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Abstract. We present the calculations of the complete next-to-leading order (NLO) inclusive total cross
sections for the associated production processes pp — fw}; + X in the minimal supersymmetric standard
model at the CERN Large Hadron Collider. Our calculations show that the total cross sections for the
t1X; production for the lighter top squark masses in the region 100 GeV < mg, < 160 GeV can reach 1pb
in the favorable parameter space allowed by the current precise experiments, and in other cases the total
cross sections generally vary from 10fb to several hundred fb except for both m; > 500GeV and the
f2X5 production channel. Moreover, we find that the NLO QCD corrections in general enhance the leading
order total cross sections significantly, and vastly reduce the dependence of the total cross sections on
the renormalization/factorization scale, which leads to increased confidence in predictions based on these

results.

1 Introduction

The CERN Large Hadron Collider (LHC), with v/S =
14 TeV and a luminosity of 100fb=! per year [1], will be
a wonderful machine for discovering new physics. In so
many new physical models, the minimal supersymmetric
standard model (MSSM) [2] is one of the most attrac-
tive models for the theorists and the high energy exper-
imenters, and searching for supersymmetric (SUSY) par-
ticles, being direct experimental evidence, is one of the
prime objectives at the LHC. Therefore, a good under-
standing of the theoretical predictions of the cross sections
for the production of the SUSY particles is important.
The cross sections for the production of squarks and
gluinos were calculated at the Born level already many
years ago [3]. To date, the productions of gluinos and
squarks [4,5], top squarks [6], sleptons [7,8] and gauginos
[7] at the hadron colliders have been studied. Besides the
leading order (LO) results, these calculations also have
included the next-to-leading order (NLO) corrections to
improve the accuracy of the theoretical predictions and
reduce the uncertainty from the dependence of results
on the renormalization/factorization scale. It was recently
pointed out in [9] that the associated production of a gaug-
ino (¥) with a gluino (g) or with a squark (§) is potentially
a very important production mechanism, since the mass
spectrum favors much lighter masses for the color-neutral
charginos and neutralinos than for the colored squarks and
gluinos in popular models of SUSY breaking. A detailed
NLO QCD calculation of the associated production of a
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gluino and a gaugino at the Tevatron and the LHC has
been given in [9]. However, the processes of the associated
gaugino and squark productions have not been calculated
at LO and NLO yet.

In this paper, we present the complete NLO QCD (in-
cluding SUSY QCD) calculation for the cross sections
of the associated production of top squarks (stops) and
charginos at the LHC. Similar to pp — gb — tH~ [10],
which is expected to be a dominant process for the charged
Higgs boson production at the LHC, the associated pro-
duction pp — gb — fif(,; may also be a dominant process
for single top squark or chargino production at the LHC.
This is due to the following reasons: first, the large top
quark mass in the stop mass matrix can lead to strong
mixing and induce a large mass difference between the
lighter mass eigenstate and the heavier one, which means
that the phase space for the lighter stop will be great
and will benefit its production; second, besides contain-
ing a strong QCD coupling between the incoming par-
tons, this process also includes enhanced effects from the
Yukawa coupling in the vertex bffri,; of the final states.
For simplicity, in this paper we neglect the bottom quark
mass except in the Yukawa coupling. Such approxima-
tions are valid in all diagrams, in which the bottom quark
appears as an initial-state parton, according to the sim-
plified Aivazis—Collins—Olness—Tung (ACOT) scheme [11].
However, it was pointed out in [12] that the approxima-
tions of the hard process kinematics and the introduc-
tion of conventional bottom quark densities will give rise
to a sizable bottom quark mass and kinematical phase
space effects and may overestimate the inclusive cross sec-
tion, for example, in the processes of bb — H [13] and
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Fig. 1. Leading order feynman diagrams for gb — ; ¥,

bg — bH [14]. Very recently, it was shown in [15] that
the bottom parton approach is still valid if we choose
the factorization scale below the average final state mass:
py ~ Cmay = Clmyg, + m)zg)/2 with C ~ (1/4,...,1/3).
Thus, in this paper, we choose pty = may/3 when we use
the bottom parton approximation.

The arrangement of this paper is as follows. In Sect. 2
we show the LO results and define the notations. In Sect. 3
we present the details of the calculations of both the vir-
tual and real parts of the NLO QCD corrections. In Sect. 4
by a detailed numerical analysis we present the predic-
tions for inclusive and differential cross sections at the
LHC. The lengthy analytic expressions are summarized in
Appendices A and B.

2 Leading order production
of stops and charginos

The partonic process of the LO associated production of
stops and charginos is g(p,)b(py) — £:(p1)X;, (p2), and the
related Feynman diagrams are shown in Fig. 1. In order to
simplify our expressions, we introduce the following Man-
delstam variables:

s=(pat+m)?’ sa=s—mi—m,
t=(pa—p)? t=t-mi, ta=t-ml,
U = (pa *p2)27 Uy = U*mtgi, Ug = U*m;;. (2.1)

After the n-dimensional phase space integration, the LO
partonic differential cross sections are given by (n = 4—2¢)
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2
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where S = (47) 2%, and the indices (i, k) label the out-
going particles (t;, X, ). The scale parameter (i, is intro-
duced to provide the correct mass dimension for the cou-

pling constant in n dimensions. [MB| k| is the LO squared

matrix element, which has been summed the colors and
spins of the outgoing particles, and averaged over the col-
ors and spins of the incoming ones. If, and k!, are the
left- and right-handed coupling constants of the vertex
b—t; — Xk? respectively, and are defined together with
lb,C and k‘bk in the vertex t—b; ~Xi , which is involved in the
virtual corrections, as follows:

lf;k _ _ Rzlvk*l + Y%Rzzvk*z
l?k R?lU& YbR?zUzjz

ki Y, R4, U,
A I I (2.4)
kik YtRuVM
with
me hy
Yi=———=—,
K V2my sin 3 g
h
Y, = ™ (2.5)

\@mw cos B ?

Here the angle 8 is defined by tan 8 = vy /v1, the ratio of
the vacuum expectation values of the two Higgs doublets.
The matrices U and V are the chargino transformation
matrices from interaction to mass eigenstates defined in
[16]. Matrix R? (q = t,b) is defined to transform the cur-
rent eigenstates ¢, and gr to the mass eigenstates ¢; and

Go:
<Cz1> :R(I((zL)’ Ri _ < co§9§ sin05>’ (2.6)
q2 qr —sin 6 cos 05

with 0 < 65 < 7 by convention. Correspondingly, the mass
eigenvalues mg, and mg, (with mg, < mg,) are given by

m2 0 _ _
a1 zRqu(Rq)T,
("5 ) =

MZ = ( ma, aq?q) 7 2.7)
@q"Mq Mgy
with
qu ]\42 + m +m% cos 23(1 S — eqsin 20w), (2.8)
M{QU py Tt m; +m7 cos 20ey sin” Oy, (2.9)
— p{cot §, tan 3} (2.10)

for {up, down} type squarks. Here M? is the squark mass
matrix. Mg ¢ p and Ay p are soft SU%Y breaking param-
eters and p is the Higgs mixing parameter in the super-
potential. I, and e, are the third component of the weak
isospin and the electric charge of the quark ¢, respectively.
The LO total cross section at the LHC is obtained
by convoluting the partonic cross section with the parton
distribution functions (PDFs) Gy 4/, in the proton:

ob = (2.11)
/dxldxg[Gb/p(xl, ,uf)Gg/p(xg,uf) + (IEl > :Uﬁ]&?w

where pi¢ is the factorization scale.
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3 Next-to-leading order calculations

The NLO contributions to the associated production of
stops and charginos can be separated into the virtual cor-
rections arising from loop diagrams of colored particles
and the real corrections arising from the radiations of a
real gluon or a massless (anti)quark.

Fig. 2a—f. Virtual one-loop Feynman
diagrams including self-energy and ver-
tex corrections for gb — ;X

3.1 Virtual corrections

The virtual corrections to gb — #;X; arise from the Feyn-
man diagrams shown in Figs.2 and 3, which consist of
self-energy, vertex and box diagrams. We carried out the
calculation in’t Hooft-Feynman gauge and used the di-
mensional regularization in n = 4 — 2¢ dimensions to reg-
ularize the ultraviolet (UV), soft infrared and collinear
divergences in the virtual loop corrections. However, this
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method violates the supersymmetry. In order to restore
the supersymmetry the simplest procedure is through

finite shifts in the quark—squark—gluino (chargino)
couplings [17]:
Gs = 142 4N C
9s = Gs 87T 3 F ;
a
c—c(1-22Cr),
¢ e( s F
3o
hip = hep (1 -t CF> : (3.1)
8T

with N = 3 and Cr = 4/3. Since we do not have such
a coupling as g—q—q at the tree level, the first shift is not
used in our calculations, and we just consider the latter
two shifts. As for the Dirac matrix 75, we deal with it using
the “naive” scheme, in which the y5-matrix anticommutes
with the other «y,-matrices. This is a legitimate procedure
at the one-loop level for anomaly-free theories [18].

The virtual corrections to the differential cross section
can be expressed as

B S, toug — Sm?@ -
82001 —e) u2s

d?e},
dtgdUg

2 2 *
x O(s+t+u—m; — mi{-) 2 Re(M}Y ME*), (3.2)
where M% is the renormalized amplitude, which can be
separated into two parts:
M k) — M};CHI'EI] _"_ Ck?n
2 K3 °

3

(3.3

=

Here Mj;7™" contains the self-energy, vertex and box cor-

rections, and M;X" is the corresponding counterterm.
Vi ; Wri

Moreover, M;;"*°" can be written as

f 9
box
Munren = Z Mﬁc + Z Miko (6)7
a=a B=a

where o and 8 denote the corresponding diagram indexes
in Fig.2 and Fig. 3, respectively. We express each term
further as

(3.4)

Fig. 3a—g. Box Feynman diagrams for
Xk gb — tix;,

12
Go=C > f M,

=1

C, Z fbox(ﬁ)M

=1

(3.5)

Mbox(m (3.6)

where Cs =
tors, which are given explicitly in Appendix A, and the M,
are the standard matrix elements defined as

igg3/(167?), f* and flbox(m are the form fac-

My =" (p2)C7'T* £(pa)PLr u(py)
Ms 4 = v (p)C7IT o £(pa)Prr u(ps),
Ms =" (p2)C ™' T*Prr w(py)ps - £(Pa),
My g = v (pa)CTTPLr u(py)p2 - (pa),
My 10 =v" (p2)C'T* poPrr u(ps)ps - €(pa),
Mii12 = v (p2)C'T* poPrr u(py)pz - €(pa).  (3.7)

Here C is the charge conjugation operator, and T is the
SU(3) color matrix.

M" is separated into Mcon( %) and Miclfn(t), i.e. the
counterterms for s and ¢ channelb, respectively, which are

given by (j # i)
iclgn _ Mcon(s) + MCOH(t)
M) = % { [ LA+ 1L6ZE + 5154 (M3 + 2Ms)

+ [KleA + K028, + okl | (Ma -+ 2M6) |,

.\ I3 om? Sit
MZC,? ) —12995{ [;k (A-l— - L) 4 ?’k +
1 1 1
ko ZE, ]

ki om? Skt
—ik (A + “) + k4 5

tl t— mfj

l;kéZt--
2
t—ng

I—I

with
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dmg (¢ = t,b), 82y, 624, 62, 6Z%; and 60;
are the renormalization constants, which are fixed by the
on-shell renormalization scheme [19] and can be written

as (assuming m; = m,_ )

217

om — + R5159t>

5mb
Okly = ViU (Ru -

where (5mtg_ ,
i

2 Qs

{4n1‘BOUn m? ,0) — Ag(m? ) + 4A(m?)
+4hn&Bl+n%Bo—2num@R;RéBd

X (m2 mg,mf)},

(qu Qg
= ——Cp{ (4By + 2B ,0
m, I F{( o+ 1)(m m ) —
2
Z{Bl—meH( )Bo}
i=1 Mq
X (mg,mg,mgi)},
62y = S CpBi(0,m2,m? )
b72ﬂ' rb1 ,mgami,la
Qs | 2 2/ 2 2
024 = o g(Bo + 2m; By)(0, my, mi)

+ 2(By 4 2m3Bg)(0,m2,m?)

+ ;; (ﬁllBO — mé,ﬁBé) (O,mgi,méi) — ;] ,
54:%&@&mm%mlmm

— [Bo + (mfi — mé —m?)Bj

+ dmimg Rl Ry Byl (m2, m2,m?) |,

07 = —— 2
i 2 2 )
Toomy _mfj
Re[Xf,(m mg )"’Efz(mtgz)]
80; = 22 —m?) ,
mi —mz
where By = 0By/0p*, Ay and B; are the Passarino—

Veltman one-point and two-point integrals, respectively,
which are defined similar to [20] except that we take in-
ternal masses squared as arguments. Here the counterterm
00; for the stop mixing angle is fixed as in [21], and

s 2
ij = 3{511149 [Ao(m; )

+ 8mymg cos 29£Bo(m mg, m?)}.

Ao(mtgl )]

In 67

(X

can be expressed as

Bg(m ,mZ ,0) contains infrared divergences, and

1 47 p? ‘ 1
r I'(1 - +2].
o2 <m> a+9(;+2)

Moreover, the QCD coupling constant g, is renormalized
in the modified minimal subtraction (MS) scheme except
that the divergences associated with the top quark and
colored SUSY particle loops are subtracted at zero mo-
mentum [22]. Assuming that the scalar partners of the
ny = 5 light quark flavors have a common mass mg, we
obtain

Bo(m m ,0) =

0gs _ _s(u) [fol (N G my g
9s dr 1 2€ 3 pE 6 p?
2 2
1 i 1 m; 1. m?
—1 L — 2+ —ln— 3.8
+12 N3+12HN%+3HN%’ (3.8)

which agrees with one given in [4]. Here 1/€ = 1/eyy —
vE + In(47), and

11 2 2 1
= By + 65,

where 8% includes the contributions from the gluon and
the quarks except the top quark, and S contains the
contributions from the top quark and all colored SUSY
particles. The evolution of gs is determined by BF. After
renormalization, Ml‘g is UV-finite, but it still contains the
infrared (IR) divergences:
dmp?\©
s

(3.9)

s
M |r = -1 (1+e) (

X (AV + AV) ME, (3.10)
where
AV = _%3, (3.11)
av o B4y A D)
6 3 mt mt~ 3 mg

Here the infrared divergences include the soft infrared di-
vergences and the collinear infrared divergences. The soft
infrared divergences can be cancelled by adding the real
corrections, and the remaining collinear infrared diver-
gences can be absorbed into the redefinition of PDF [23],
which will be discussed in the following subsections.

3.2 Real gluon emission

The Feynman diagrams of the real gluon emission process
9(pa)b(py) — ti(p1)Xy (p2) + g(p3) are shown in Fig. 4.
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Xk

Xk b

Using the notations analogous to the ones defined in [24],
we express our results in terms of the following invariants:

s=(pa+m)°, 55=(p1+p2)? 50 =s55— A,
s3 = (p2 +p3)° — m?i, sa=(p1+ps)’ — m?i,
ssa =s3— Ay, t=(pp—p2)®, ' =(pp—ps)’
ty =t —m:, tQ:t—mfz;,
u=(pa—p2)°, v =(pa—ps)? w=u—mZ,
u2:u7mf~<;7 uﬁz(pbfp1)27mtgia
ur = (po —p1)? —m; (3.13)

where Ay = mtg +m2_ and A, =m?_ — mtg.
i X1 X1 i

The phase space integration for the real gluon emission
will produce infrared singularities, which can be either soft
or collinear and can be conveniently isolated by slicing the
phase space into different regions defined by suitable cut-
offs. In this paper, we use the two cut-off phase space
slicing method [25] to decompose the three-body phase
space into three regions.

First, the phase space can be separated into two re-
gions by an arbitrary small soft cut-off dg, according to
whether the energy of the emitted gluon is soft, i.e. F3 <
dsv/$/2, or hard, i.e. E3 > d54/s/2. Correspondingly, the

partonic real cross section can be written as

AR _ S | AH
O, = Ojp + Oy

(3.14)
where 65, and 611 are the contributions from the soft
and hard regions, respectively. &Zsk contains all the soft
infrared divergences, which can be explicitly obtained af-
ter the integration over the phase space of the emitted
gluon. Second, to isolate the remaining collinear diver-
gences from &f,g, we should introduce another arbitrary
small cut-off, called collinear cut-off ., to further split

-~ Fig. 4. Feynman diagrams for the real
Xk gluon emission contributions

the hard gluon phase space into two regions, according
to whether the Mandelstam variables satisfy the collinear
condition 0 < —t' (—u') < d.s or not. Then we have

~H _ ~HC , ~HC
O3k, = 04, T 041 s

(3.15)
where the hard collinear part 6560 contains the collinear
divergences, which can be explicitly obtained after the in-
tegration over the phase space of the emitted gluon. And
the hard non-collinear part &1}]160 is finite and can be numer-
ically computed using standard Monte Carlo integration
techniques [26] and can be written as

g LTl =
dehic = %|Mfkb\ drs. (3.16)

Here dI'; is the hard non-collinear region of the three-

—2
body phase space, and the explicit expressions of |Migkb\
can be found in AppendixB. In order to avoid introduc-
ing external ghost lines while summing over the gluon he-
licities, we limit ourselves to the sum over the physical
polarizations of the gluons [24], i.e.

PIY = e (k)er (ki)
T
(ng - ki)’

=—g" + (3.17)

where the index i (= 1,2) labels the two external gluons,
and n; # k; is an arbitrary vector. This polarization sum
obeys the transversality relations

k‘iMP/J'V = Pliykiy = nmP"” = P’”’ni,, =0. (318)

In the next two subsections, we will discuss in detail the
soft and hard collinear gluon emission.
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3.2.1 Soft gluon emission
In the limit that the energy of the emitted gluon be-
comes small, i.e. B3 < d54/5/2, the matrix element squared

— 2
|MZ|" can be simply factorized into the Born matrix ele-
ment squared times an eikonal factor @ey:

- 2
ME(gh — 1, + )| " (dmag2)ME] Par, (3.19)
where the eikonal factor @ is given by
Pa - P1 Pa " Pb
Dok = N + N
g (Pa - p3)(p1 - p3) (pb - p3)(Pa - P3)
m2 1 .
i Doy - P1
L - — . 3.20
F(p1 p3)? N (p1-p3)(pe - p3) ( )

Moreover, the phase space in the soft limit can also be
factorized as
Als(gb — Ly +9) " dLy(gb — L7 )dS, (3.21)

where dS is the integration over the phase space of the
soft gluon, which is given by [25]

1 dsv/5/2 .
ds5 = 3 26/ dEsE; df25 5. (3.22)
0

2(2m)3—

Then the parton level cross section in the soft region can
be expressed as

65, = (dmagp?) / Al MB] / dSPe.  (3.23)

Using the approach of [25], after the integration over the
soft gluon phase space, (3.23) becomes

o nfas D1—9) (4mp2\*
Tk =9 [27r]“(1—2e) s

Ay A3
(62 t—+ AS) ; (3.24)
with
13
AS = =
2 37
s s 4 1 —UuU1 tl 4 S
Al = 2436+ o+ g ln ?—31 §+§lnm—?,
AY = 24526, — 2A51n5+< 7) v+8
i - p
IQS(ﬁ ’Y+L12 + :|
_Lig[lgwm]
tq
1 IQM In2 +8
6 w1 ﬁ

1
2

t
+2Li2[1+s 6+7}

i

where v = (s +m? —m? = _)/(2s) and 8 =, /4% —m? /s.

3.2.2 Hard collinear gluon emission

In the hard collinear region, i.e. E5 > d44/s/2 and 0 <
—t" (—u') < d¢s, the emitted hard gluon is collinear to
one of the incoming partons. As a consequence of the
factorization theorems [27], the squared matrix element
for gb — 1;X;, + g can be factorized into the product of
the Born squared matrix element and the Altarelli-Parisi
splitting function for b — bg and g — gg [28,29], i.e

~ 2 inear
\ME(gb — Lixy, +g)| <3 (3.25)
—2Pbb(z,e) —2ng(2’,€)
(ran2 T () 2hand)

where z denotes the fraction of incoming parton b(g)’s
momentum carried by parton b(g) with the emitted gluon
taking a fraction (1 —z), and P;;(z,€) are the unregulated
splitting functions in n = 4 — 2¢ dimensions for 0 < z < 1,
which can be related to the usual Altarelli-Parisi splitting
kernels [28] as P;;(z, €) = P;;(2) + €P;;(2); explicitly

Pyq(z) = Cr 11—1;Z2,
Pl(2) = —Cp(1 - 2),
Po(z) = 2N | —— + 122 -y
—Z z
Pl (z) = 0. (3.26)

Moreover, the three-body phase space also can be factor-
ized in the collinear limit, and, for example, in the limit
0 < —t' < d¢s it has the following form [25]:
dIs(gb — tix;, +9)
collinear dlo(gb — tiX; ;8" = 28)
(4m)© / n—
X dzdt'[—(1 — 2)t'] €.
Tom2r(1 = o 7= = 2)t]

Note that the two-body phase space should be evaluated
at a squared parton—parton energy of zs. Then the three-
body cross section in the hard collinear region is given by

25
o r(—e (4mp2\°
dofi” = day; |:27'(' I'(1—2e) ( s ) ]
x (_D Oc © [Pov(2,€)Goyp(1/2)G g (2)
- Poy(2, )Gyl /2)Chppl(a) + (1 6 2)]

d 1—2\ ¢
Xi ( Z) d.’EldSL'Q,
z z

(3.27)
where Gyg)/p() is the bare PDF.

3.3 Final states with an additional massless quark

In addition to the real gluon emission, other real emission
corrections to the inclusive cross section for pp — ;X
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at NLO involve the processes with an additional massless
(anti)quark in the final states, as shown in Fig.5 (¢ =
u,d, s,c):

9(Pa) + g(pv) = ti(p1) + Xj, (p2) + b(ps), (3.28)
q/q(pa) + b(ps) = ti(p1) + X5 (p2) + a/q(p3),  (3.29)
b/b(py) + b(pa) — ti(p1) + X, (P2) + b/b(ps),  (3.30)

q(pa) +a(py) = ti(p1) + Xj, (p2) +b(p3).  (3.31)

Since the contributions from the processes (3.28)—(3.30)
contain the initial-state collinear singularities, we also
need to use the two cut-off phase space slicing method
[25]. However, we only split the phase space into two re-
gions, because there are no soft divergences here. Thus,
according to the approach shown in [25], the cross sections
for the processes with an additional massless (anti)quark
in the final states can be expressed as (¢ = u,d, s, ¢, b)

dogd? = 3" 65(aB — tixy + X)
(.8)

X [Ga/p(xl)Gg/p(xg) + (331 — 3:2)]dx1da:2

Fig. 5. Feynman diagrams for the
emission of a massless (anti)quark.
Here g = u,d, ¢, s,b

5 las T(1—¢) [dmp?\°
+ o [271'F(1—26) ( s ) }
x (_1) 5 [Pbg(z )Gop(1/2)G g p(2)
+ _Pga(z, €)Gasp(x1/2)Gryp(w2) + (71 > T2)
x% (1 ; Z> h dzidas, (3.32)
where
Pl = 2 = g
Pa(2) = 3l + (1= 27,
P, (2) = —2(1 - 2). (3.33)

The first term in (3.32) represents the non-collinear cross

sections for the four processes, and like (3.16) each 62 can
be written in the form

ds§, = |M“ﬁ| dTs, (3.34)
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where a and 3 denote the incoming partons in the partonic
processes, and dI's is the three-body phase space in the
2

non-collinear region. The explicit expressions of |M1°;f |
can be found in AppendixB. The second term in (3.32)
represents the collinear singular cross sections.

Moreover, for the subprocesses gg/qq — t}tj — tNZ-)Z,;l_a
(¢ = u,d, s,c,b), assuming mj, > Mg, the stop momen-
tum can approach the stop mass shell, which will lead to a
singularity arising from the stop propagator. Following the
analysis shown in [4], this problem can easily be solved by
introducing the non-zero stop widths I';. and regularizing
in this way the higher-order amplitudes. However, these
on-shell stop contributions are already accounted for by
the LO stop pair production with a subsequent decay into
a chargino and a bottom quark, and thus should not be
considered as a genuine higher-order correction to the as-
sociated production of top squarks and charginos. There-
fore, to avoid double counting, these pole contributions
will be subtracted in our numerical calculations below in
the same way as shown in Appendix B of [4].

3.4 Mass factorization

As mentioned above, after adding the renormalized virtual
corrections and the real corrections, the partonic cross sec-
tions still contain the collinear divergences, which can be
absorbed into the redefinition of the PDF at NLO, in gen-
eral called mass factorization [23]. This procedure in prac-
tice means that first we convolute the partonic cross sec-
tion with the bare PDF G, /,(x), and then use the renor-
malized PDF G/, (z, p1f) to replace G )p(x). In the MS
convention, the scale dependent PDF G, /,(x, uuy) is given
by [25]

Gaosp(t,pp) = Gaypl)
N [ P(1—¢) [4mu2\
+§ﬁ:<_e> 27 (1 = 2¢) ( 2 ) ]

x/ %Pag(z)Gﬂ/p(x/z).

(3.35)

This replacement will produce a collinear singular coun-
terterm, which is combined with the hard collinear contri-
butions to result in, as in the definition in [25], the O(ay)
expression for the remaining collinear contribution:

s I'(1— drp\ €
dO’ggH :dOA'lE,i |:ab ( 6) ( ﬂ-:u“'r) :l

21 (1 —2¢) \_ s
X {G’g/p(xlvﬂf)Gb/p(vaﬂf)

+ Gyp(wr, 1) Goyp (o, i)
A (a — ag)

X Ggip(@1, 1p)Goyp(w2, pp) (21 > 22) } dydas,

+ A (o — ozg)] (3.36)

where

Ai°(q — q9) = Cr(2Inds + 3/2), (3.37)
A3(g — gg) = 2N Ind, + (1IN — 2np)/6,  (3.38)
sc sc S
A3 = AIn <2> , (3.39)
Hy

N 1-650ap dy
Gayplx, py) = Z/ ;Gﬁ/p(w/y,uf)

B
Xpaﬁ(y)a
(3.40)
with
- 1—y s
Pop(y) = Papln <5cy2> — Plsly).  (341)
Yo Ky

Finally, the NLO total cross section for pp — fif{,; in
the M S factorization scheme is

NLO _
Oik =

X /{dl‘ldxg[Gb/p(l‘l, uf)Gg/p(mg,,uf) + 1 > X2
x (68 + 6% +65 +61°) + dot?!}
+ Z /dxldxz[Ga/p(zl,,uf)Gﬁ/p(xg,/Lf)
(a76)
+(z1 > 22)]165 (0B = Lixy + X). (3.42)

Note that the above expression contains no singularities
since AY + A3 = 0 and AY + A§ + A3¢(b — bg) + Aj¢(g —
g99) = 0.

3.5 Differential cross section
in the transverse momentum

In this subsection we present the differential cross section
in the transverse momentum pr of the charginos. Using
the notations defined in [4], the differential distribution
with respect to pr and y for the processes

p(Fa) +p(B) =

ti(p1) + Xy, (02)[+9(p3)/a(p3)/a(p3)]  (3.43)
is given by
d20 1 1
=2 d d
dprdy pro ; /x; o /z; "
Oap
X 21Go)p (71, pp)22G 3 p (T2, fiy) (3.44)

dtzd’u,g ’

where V/S is the total center-of-mass energy of the collider,
and

2 —LQUQ—m2 —lln E
pT - S X;a Y= 2 U2 )
_ —_m2 2 _ 2

TS m;(; + ms B z1Us m;(; +m

1= S+ U, b2 T 1S+ Ty

(3.45)

2
t;
)
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with Ty = (P, — p2)? — m?{,
k
The limits of the integral over y and pr are

and Uy = (P, — p2)? — mi,.

k

—y"**(pr) <y <y"*(pr), 0<pr < pp™, (3.46)
with

S+ m2_ —m?
X ti

max(

y pr) = arccosh

)

2, /87 +m? )

max __ 1 2 22 2
P _2\/5\/(S+m>2;—m~i) —4m>Z;S.(3.47)

4 Numerical results and conclusion

We now present the numerical results for total and dif-
ferential cross sections for the associated production of
top squarks and charginos at the LHC. In our numerical
calculations the standard model (SM) parameters were
taken to be qew(mw) = 1/128, my = 80.419 GeV, my =
91.1882 GeV, and m; = 174.3 GeV [30]. We use the two-
loop evolution of as(Q) [31] (as(Mz) = 0.118) and
CTEQ6M (CTEQ6L) PDFs [32] throughout the calcula-
tions of the NLO (LO) cross sections. Moreover, in order
to improve the perturbative calculations, we take the run-
ning mass mp(Q) evaluated by the NLO formula [33]:

mp(Q) = Us(Q, m)Us (Mg, mp)mp(my),
with my(m;) = 4.25 GeV [34]. The evolution factor Uy is

(4.1)

orenan = (5188)"
y {1+ as(Q1) — 05(Q2) ()]
dm
d = 331—221“
T = —89823&2():1253 oF (4.2)

In addition, in order to improve the perturbation calcu-
lations, especially for large tan 3, we make the following
replacement in the tree-level couplings [33]:

my(Q)
_0\xJ 4.
my(Q) 1+ Amy’ (43
20

Amy, = 37M§utanﬁl(mgl7m52a M)

hi
4 @MAt tan B1(mz ,mg,, i)

e
- W/,LMQ tan 3 (4.4)

2
~ 1 -
X Z [(Rzl)zl(mfiaM%M) + §(R?1)2I(m577M2aM) ’
i=1

with

4 — T ——

el Ghard/non-coll + 0.cnher

NLO

o [pb]

O-soﬂ + 0-hard/coll

10° 10° 10° 10% 0.1

Fig. 6. Dependence of the total cross sections for the £;¥] pro-
duction at the LHC on the cut-off ds, assuming y = —200 GeV,
Mz = 300 GeV, m;, = 250GeV, tan § = 30 and dc = ds/100

1
(a2 —b2) (2 — 2)(a? — ?)

I(a,b,c) = (4.5)

a? b? c?
X (a2b2 log — + b*c?log — + ?a’log > .
b2 c? a?

Also, it is necessary for avoiding double counting to sub-
tract these (SUSY-) QCD corrections from the renormal-
ization constant dmy in the following numerical calcula-
tions. The MSSM parameters are determined as follows.
(i) For the parameters My, My and p in the chargino and
neutralino matrices, we take M, and p as the input pa-
rameters, and assuming gaugino mass unification we take
M1 = (5/3) tan2 ewMg and M(} = (QS(M(})/OQ)MQ [35]
(ii) For the parameters in squark mass matrices, we as-
sume MQ = Mg = Mp and A; = Ay = 300GeV to
simplify the calculations. Actually, the numerical results
are not very sensitive to At(b).

In our calculations, except in Fig. 10, we always choose
the renormalization scale u, = m,,, and the factorization
scale 5 is fixed to may /3 instead of m,, as mentioned in
Sect. 1.

Before we discuss in detail the numerical results for
associated production of top squarks and charginos at the
LHC, in Fig. 6 we first show that the following NLO QCD
predictions do not depend on the arbitrary cut-offs ds and
dc in the two cut-off phase space slicing method. Here we
take p = —200GeV, Mz = 300GeV, m; = 250GeV,
tan 8 = 30, and §. = &5/100. Oother includes the contri-
butions from the Born cross section and the virtual cor-
rections, which are cut-off independent. We can see that
the soft plus hard collinear contributions and the hard
non-collinear contributions depend strongly on the cut-
offs, and especially for the small cut-offs (6s < 10~%) their
magnitudes can be ten times larger than the LO total cross
section. However, the two contributions (osoft + Ohard/col
and oparqg /non,cou) balance each other very well, and the
final result onp,0 is independent of the cut-offs and keeps
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Fig. 7. Dependence of the total cross sections on m;z, for the

ﬂ'f(; productions at the LHC, assuming p = —200 GeV, My =
300 GeV and tan g = 30
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Fig. 8. Dependence of the total cross sections on me— for
1

the t})Z,Z productions at the LHC, assuming u = —400 GeV,
mg, = 250 GeV and tan 8 = 30

0.23 pb. Therefore, we take §; = 107% and 6. = J5/100 in
the numerical calculations of Figs. 7-13.

Figure 7 shows the dependence of the LO and NLO pre-
dictions for pp — fi)z,: on mg, , assuming p = —200 GeV,
My = 300GeV and tan 3 = 30, which means that two
chargino masses are about 182 GeV and 331 GeV, respec-
tively, and mjz, increases from 342 GeV to 683 GeV for mg,
in the range 100-600 GeV. One finds that the total cross
sections for the t, X channel are always smallest and less
than 3fb, but the total cross sections for the other chan-
nels are large and range between 10 fb and several hundred
fb for most values of m; . Especially for the t1X; chan-
nel, the total cross section can reach 1 pb for small values
of mz, (100 GeV < mj, < 160GeV), which is almost the
same as the ones of top quark and charged Higgs boson
associated production at the LHC. However, when m;
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Fig. 9. K = onvro/oLo factor for the 51921_ production at
the LHC as a function of mjz , assuming p = —200GeV,
Mz = 300GeV and tan 8 = 30. onro is the NLO total cross
section for (a), the improved Born cross section for (b), the
corrections of the subprocess with two initial-state gluons for
(c), the corrections of the massless (anti)quark emission sub-
process (3.29)—(3.31) for (d), and the virtual and real gluon
emission corrections for (e)
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Fig. 10. Dependence of the total cross sections for the El)?f
production at the LHC on the renormalization/factorization
scale, assuming p = —200 GeV, M2 = 300GeV, tan 3 = 30,
mg, = 250GeV, pu, = py and may = (mg, + mi;)/2

gets larger and close to my,, the total cross section for the
fgf(f channel is the largest, as shown in Fig. 7. Moreover,
Fig. 7 also shows that the NLO QCD corrections enhance
the LO results significantly, which are in general a few ten
percent.

In Fig. 8 we show the dependence of the LO and NLO
predictions for pp — #;%, on My assuming p =
—400 GeV,  mey = = 250 GeV and tan 3 = 30, which means
that m;, = 414 GeV and My increases from 417 GeV

to 434 GeV for my - in the range 100-300 GeV. One can
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Fig. 11. Dependence of the total cross sections for the #1%]
production at the LHC on the parameter tan 3, assuming u =
—200GeV and M, = 300 GeV
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Fig. 12. Dependence of the total cross sections for the ;%]
production at the LHC on the parameter u, assuming mgz, =
250 GeV and tan 8 = 30

see that the total cross sections for all channels can ex-
ceed 10fb. For small values of mg, the ¢1x; channel
has the largest total cross sections, and for large values

of My, the 1Y, channel has the largest ones, which all
can exceed 100fb. Moreover, Fig. 8 also shows that the
NLO QCD corrections enhance the LO results, and espe-
cially for the £;%¥; and foY; channels, the enhancement
can exceed 50%.

The associated production of ¢; and X1 is the most
important since the total cross sections are the largest for
my, < 400GeV and mg- < 230 GeV. Thus we mainly
discuss this channel below.

Figure9 gives the dependence of the K factor (the ratio
of the NLO total cross section over the LO one) on mj;, for
the t;X; production. Here we assume the same values for

do / dp, [pb/GeV]

0 " 10 200 30 400 500
p, [GeV]

Fig. 13. Differential cross sections in the transverse momen-

tum pr of ¥ for the £1%¥; production at the LHC, assuming

pu = —200GeV and m;, = 250GeV. For (a), tan 3 = 30 and

M = 600 GeV; for (b), tan 8 = 30 and M, = 300 GeV; for (c),

tan 8 =4 and M2 = 300 GeV

the MSSM parameters as in Fig. 7. The K factor contains
four contributions.

(i) Curve (b) shows the ratio of the improved Born cross
section, which is defined as convoluting the LO partonic
cross section with the NLO PDFs, over the LO one. The
corresponding K factor ranges from 1.18 to 1.39.

(ii) The NLO cross section in curve (c) contains only the
contributions from the subprocess with two initial-state
gluons, which are positive and the corresponding K fac-
tor varies from 0.30 to 0.06.

(iii) The NLO cross section in curve (d) collects only the
contributions from massless (anti)quark emission subpro-
cesses as shown in (3.29)—(3.31), and the corresponding K
factor keeps always about 0.10.

(iv) The NLO cross section in curve (e) includes only the
virtual and the real gluon emission corrections, which are
negative and the corresponding K factor ranges between
—0.36 and —0.29.

Finally, summing above four parts leads to the total
K factor as shown in curve (a), which indicates that the
NLO QCD corrections enhance the LO total cross section
and vary from 21% to 27%.

In Fig. 10 we show the dependence of the total cross
sections for the #;¥; production on the renormalization/
factorization scale, assuming p = —200GeV, M, =
300GeV, tan 3 = 30, m;, = 250GeV, and p, = py. One
finds that the NLO QCD corrections reduce the depen-
dence significantly. The cross sections vary by +=15% at LO
but only by £4% at NLO in the region 0.5 < pf/may <
2.0. Thus the reliability of the NLO predictions has been
improved substantially.

The cross sections of the fﬁ(f production as a func-
tion of tan 3 are displayed for m;, = 200, 300 and 400 GeV
in Fig. 11, assuming p = —200 GeV and M, = 300 GeV.
For the dotted curves, Am; in (4.3) is replaced by Amy
which only includes the corrections of the gluino piece and
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neglects the rest of the SUSY diagrams in (4.4). From
Fig. 11, one can see that the cross sections become large
when tan 3 gets high or low, which is due to the fact that
for the coupling b-t;—Y; at low tan 3 the top quark contri-
bution is enhanced while at high tan 8 the bottom quark
contribution becomes large. Figure 11 also shows that the
NLO QCD corrections enhance the LO total cross sec-
tions, and for m; = 200 and 300 GeV, the enhancement
is more significant for the medium values of tan 3 than
for the other values. Moreover, after comparing the solid
curves with the dotted ones, we can see that the SUSY
corrections to Amy, except the gluino piece decrease the
total cross sections significantly, especially for larger val-
ues of tan 3.

Figure 12 shows the dependence of the total cross sec-
tions for the #; ¥ production on the parameters y and M,
assuming m;, = 250 GeV and tan 3 = 30. Note that the
phenomenology at CERN ete™ LEP and Tevatron [36]
has excluded the parameter range |u| S 180 GeV, where
one chargino mass and one of the neutralino masses can
become very small, and especially the latter is zero for
vanishing u. So we focus on the range |p| 2 180 GeV. One
can see that the cross sections increase with an increase
of My for |u| < 450 GeV, and decrease with an increase
of |u| except || > 350 GeV for My = 300 GeV. The NLO
QCD corrections can increase and decrease the LO total
cross sections depending on the values of p and M,.

In Fig. 13 we display the differential cross sections in
the transverse momentum pr of y; for the #1%; pro-
duction in three cases, which are obtained after integra-
tion over all y in (3.44), assuming p = —200GeV and
mg, = 250 GeV. In all cases, we find that the NLO QCD
corrections enhance the LO differential cross sections for
low pr, but decrease the LO results for high pr.

In conclusion, we have calculated the NLO inclusive to-
tal cross sections for the associated production processes
pp — t}f(; in the MSSM at the LHC. Our calculations
show that the total cross sections for the #;¥] production
for the lighter top squark masses in the region 100 GeV
< mj, < 160 GeV can reach 1pb in the favorable parame-
ter space allowed by the current precise experiments, and
in other cases the total cross sections generally vary from
10fb to several hundred fb except both m; > 500 GeV

and the f2Y, production channel, which means that the
LHC may produce abundant events of these processes,
and it is very well possible to discover these SUSY par-
ticles through the above processes in the future exper-
iments, if the supersymmetry exists. Moreover, we find
that the NLO QCD corrections in general enhance the
LO total cross sections significantly, and vastly reduce the
dependence of the total cross sections on the renormal-
ization /factorization scale, which leads to increased confi-
dence in predictions based on these results.
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Appendix A

In this appendix, we collect the explicit expressions of the
non-zero form factors in (3.5) and (3.6). For simplicity, we
introduce the following abbreviations for the Passarino—
Veltman three-point integrals Cj(;) and four-point inte-
grals D;;y, which are defined similar to [20] except that
we take internal masses squared as arguments:

l(])(0,0 5;0,0, 0)

Z(]
Cb ])(mtg m~,,s 0, m ,0),
Csijy = Cigy(t, m3 ,0;m3 Om)
C%(J J)(O’ 2 tO O my )
Csjy = Cigyy(m? 0.5 m?2.,0,0),
2 2
Cz(j) = Cy(»(0, O 8; m mg,mgj),
C’g = Cy(j(5,0,0 mi ,7712,77”Ll~2)j)7
C%(J C(j)(t,m%,o m37mta )a
C - 1(])(t’m~*70 mgamf»mi)
C’? 4 ])(m m~,,s m?,mf,m%j),
Cl(] Cijy(m? L 0,u; mf,m% m% ),
Dy = Z(J(m t050m~,,0m ,0,0),
Djjjy = Dijy(m3,,u,0,5,0,m% ;0,m ,0,0),
DZ( = D;(j (t,m~,7u,m~,,0,0;0,m~i,07m£i),
Dd( = Dy (0,t,m~,,s m 5,05 m mz,m?,ma),
e 2 2 2
D5y = 7(J)(s,m~,,u 0, m L0 m My ,mt,mgj),
Df = Dy (t,m~,,u m ,0,0; m mf,mi ,m?).

Many of the above functions contain the soft infrared and
collinear singularities, but all Passarino—Veltman integrals
can be reduced to the scalar function By, Cy and Dg. Here
we present the explicit expressions of Cy and Dg, which
contain the singularities and are used in our calculations:

3 =

—~In
e m?
c.l1 1. (-4
cd =S| L1
Oy [262 e (m%)

“ |0
N
mw‘)_,
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+
N | =
—

(V]
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[N
w3y
[\
~__—
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T
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where we define Cc = I'(1 + ) (4mpz /m? ) ,

Oa laultlvfw -

m2 —m2_ m?_
ti Xk X
2

( M,

tq
2 b
m2

- R (Oa 17u1t17f05 -
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fo=t(t1 +u) + m%(mtg —m?2_),

i X
fe= mtgvm%, — tu,
1 Xk:
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R(x17x271‘33 334,335,,’136)

. [ xexh . [ wext
= L12 ( 2/1) —LIQ( 6A/2

A /
) +1n lnw—,2
Ty Xy

with A" = x3x6—2524, T) = x3+2124, and xh, = x3+2224.
Moreover, there are the following relations between the

form factors (i =1, ..., 6):
f3i = fai- 1(lt'~ ki, Rb Rg'za Rfl < Rf?)’
O = Ul Ky, Bhy o Ry, R o Rb).

Thus we will only present the explicit expressions of fg_;

For aiagram (a) in Fig. 2, we find

—t1> fi= *3m§C£R?1Rg‘2kfk,

2 1 -

mg fo= G—Sz;?k{w — 2€)By(s,0,0) — 40(1 — 26)C%,
+ 18sC§ + (RS b )2[36CE, + 4CE, — 18By(s, m? m,‘f
fi =243 + 5 1 {s(rct - 208

—20(1 — €)(CPy + C% + CF) + 16C5)

+ (R,)2[2C8(m2 —m3) + 2Bo(s,m3,m?. )
- 230(077715],7771%],)
+ 25(C§ + Cfy + CFy +2CF

+ 905 + C8 +9Ct, + 9C§2)]},

f = =213+ oomg(CF + 9CE) Rl Rkl

For diagram (b) in Fig. 2, we find

1}

4 ~ ~
1o = 3oty
x [myR}5(C] + Cf) —myRE (CF + Cf + C3)]
— g 15,268 + CF +2C8) - 2k% Rh RG],
4 -
13 = o {l[Bo(m?_,0,m2) — 2By(s,0,0)

sA(205 + O + C%)
m? (CY —2Cp + C3) — m;: b
+ 2k§»kR5 [mtng’§~ ) + RfQ(BO(m?(,,mf,m
k
+ mzCJ +m? (C’j +C9)))
— Q(tg —+ u2 —+ m~_)
Xk

x [15,(2C% + CY +20%) — 2k, RY RE,CY)

2

b;

+ Zmigl?kRgl[méRgl (Cé + C{) - mtRiQC{]}v

5 =2f3.
For diagram (c) in Fig. 2, we find

= ~3s ltkng R® 230(8 m mi ),

)
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f§=—3ilfk — 15[2C3 4 2C5 4 CP + 2C¢ — 203 + C
B . + 6Dg + s(Diy + 5D15 + 2D} + 4D35 + 4D5)
b \2 2
% [2(1 = €)Bi(5,0,0) + 2(Rj;)* Bi (s, mg, m; )], — sA(D, +2D% +2D% + D3 + 2D%)
fe=2fs. — 11(2D§ + 3D%, + 3D% + 3D%, + 2D3 + 3D3)

- BDSS —2D5 + D3)]
— tym? (2D}, + D}y — 4D} — Dy — 6D5)
+ tQmi; (D(ll.?) + D33 - 2D§)}7

Box 3 7
fRoxta) _ *thlfk{‘lBO(mi;’O’mi) — 4By(t,0,m?)

For diagram (d) in Fig. 2, we find

fe=

lt
= 12{ E[16Bo(t,0,m? ) + 16By(m3,0,m3)

+ 11 (18CF — 2CF + 27C5 ) — 8mZ (Cf — 9C3)]

4lth i 2 2 2 2 2 b b
= 78R (Bo(t, mg, my) + Bo(mg,, mg, my)) + t2[2C8 — 4C§ + OP — s(4D%y + 2D% + D%))
S , + 5a(Dls + 2D} = 2D5 + Diy) — (D} — 2D5)
= (Rj1(2mg + 2mi —t —m3) - uz(spa —9D3 + D) — (2D2 — 3D%)(t1 + u2)]
. — tym? (2D¥, — Di; — 4D5 +2D3)
— dmgmy Ry)(9CT — Ci(t,m ,0; mt,mz,mm} AR
+ t2m~_v (Dis —2D3)},
t t i ox(a a a a
+ (Rl © Rly, Rjy & R)y), fo @ = 6llymy (D3y + Diy + D3y + Dy + D3),
f - _f . Box(a
! ° i’ @ = —GZﬁka;(Du + Di3).
For diagram (e) in Fig. 2, we find
For the box diagram (b) in Fig. 3, we find
e 15 [Bo(m?2_,0,m2) —ta(CS + CS + CS
f5 3t { [ 0( <n ti) 2( 0 1 2) Fox(b) _ 611km~_(2cg+c?_4D80)’
— 2m£i C§ — mez; (CT+ C3)] Boxr) 1 ‘
o f = 1, [2C2 + 2CP — Cy(u, m~,,0 0,mZ,0)
PR 0 9 o 3 g likl=C0 0
le [kjk(BO(m;(; y My s m;;])

+ CY + Gy — 4Dgy + (t +m2-)D3
k

+ m2C} +t2Ci+m2~_C)flb my-mg(Cg + C1)]
a0 1 rrd k g(Lo 1 —2u1D8—(u1—|—2m%)(le+D]§)],

+ 2R R my (kD m O — Bem, C} x 1.z
fa Ry ymi (kmgCh — 10 i) Bo (b>:§sz[2(CS+C?+CS—D80)

fr=-1.
+ (s +t2)(2DS + DY + DY, + 3DY + 2DY + DY)
For diagram (f) in Fig. 2, we find — s(Dby + DBy) + t2(D5, + DY)
. 8 (i , —2m? (D}, + D}, + D5 + DY),
= = o { B2 4 2 B, 0.m2) — o) i
30 L i o) _ 3l [2C5 + CF + Cu(u,m3 ., 0:0,m7 , 0)
1t L L
+ o ;7];2 [(tB1 + Ao(m7) + m_?,Bo)(RﬁlRﬁ-l + Ry R},) + UI(D% +2DY) + QW%D%L
&
M i - fs]agox lzkm (D13+D + D33+ Dy),
- mtmé(RizRﬂ + Rile2)B0}(tvm§7mt) }
Box(b) __ 2lt Db
P fi = T3ty P13

For the box diagram (a) in Fig. 3, we find For the box diagram (c) in Fig. 3, we find

2
ox(a 3 7 Box(c) — Box(c) _ 7
F (@) _ Elﬁkm;@: [Bo(m?(; ,0, mtgt) — Bo(t,0, mtgt) 1 My f3 — 5y 1L, DS,
Box(c 1 -
i tz(C{) + 4D80 - 2t1D;11)]’ 5 (©) = —£lfk{230(m§; ,0, mi) - QBo(t, 0, mtgl)
Box(a) _ _glfk[CS +Cp +CF +CY + G5+ C5 + t2[—2C5 — 2C5 + 2D§ + (s + 2t + 2uz)(DS5 + DY)

+ 2u(DSs + D5 + D54 + DSs5)
Box a) _ 7ltk{230(m-,,0 m~ ) = 2By(t,0,m7 ) + Dﬁz(t+mfz, — 2uy) 4 DSy (t+ u + ug)]},
k

+ 4D§, — 2t1(D8 + D} + D% + D3)],
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Box(c) _ 1 i 2 2 2
7 = 37t211k{230(m>2;,07m51) — 230(t70,mﬂ')

+ ta[-2C5 + sDS + (t1 +u2)(2D° + D{, + DY,)
+ (Co+ C4 +C'2)(m~_,0 u; 0, m m?)

+ 2m§, (DY, +2D5; + DY + D3 + D3]},

Box
9O © = **lzkm

- (D% + Diy + D3 + DY),
B = 2ilm e (D5, + i + D).
For the box diagram (d) in Fig. 3, we find
D = 3R§1{k§kmig R, (C) + C} = 2D§, + 11 Dg)
+ 18 [mg B (Ch — Cf + 2D8y + 11D
+ us D§ + u DY) +my RY(Cf — 2Dy — u2 DY)},
3™ = 3R {1om - [mg B (DG + DY) —m R, DS
~ RL,(C]

Ry {Lmy-

+ k;;k [mtméRﬂDg
Box(d
B _

— 2D, +miD§ + tD3)]},
x [mgRL (Diy + DY + Dy + D) — myRiy(DSy + D)
+ K [memg Ry (D + D3)

+ R, (Cf — 2DGy — mZ(D{ + D5)

+ (t1 +u2)(DYy + Diy + Diy + Dif + D)

+ t1Dy — g (D?z + D))},
f?ox = 6Rb1{l kMg [ng (D3, + DS)
+ kjk[mtngﬂDQ - i2<01 + ngg — t1(Df,y + D3s)
— up(D{y + Dg3) + m% Dgz)]}

Box(d

5 D = 6Rb1{ljk[mg L (D§ + DS,

+ 2D{, + DY + 2D + D3, + D3 + 2D3)

— myRly(DY, + 2D, + DYy + Dff + D3, + DSy + D3)]
- kbkm~*R (DY, + Df, + D5 + D{ + D33)},

- mtR§2D(212]

EOX @ = 6Rb1{l§k [mthQ(Diiz + D3, + Dsy)
— mgR!, (DS, + DS, + Dy + D3)]
+ k?k:mg; Ry (DY, + D)}

For the box diagram (e) in Fig. 3, we find

Box 2 3 b i
P = 2R (Kb Rl

+ U (mo Ry — ms Riy)| Do,

ox(e 2.3 s
7 = 2D,
Box(e b
5 © = Rb1{l kMg
X [(Rith ng )(D35 + D1y + D53 + D3)

— mg Ry (DG + D + DS + DS)]
+ k3[R (2D5, + m3 (DS, + D5, + DSy + D3))
+ s(D{y + DYy + Di5 + DY)
—me&wfmmmw&uﬁ+m+Dmh
Box(e) b

R
7 3
X {lﬁm;{; [mg Ry (D55 + D3) — my Ry DS,
+ kjp[mgmeRi; D5

Ris((Co + C1 + Cz)(m§;70,w mi,my m; )

—m2DS — sDf, - mt{Dgz)]},

?@‘%HH( — myRY)

x (D§; +2D3, + Di5 + Dtle + D3y + D53 + D5)
+ mgRL, (DS + D + DS + DS)]

— Khymg— Rl (DS, + DSy + D5y + D)},

Box(e b
5 = 2Rh (1

x [myRy (DS, + D5,) — mg Ry (Dfy + D5, + D5)]
+ kjymy- Rip Diy}.
For the box diagram (f) in Fig. 3, we find

Box(f b i
1 = bel{l?k[(mtRfQ -

ngfl)

x (CF —2Df, + s(Df + D! + DE + DY)

— myRly(Ch + sDf + t1 DY)

+ k?ka;REQ[Cg + C4(t, 0, m;;;mf, mg, mg )
+ C% —2Df + sDS — t1(Df + DY + DY)},
?mA%m@m

x [mg Rl (Db + Di + DY) —myRip(D} + DY)]
+ ké;k [352(08 e
- ngg —sD}

m? (D§ + DY) + mzm R DY},

Co(0,m2_,u;m3, mi,m? )
Xk b;
+ 2D,
+ t1(D§ + D) —

Box(f
20 = ZRh {1 om

< [(meRly —mgRL)(Di

+ DY, +2Di, + Df + DI, + DL, + DY)

— mg R}y (D + D} + D + DS)]

mgRL,) (D + DY + DS + DY)
RfQ(Cé +C + C’l(t,O,mfZ;;mf,m m ) +C

— 2D + (s — m?i)(Dil + Diy + Dis + Di)

m% (D'3 + Dis + Diy + D5))]},

— Ky lmg(me Ry —

Box(f
20 = 2g8, [l [my R (D + D+ DY)
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+ (mgRY — myRL) (DY, 4 2DY, + DY + D, + DY)
+ Kby, [(mgme Rl — Riy(m? — 42))(Df + D} + Df)

= Bl (L (Botm?, i)~ Bl )
— C+ Cy — Cf — s(Dy, + D3 + D} — DY)

+ n»Lt‘é’i(Dg1 +2Di3 + Di + Di; + Dg))} } ,
Box(f

f9 () 1{l]k[mg
+ (qu —m;R%) (DY, + Dby + Di; + DY)
+ Kjm Rly(DYy + Di, + Dis + DY)},

‘(DY + D! + DE + DY)

Box(f 2 i b
11 = *R?l{l?

X [mtsz(Dgs — Di + Dig) — mf;R; (Di3 + Di; + D)
- k’?kmg; Riy(Diy + Diy + DY)}

For the box diagram (g) in Fig. 3, we find

FOX(E) = 7ltkm~,(Bo(m§;,O, mtg) — By(t,0, mi)),
Box
5 &) = _*lfkcz

Appendix B

In this appendix, we collect the explicit expressions for the
amplitudes squared of the radiations of a real gluon and
a massless (anti-)quark. Since these expressions are only
used to the hard non-collinear parts of real corrections in
(3.16) and (3.34), they have no singularities and can be
calculated in n = 4 dimensions.

For the real gluon emission, we find

2 2 2
M7 = Xy [[MO] + M@ + M)

+ (s t', 544> uz, s34 <> U2),

where Xy = ¢2¢2 (|15 |2 + |kf,|?), and

— 2 1 1
IM©)| = o {M[tzu’mi — saug(t2 + u2)

+ ug(ug(sga — u2) + (s5 + u7)(s3a + t2)
—u/(s54 + mil;)) — 54t’m§;]
1
— go o lssat’us + ug(uz — s3a) — ugur(ssa + ta + uz)
SaU
+ (54t2 — ss5n)(ug + uz) + tgug
—m? (u2(2s + ') + dtat’ — 3ss34)

- mi; (2ug(t' +s) + ur(4s +t'))]

et —— [A (4t + ug) + (dug + U7)(2m§; + 554)]

/

36 =7 [Attg + UG(S5A + 2m~,)]

- )
3655t1 S4’U/

1
4

— m2_ (9ug + 34ur)]
Xk

m? (31ts + 3duy)

1

+ (31u6 + 16ur)(s5a + Qm%_)]}
Xk

1 1
+ = {8 2 [4s(Agssa + sas5a + 254m2~_)

+u At(u2 — 2ty) + u' (84 — 2ug)(s54 + 2m)~(;)

4u
’ 2 22
+ s5u'(s54 — mi;?)]} mei,

1 1
|M(t)| {16 5 [2t2(s3 —sg+t")(s+uz —uy)

+ 4t2ul(84 + SsA + Ug —
to
— M[TW(SSA + 854+t + ug)
- mtg(s — s34 — t' 4+ ug + uy)]
1
36s4u7

mtg) + s5at1t]

[tQ (4m§2; + 54“7) + 25541?1’17”%}

1
-T2 [mf (t2(16m2 + Tsq) + 8t1(s34 + 554))

7988 t
445A1

1 2 2
_ m [tQ’LL7 + 483Amt~i + 4'U,7m>2;

— 854(8 + 834 — t —+ ug + ’U,7) — u6(2334 — 2ty — Ug)],

X [ur(ssat’ — szaue + 2m§, (t' + ug))
k

+ mi% (UG(U2 — SSA) + tour + <S5A + 2m§;)(t/ . 8))]

1
+ g[lﬁm (UQ(t/ + u6) + t2(2t/ + 2ug + u7 + ’U,’))
4

16m)~<; (t' (2ug + ur) + ue(2up + 2u7 +u'))
— Sat2(9s54 + 2ug — Tuy — 7mtgi)
+ Tsqugug + $84(Ts5A — 2m>22;)
— (9s5(s5at2 + 3toug + ugug + tour) + 14s5t2mtgi
+ 54m2~; (9ty — 14ug) — 2sug(ssa + Qm%)
— 28m2L(SS3A + 7857 + 14m~,)]

9
 4su/
+ (SgA — S84 — 2t2 — t, — U —+ 2’1,L6 —+ U7)(t2”u,7 — UQU6)
+ (S5t2 — 4t/mf~<; )(2u6 + U7) — 3884ty — ZSAt(2t2 + ’LLQ)

[2t/ (At + s5

A)(2t2 + u2)

— 2885(t2 +u2 — ug) + 4sm§, (84 + 3ug)
k

+ (55 — S)L@Uﬁ}
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9
- E[S‘%A(S?)A — 84+ t/) + (5 + U2)(S4t2 + 834u6)

+ s4(ugue — tauy) + 2t’m§, (s + ug — ury)]
k

- —[tlu(,(ssA + 2m~,) — ud(ug — 2m~,) + tlugmg

Ssuy
+ u6m (2t2 + UQ)]}
+ L L[2u(25(1€2 + up) — ssaugu’ + tou'm? ]
36554 | 2t'ur ts
9
T ——[(2t2 + ug) (ug(t' — s34 + uz + uy)
+ 2t (s54 — 2m3)) — tyur(s3a + 4ta + 1" + 3ug — uz)]
16m2
o Hug(t 4 ue) + t2(2t + 2us + ur 4 u')]
4l

1
_ ti[Qqu (2t2 + ’ZLQ) + t1(55Au6 + uthz )]}
1u7

For the subprocess with two initial-state gluons, we find

2 3 b2 / !
| MY :_g‘MigH (s <> u', s4 4> ug, 53— 54+uy+u,

S3A — sS4 +ur +u' + Ay).
For the subprocess with the initial-state ¢g, we find
1 2

X [At(tIUQ + t2u/) + (t/U’? + UGU/)(SSA + Qm;: )]

|qu —

1
— ?[533(AS + 83 — 84— S54)
3

+ s3(ta +t' — ug)(ur — ug — u')]

5385
+ t'ur(s3 — s54) — sgur(2ug — t2) + szug(ug + u')
— syta(u’ —u7) — Zm% (t' (ug — ug) — 2854)

+ /(ta 2 ) (5. + 2m )]} .

For the subprocess with the initial-state bg or bg, we find

—2
|Mbq(Q)| = M| (s>, sq 4> ug, ta <> s34,

1 1
83 —> tg, — — —
S3 t1

For the subprocess with the initial-state bb, we find

—2 1 3834
|ME| = =Xk {[8(84 + 554 — As — 534)
ik 27" 525§ s
+ (tQ —+ t/ — UG)(UQ —ur + Ul)]
2t 9 9
_ < 2 “_
5520l [ssaur —uomi + (u2 + u?)mxk]
1

$S385U’

[S5At/U2 — 2853(At —+ S5A) — S4U2(2t2 —+ t/ — UG)

!
[Ast'ug — $S3A854 + S3aug(ua — uz) + Satauy

+ (s34 — ssa)t'ur + (t2 + ') (—squz + ssau’)
— A(ss3a — tau') +2(ss4 + (£ — us)u’)mfz,]
k

m[2883A(83A — S84 — S5A + t/)
301

— tIU2 (2t2 — 284 + t/)
+ mfz, (2tou” 4+ ' (uz — 2ur + 4uy))
k

—+ 2(84t2 — SgAtQ)(S -|— U — U7)

+ ssat’(u7r — 25) + m (2t2u

+
S

t,UQ)]

6
ng[At(t/UQ —+ tQU/) + (t’u7 + UGU,)(SE}A —+ Qm;: )]
3 /
- t - -2 A
525351 [s5at'(ug — u7) — 2583A(A¢ + 554)

— 84U2(2t2 + tl) + SgAU7(t/ — 2u6)
+ (834 + 54)(u2u6 + t2’LL7) — S4t2u/
+ syt (ta + 2" — ug) + szaueu’

+ Qm;: (2884 + (t2 + 2t — ug)u’ +t' (ug — U7))]}

+ (s &,

—_

S4 > Ug, to & S3A, S3 & t1).

For the subprocess with the initial-state bb, we find

E—
| M

)
’
= |Mib,f (s t', s44> uy, ug > S3a, S3 4> Up).
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