the
Coulomb Green’s function. When |7| is smaller than 1,
the COS live long enough to form bound states called
octetonium [16]. Figures 2 and 3 show the differential
cross section as a function of the invariant mass of the
COS pair. For the numerical results we employed NLO
CTEQS PDF set [34]. Figure 2 shows the cross section at
\/E =7 TeV for mg = 350 GeV and 500 GeV, and for two
values of the Yukawa coupling, |ny| = 0.5 and 1.0.
Figure 3 shows the same for /s = 14 TeV. As seen in
Figs. 2 and 3, the octetonium appears as a resonance
10-15 GeV below 2myg that is clearly visible in the
1 channel. In the 85 channel, there is a small peak in the
cross section just a few GeV below 2myg. This peak is so
broad for |n;| = 1.0 that it is barely noticeable, but the
peak is visible when the Yukawa coupling is |75y = 0.5.
The scattering cross sections in the 27 channel do not have
peaks and are negligible compared to the 1 and 8¢ chan-
nels, so we have not included them in Figs. 2 and 3.

V. SCATTERING CROSS SECTION FOR
pp—S'S — vy

Reference [16] argued that the process pp — SS — AB,
where AB represents a pair of SM electroweak gauge
bosons, e.g., WTW~, Z°Z° vy, or yZ°, are promising
channels in which to search for octetonium. Near the
vicinity of the octetonium resonance there is a peak in
the cross section which can exceed the SM background for
these final states. This is in contrast with final states like gg
or tf where we expect the QCD background to greatly
exceed any signal from octetonium. In Ref. [16], a simple
estimate for the cross section for pp — §*S~ — yy in the
vicinity of the octetonium resonance was compared with
the SM background. For octetonium with mass < 1 TeV

Ry

PHYSICAL REVIEW D 82, 075017 (2010)

(mg =< 500 GeV) the cross section at the LHC at /s =
14 TeV was found to exceed the SM background for this
process. Therefore, searches for y7y resonances could
either reveal these novel heavy states or provide much
better constraints on the allowed masses of COS, which
are currently only constrained to be = 100 GeV [15]. The
point of this section of the paper is to improve upon the
results of Ref. [16] by performing a resummed calculation
of the invariant mass spectrum for the photons produced in
pp — STS™ — vy in the vicinity of the octetonium reso-
nance, which is compared with the SM prediction for the
vy invariant mass distribution.

Below the threshold 2mg¢ (and ignoring the widths of the
bound states), the cross section for pp — §*S~ — yvy can
be written as a sum over contributions from individual O}
states,

T (01— vy)
Fllc,tot(ollc —X)
(48)

o1(pp—SS—yy)=> o (pp— 01X)
k

Note that only color-singlet resonances can decay to the
final state 7. Using the factorization formulae in Eq. (43),
integrating over M, and writing ImGp f:I(O, 0, E) as a sum
of 6 functions times wave functions squared, as in Eq. (22),
we can write oy (pp — O01X) as

27

Ul,k(PP - 011<X) = W
N

X deHl(M, w)TM2S(M? — M| 10, w)l?

ldz -
% [ 5.0 -2 ,u)F(Z, M) (49)
T Z Z
The LO decay rates for 0,1( — yy are [16]
64ma’
THOL— vy) = — W} OF. (50)

Finally, we must allow for a finite width for each of the
bound states, O}. We do this by replacing 6(M? — M?)
with the Breit-Wigner (M, I} /m)/(M* — M})* +
M;(T'} )?). Then we can simplify Eq. (48) with the
substitution

|y ;0 PRI

r
> 8(q> = MYyt — Y
k=0

k=0

1
E :,Eﬂ rO,tot

4M7TE - Ek + irllc’[ot/Q' E - Ek - irllc,t()t/z

|y 1O PROLS

AMm & E— E + il

/2E—E,— iF(l,m/Z

0,tot

0 .
~ W;lGI(O’ 0.E+il} /2% (51)
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In the second line we replaced I'}  with I'§ | so we could  resonance of interest, and small except near the other poles
write the final result in terms of the Green’s function. The  of the Green’s function which should not be important for
corrections to this approximation are not important near the  our calculation. Then we combine Egs. (49)—(51) to obtain
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FIG. 4 (color online). Mass distribution of the scattering cross section doy /dM(pp — S*S~ — 7y7) near the resonance 09 (= 0(1))
versus the standard model background dogy/dM(pp — yy) for (a) \/s = 7 TeV and (b) \/s = 14 TeV.
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7’

o1(pp— S8 — yy) = W
s

0,tot

M
x [ B (1, 1G10,0,E + iT, D)7

X [1 %Sl(l —z M)F(E M) (52)

Using Eq. (52), we compare the cross section for pp —
S*S~ — yy to the SM background pp — yvy. The cross
section is computed in the vicinity of the 0% (= O}) reso-
nance in the Manohar-Wise model. In this model, the width
of 0Y depends on a scalar coupling, A,, which appears in
the coupling of a COS pair to the SM Higgs boson [12]. We
have set this parameter to A; = 1. Explicit expressions for
the decay rates for 0% — gg, tf, WW~, 2°Z°, yy, and
hh can be found in Ref. [16], and these have been used to
calculate the total width, I} . In Fig. 4, we compare the
v invariant mass distribution near the peak of the reso-
nance 0% with SM backgrounds for pp — yy. The SM
background cross section, dogy/dM, is the sum of NLO
calculations of gg — vy and gg — 77y with arapidity cuts
of |1, ,] <2.4. The K factor has been computed using the
program DIPHOX [27]. The cross section is computed for
\/E = 7 TeV with COS masses of 250, 300, and 350 GeV,
and for /s = 14 TeV with COS masses of 300, 400, and
500 GeV. We see that the resonant cross section exceeds
the SM contribution when mg = 500(350) GeV for /s =
14(7) TeV, confirming the conclusions of Ref. [16].
We have used 1y = 1 in our calculation, for smaller 7
the resonance peak is more narrow and visible. Note that
the octetonium, O%, which is composed of a pair of electri-
cally neutral COS, is significantly narrower than O when
[yl = 1.0 and mg = 700 GeV. Therefore, this should
appear as a narrower resonance in channels into which it
can decay, such as W W~ and Z°Z°. It would interesting

PHYSICAL REVIEW D 82, 075017 (2010)

to extend the results of this paper to other final states with
electroweak bosons.

VI. CONCLUSIONS

The LHC will explore physics beyond the TeV scale.
One possibility for new physics that may be discovered at
the LHC is the existence of heavy COS. In this work we
have extended our previous analysis of single COS pro-
duction [22] and considered the production cross section of
two COS which bind together through Coulomb interac-
tions to form a bound state called octetonium [16]. This
bound state can decay into two photons, providing a reso-
nant signal above the SM diphoton production cross sec-
tion. We established a factorization theorem for this
production process using SCET and HSET, then performed
a next-to-leading logarithmic partonic threshold resumma-
tion directly in momentum space. Our factorized cross
section is independent of the specifics of the underlying
NP theory responsible for the production of COS. In this
paper, we focused on the Manohar-Wise model of COS,
but the calculation can be easily extended to pair produc-
tion of heavy colored particles in other models, e.g. stopo-
nium in supersymmetry [35-37] or pairs of Kaluza-Klein
excitations of quarks and gluons in models of extra
dimensions, by a suitable modification of the matching
coefficient at the high scale, 2M . We find that the resonant
cross section exceeds the SM contribution when mg =
500(350) GeV for /s = 14(7) TeV. Searches for diphoton
resonances at the LHC will either discover COS reso-
nances or greatly improve existing bounds on COS masses.

ACKNOWLEDGMENTS

This work was supported in part by the U.S. Department
of Energy under Grant Nos. DE-FG02-05ER41368 and
DE-FG02-05ER41376.

[1] T. Plehn and T.M.P. Tait, J. Phys. G 36, 075001
(2009).

[2] S.Y. Choi, M. Drees, J. Kalinowski, J.M. Kim, E.
Popenda, and P. M. Zerwas, Phys. Lett. B 672, 246 (2009).

[3] A.V. Povarov, P. Y. Popov, and A.D. Smirnov, Yad. Fiz.
70, 771 (2007) [Phys. At. Nucl. 70, 739 (2007)].

[4] P.Y. Popov, A. V. Povarov, and A. D. Smirnov, Mod. Phys.
Lett. A 20, 755 (2005).

[5] L Dorsner and I. Mocioiu, Nucl. Phys. B796, 123 (2008).

[6] P. Fileviez Perez, H. Iminniyaz, and G. Rodrigo, Phys.
Rev. D 78, 015013 (2008).

[7] P. Fileviez Perez, R. Gavin, T. McElmurry, and F.
Petriello, Phys. Rev. D 78, 115017 (2008).

[8] P.H. Frampton and S.L. Glashow, Phys. Rev. Lett. 58,
2168 (1987).

[9] C.T. Hill, Phys. Lett. B 266, 419 (1991).

[10] R.S. Chivukula and H. Georgi, Phys. Lett. B 188, 99
(1987).

[11] G. D’Ambrosio, G.F. Giudice, G. Isidori, and A. Strumia,
Nucl. Phys. B645, 155 (2002).

[12] A.V. Manohar and M. B. Wise, Phys. Rev. D 74, 035009
(2000).

[13] J.M. Arnold, M. Pospelov, and M. Trott, J. High Energy
Phys. 08 (2010) 59.

[14] M. Gerbush, T.J. Khoo, D.J. Phalen, A. Pierce, and D.
Tucker-Smith, Phys. Rev. D 77, 095003 (2008).

[15] C.P. Burgess, M. Trott, and S. Zuberi, J. High Energy
Phys. 09 (2009) 082.

[16] C. Kim and T. Mehen, Phys. Rev. D 79, 035011
(2009).

075017-11


http://dx.doi.org/10.1088/0954-3899/36/7/075001
http://dx.doi.org/10.1088/0954-3899/36/7/075001
http://dx.doi.org/10.1134/S1063778807040163
http://dx.doi.org/10.1142/S0217732305016907
http://dx.doi.org/10.1142/S0217732305016907
http://dx.doi.org/10.1016/j.nuclphysb.2007.12.004
http://dx.doi.org/10.1103/PhysRevD.78.015013
http://dx.doi.org/10.1103/PhysRevD.78.015013
http://dx.doi.org/10.1103/PhysRevD.78.115017
http://dx.doi.org/10.1103/PhysRevLett.58.2168
http://dx.doi.org/10.1103/PhysRevLett.58.2168
http://dx.doi.org/10.1016/0370-2693(91)91061-Y
http://dx.doi.org/10.1016/0370-2693(87)90713-1
http://dx.doi.org/10.1016/0370-2693(87)90713-1
http://dx.doi.org/10.1016/S0550-3213(02)00836-2
http://dx.doi.org/10.1103/PhysRevD.74.035009
http://dx.doi.org/10.1103/PhysRevD.74.035009
http://dx.doi.org/10.1007/JHEP08(2010)059
http://dx.doi.org/10.1007/JHEP08(2010)059
http://dx.doi.org/10.1103/PhysRevD.77.095003
http://dx.doi.org/10.1088/1126-6708/2009/09/082
http://dx.doi.org/10.1088/1126-6708/2009/09/082
http://dx.doi.org/10.1103/PhysRevD.79.035011
http://dx.doi.org/10.1103/PhysRevD.79.035011

AHMAD IDILBI, CHUL KIM, AND THOMAS MEHEN

[17]
(18]
(19]
(20]

(21]
(22]

(23]

[24]
[25]

[26]

Y. Kiyo, J.H. Kuhn, S. Moch, M. Steinhauser, and P.
Uwer, Eur. Phys. J. C 60, 375 (2009).

A. Kulesza and L. Motyka, Phys. Rev. Lett. 102, 111802
(2009).

A. Kulesza and L. Motyka, Phys. Rev. D 80, 095004
(2009).

J.E. Younkin and S.P. Martin, Phys. Rev. D 81, 055006
(2010).

M. Beneke, P. Falgari, and C. Schwinn, arXiv:1001.4627.
A. Idilbi, C. Kim, and T. Mehen, Phys. Rev. D 79, 114016
(2009).

C. W. Bauer, S. Fleming, and M. E. Luke, Phys. Rev. D 63,
014006 (2000); C. W. Bauer, S. Fleming, D. Pirjol, and
I. W. Stewart, Phys. Rev. D 63, 114020 (2001).

C. W. Bauer, D. Pirjol, and I. W. Stewart, Phys. Rev. D 65,
054022 (2002).

C.W. Bauer, S. Fleming, D. Pirjol, I.Z. Rothstein, and
I. W. Stewart, Phys. Rev. D 66, 014017 (2002).

T. Becher and M. Neubert, Phys. Rev. Lett. 97, 082001
(2000).

[27]
(28]
[29]
(30]

(31]
(32]

(33]
[34]

[35]
(36]

(37]

075017-12

PHYSICAL REVIEW D 82, 075017 (2010)

T. Binoth, J. P. Guillet, E. Pilon, and M. Werlen, Eur. Phys.
J. C 16, 311 (2000).

M. Beneke, P. Falgari, and C. Schwinn, Nucl. Phys. B828,
69 (2010).

V. Ahrens, T. Becher, M. Neubert, and L. L. Yang, Phys.
Rev. D 79, 033013 (2009).

V. Ahrens, T. Becher, M. Neubert, and L.L. Yang, Eur.
Phys. J. C 62, 333 (2009).

M. Beneke, arXiv:hep-ph/9911490.

T. Becher, M. Neubert, and B. D. Pecjak, J. High Energy
Phys. 01 (2007) 076.

T. Becher, M. Neubert, and G. Xu, J. High Energy Phys.
07 (2008) 030.

H.L. Lai et al. (CTEQ Collaboration), Eur. Phys. J. C 12,
375 (2000).

S. P. Martin, Phys. Rev. D 77, 075002 (2008).

S.P. Martin and J. E. Younkin, Phys. Rev. D 80, 035026
(2009).

Y. Kats and M.D. Schwartz, J. High Energy Phys. 04
(2010) 16.


http://dx.doi.org/10.1140/epjc/s10052-009-0892-7
http://dx.doi.org/10.1103/PhysRevLett.102.111802
http://dx.doi.org/10.1103/PhysRevLett.102.111802
http://dx.doi.org/10.1103/PhysRevD.80.095004
http://dx.doi.org/10.1103/PhysRevD.80.095004
http://dx.doi.org/10.1103/PhysRevD.81.055006
http://dx.doi.org/10.1103/PhysRevD.81.055006
http://arXiv.org/abs/1001.4627
http://dx.doi.org/10.1103/PhysRevD.79.114016
http://dx.doi.org/10.1103/PhysRevD.79.114016
http://dx.doi.org/10.1103/PhysRevD.63.014006
http://dx.doi.org/10.1103/PhysRevD.63.014006
http://dx.doi.org/10.1103/PhysRevD.63.114020
http://dx.doi.org/10.1103/PhysRevD.65.054022
http://dx.doi.org/10.1103/PhysRevD.65.054022
http://dx.doi.org/10.1103/PhysRevD.66.014017
http://dx.doi.org/10.1103/PhysRevLett.97.082001
http://dx.doi.org/10.1103/PhysRevLett.97.082001
http://dx.doi.org/10.1007/s100520050024
http://dx.doi.org/10.1007/s100520050024
http://dx.doi.org/10.1016/j.nuclphysb.2009.11.004
http://dx.doi.org/10.1016/j.nuclphysb.2009.11.004
http://dx.doi.org/10.1103/PhysRevD.79.033013
http://dx.doi.org/10.1103/PhysRevD.79.033013
http://dx.doi.org/10.1140/epjc/s10052-009-1030-2
http://dx.doi.org/10.1140/epjc/s10052-009-1030-2
http://arXiv.org/abs/hep-ph/9911490
http://dx.doi.org/10.1088/1126-6708/2007/01/076
http://dx.doi.org/10.1088/1126-6708/2007/01/076
http://dx.doi.org/10.1088/1126-6708/2008/07/030
http://dx.doi.org/10.1088/1126-6708/2008/07/030
http://dx.doi.org/10.1007/s100529900196
http://dx.doi.org/10.1007/s100529900196
http://dx.doi.org/10.1103/PhysRevD.77.075002
http://dx.doi.org/10.1103/PhysRevD.80.035026
http://dx.doi.org/10.1103/PhysRevD.80.035026
http://dx.doi.org/10.1007/JHEP04(2010)016
http://dx.doi.org/10.1007/JHEP04(2010)016

