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Supersymmetric virtual effects in heavy quark pair production at CERN LHC
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We consider the production of heavy (b,t) quark pairs at proton colliders in the theoretical framework of the
MSSM. Under the assumption of a ‘‘moderately’’ light SUSY scenario, we first compute the leading logarith-
mic MSSM contributions at one loop for the elementary processes of production from a quark and from a
gluon pair in the 1 TeV c.m. energy region. We show that in the initial gluon pair case~dominant in the chosen
situation at energies reached at the CERN LHC! the electroweak and the strong SUSY contributions concur to
produce an enhanced effect whose relative value in the cross sections could reach the twenty percent size for
large tanb values in the realistic proton-proton LHC process.
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I. INTRODUCTION

One of the main goals of the future experiments at had
colliders will be undoubtedly the search for supersymme
particles. In the specific theoretical framework of the mi
mal supersymmetric standard model~MSSM!, a vast amount
of literature already exists showing the expected experim
tal goals for the different supersymmetric spectroscopies
parameters, both for the Fermilab Tevatron@1# and for the
CERN Large Hadron Collider~LHC! @2# cases. For wha
concerns the possibility of direct production, nothing has
be added~in our opinion! to the existing studies, leading t
the conclusion that, if any supersymmetric particle exi
with not too large a mass, it will not escape direct detect
and identification.

A nice and special feature of the present and future had
colliders is the fact that, in addition to direct supersymme
~SUSY! production, a complementary precision test of t
involved model~assuminga preliminary discovery! is also in
principle possible. This implies the study of virtual SUS
effects in the production of suitable~not necessarily super
symmetric! final states, in full analogy with the previou
memorable analyses performed to test the standard mod
the CERNe1e2 collider LEP, SLAC Large Detector~SLC!,
and LEP2@3#. Regarding the realistic experimental accura
requested by a similar search, one expects@4,5# a possible
relative few percent level. In this spirit, the existence of v
tual SUSY effects as large as a relative ten percent or m
should be carefully examined and investigated.

The aim of this preliminary paper is actually to show th
the production of a final heavy (b,t) quark pair at the LHC
could be particularly convenient for the search of virtu
SUSY effects. This is due to a number of technical featu
~cancellations of disturbing contributions at high energi
not negligible final quark masses, etc.! that will be thor-
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oughly illustrated in the following sections. In this prelim
nary analysis, we studied the electroweak and the SU
QCD contributions to the subprocess initiated byqq̄ andgg
partons and we limited our application to the invariant ma
distribution of PP→qq̄1••• at LHC using standard quar
and gluon structure functions. The rewarding result was fi
ing that the SUSY electroweak and the SUSY QCD ter
concur to produce an overall effect that can be as large
relative twenty percent in the assumed light SUSY scena
This effect is due more to the electroweak component tha
the QCD component, essentially owing to the final hea
quark Yukawa contribution~proportional to the quark
squared mass!. The picture at one loop is in fact, surprising
to us, practically the same that one would find in the case
electron-positron annihilation at lepton colliders~LC! @6#, as
we shall briefly discuss in this paper for the sake of comp
son. At the possible few percent experimental accuracy le
@5#, this effect should not escape a dedicated measurem
and could provide an important test of the~assumed—and
hopefully discovered! supersymmetric scenario.

Technically speaking, this paper is organized as follow
Section II will be devoted to a description of the one-lo
analysis for an initialqq̄ state; in Sec. III, the same descrip
tion will be given for an initialgg state and a brief commen
will be given on the analogy of the results with those o
tained for an initial electron-positron state; in Sec. IV, a n
merical analysis of the possibly visible effects on the realis
proton-proton initiated process will be shown and a few co
clusions will finally appear in Sec. V.

II. INITIAL qq̄ STATE

We begin our analysis at the partonic level considering
initial states the light quark components of the proton~in-
©2004 The American Physical Society04-1
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cluding the bottom component but ignoring the top qua
one!. At lowestas order the scattering amplitude is given b
the Born terms schematically represented in Fig. 1. Ths

channel diagram of Fig. 1~a! applies to all initialqq̄ pair
annihilation and leads to

As
Born5(

i , j
ai j

Born sF v̄~ q̄!
l lg

m

2
Piu~q!GF ū~q8!

l lgm

2
Pjv~ q̄8!G ,

~2.1!

whereas thet-channel diagram will only apply tobb̄→bb̄

scattering~because we shall neglect thet t̄→t t̄ contribution!
and is written

At
Born5(

i , j
ai j

Born tF v̄~ q̄!
l lg

m

2
Piv~ q̄!GF ū~q!

l lgm

2
Pju~q!G ,

~2.2!

where i , j refer to R or L quark chiralities withPR,L5(1
6g5)/2; l is the intermediate gluon color state and

ai j
Born s5

4pas

s
, ai j

Born t5
4pas

t
. ~2.3!

At the Born level, electroweak contributions only contribu
to the Drell-Yan processqq̄→g, Z→q8q̄8 but the effect in
the cross section will be reduced by a factora2/as

2.0.01 as
compared to the QCD one and will be neglected at the
pected LHC accuracy.

Our starting assumption, as already stated in the Introd
tion, will be the discovery of~at least some! supersymmetric
particles. In this spirit, we shall examine the possibility
performing a precision test of the candidate model by lo
ing at its higher order virtual effects in the considered hea
quark production at hadron colliders, starting from the de
mination of these effects at the partonic level. As a first c
to be examined, we shall restrict our study to the MSS
framework. For what concerns the higher order diagram
be retained, we must at this point make our strategy co
pletely clear. In general, the higher order corrections to
considered processes will be of electroweak and of str
nature. We shall begin our analysis with the detailed study
the electroweak components given in the following sectio

FIG. 1. Born diagrams forqq̄→q8q̄8 annihilation ~a! and qq̄

→qq̄ scattering~b!.
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A. Electroweak corrections

To the first order one-loop level the electroweak corre
tions will typically correspond to the diagrams schematica
represented in Fig. 2. Note that we considered in the e
troweak sector both the SM components and the genuin
supersymmetric ones, which will be often denoted for si
plicity with a SUSY index. In our analysis, we shall no
consider higher order~e.g., two loops! electroweak correc-
tions. This~pragmatic! attitude is, at least, supported by th
fact ~as we showed in a previous paper@7#! that such terms a
lepton colliders~LC! are only requested if the available ce
ter of mass~c.m.! energy of the process is beyond, rough
the 1 TeV range. In our investigation of proton colliders, t
structure of the leading electroweak corrections is essent
similar to the LC one~with straightforward modifications o
the initial vertex contributions!. To reproduce the benefit o
the absence of hard resummation computations, we s
therefore be limited to c.m. energy values not beyond th
TeV limit.

Having fixed the considered energy range, a numer
evaluation at one loop can now be performed in a~reason-
ably! straightforward way. A great simplification can non
theless be achieved under the assumption that the c.m
ergy is sufficiently larger than all the masses of the~real and
virtual! particles involved in the process. In this case, a lo
rithmic expansion of the so-called Sudakov kind can
adopted. All the details of such an approach for the spec
MSSM model have been already exhaustively discusse
previous references for an initial electron-positron state@8,9#,
but the results are essentially identical if the initial state i
qq̄ pair ~as we said, one must only modify in a straightfo
ward way the initial vertex contribution!. To avoid loss of

FIG. 2. Diagrams for electroweak corrections to the annihilat

amplitudeqq̄→q8q̄8; standard model~a!, ~b!, ~c!, where solid lines
represent quarks, in~a!, ~b! dashed lines represent gauge or Hig
bosons and in~c! the wavy line is a photon or aZ; SUSY diagrams
~d!, ~e!, ~f!, where in~d!, ~e! the internal solid line is a gaugino an
the dashed line is a squark, and in~f! solid lines represent quark
and the dashed line is a SUSY Higgs boson.
4-2
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space and time, we defer the reader to Refs.@8,9# for details.
The only relevant point that we want to make is the fact t
the ‘‘canonical’’ logarithmic expansion is given to next-to
leading order, i.e., retaining the double and the linear lo
rithmic terms, and ignoring possible extra~e.g., constant!
contributions. To this level, the remarkable simplification f
the considered heavy quark final state is that only two SU
parameters appear in the expansion. One parameter is tb,
contained in the coefficient of the linear natural logarithm
Yukawa origin; the second one is a~common! SUSY mass
scaleM, to be understood as an ‘‘average’’ supersymme
mass involved in the process.

Given the fact that the supersymmetric masses migh
not particularly small~the existing limits for squark and
gluino masses are at the moment consistent with a lo
bound of approximately 300 GeV@1,10#! and taking into
account the qualitative 1 TeV upper bound on the c.m.
ergy requested for the validity of a one-loop expansion,
shall adopt in this preliminary analysis a reasonable work
compromise. In other words, we shall consider energy va
in the 1 TeV range, and a SUSY scenario ‘‘reasonably’’ lig
i.e., one in which all the relevant SUSY masses of the p
cess are smaller than, approximately, 350–400 GeV. T
will encourage us to trust a conventional Sudakov expans
supported by previous detailed numerical analyses given
electron-positron accelerators@11#.

The previous discussion was related to the SUSY e
troweak effects. Our attitude will be in conclusion that
considering both the SM and the SUSY components at
same one-loop level. Strictly speaking, since we are o
interested in the SUSY effect, we could even ignore the
contribution. The reason why we retain it is simply that it
easy to estimate it and interesting to show the ‘‘SUSY
hancement’’ in the MSSM overall correction.

After this long but, we hope, sufficiently clear discussio
we are now ready to illustrate the one-loop numerical deta
With this aim, we shall start from the electroweak diagra
of Fig. 2 and write, using our previous notations@7–9#, the
following.

1. Electroweak logarithmic corrections on the amplitudes

For eachqq̄→q8q̄8 amplitude we can write, following
Ref. @9#:

A1 loop ew5ABorn@11cew#, ~2.4!

with

cew[cin, gauge1cin, Yuk1cf ingauge1cf in, Yuk1cang ,

~2.5!

wherecin refers to the universal~i.e., process independen!

corrections due to the initialqq̄ pair, cf in to the universal
corrections due to the finalbb̄ or t t̄ pair, andcang is a pro-
cess and angular dependent correction typical of eachqq̄

→q8q̄8 case. The Yukawa contributions are sizable only
q ~or q8) being b or t quarks. The coefficientscew receive
SM and SUSY contributions, depending on the quark chi
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ity. The SM contributions are (u represents both up an
charmed quarks, andd both down and strange quarks!

cin, gauge L
uū SM 5cf in, gauge L

t t̄SM

5
a~1126cW

2 !

144psW
2 cW

2 F3 ln
s

MW
2 2 ln2

s

MW
2 G ,

cin, gauge R
uū SM 5cf in, gauge R

t t̄SM

5
a

9pcW
2 F3 ln

s

MW
2 2 ln2

s

MW
2 G , ~2.6!

cin, gauge L
dd̄SM 5cf in, gauge L

bb̄ SM

5
a~1126cW

2 !

144psW
2 cW

2 F3 ln
s

MW
2 2 ln2

s

MW
2 G ,

cin, gauge R
dd̄ SM 5cf in, gauge R

bb̄ SM

5
a

36pcW
2 F3 ln

s

MW
2 2 ln2

s

MW
2 G , ~2.7!

cin, f in, Yuk L
bb̄ SM 5cin, f in, Yuk L

t t̄SM

52
a

16psW
2 F mt

2

MW
2 1

mb
2

MW
2 GF ln

s

MW
2 G ,

cin, f in, Yuk R
bb̄ SM 52

a

8psW
2 F mb

2

MW
2 GF ln

s

MW
2 G , ~2.8!

cin, f in, Yuk R
t t̄ SM 52

a

8psW
2 F mt

2

MW
2 GF ln

s

MW
2 G ,

cang i j
qq̄ q8q̄8 SM52

a

4pF ln
12cosu

11cosuGF8QqQq812
gqi

Z gf j
Z

sW
2 cW

2 G
3F ln

s

MW
2 G . ~2.9!

This last angular dependent term refers to chirality sta
( i j )5(LL,LR,RL,RR) and involves the quark chargesQq

and the Zqq̄ couplings gqL
Z 5I qL

3 (224uQqusW
2 ), gqR

Z

522QqsW
2 .

The additional SUSY contributions affect only the unive
sal parts:

cin, gauge L
uū SUSY 5cf in, gauge L

t t̄ SUSY 52
a~1126cW

2 !

144psW
2 cW

2 F ln
s

M2G ,
cin, gauge R

uū SUSY 5cf in, gauge R
t t̄ SUSY 52

a

9pcW
2 F ln

s

M2G ,
~2.10!
4-3
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cin, gauge L
dd̄ SUSY 5cf in, gauge L

bb̄ SUSY 52
a~1126cW

2 !

144psW
2 cW

2 F ln
s

M2G ,
cin, gauge R

dd̄ SUSY 5cf in, gauge R
bb̄ SUSY 52

a

36pcW
2 F ln

s

M2G ,
~2.11!

cin, f in, Yuk L
bb̄ SUSY 5cin, f in, Yuk L

t t̄ SUSY 52
a

16psW
2 F mt

2

MW
2 ~1

12 cot2b!1
mb

2

MW
2 ~112 tan2b!G F ln

s

M2G ,
~2.12!

cin, f in, Yuk R
bb̄ SUSY 52

a

8psW
2 F mb

2

MW
2 ~112 tan2b!G F ln

s

M2G ,
cin, f in, Yuk R

t t̄ SUSY 52
a

8psW
2 F mt

2

MW
2 ~112 cot2b!G F ln

s

M2G .
One can see~as emphasized in Ref.@9#! that the total MSSM
gauge correction is quite simply obtained by replacing
logarithmic SM factor @3 ln(s/MW

2 )2ln2(s/MW
2 )# by

@2 ln(s/MW
2 )2ln2(s/MW

2 )# and the total MSSM Yukawa cor
rection by replacing the SMmt

2 by 2mt
2(11cot2b) and mb

2

by 2mb
2(11tan2b).

2. Results for angular distributions, averaged over initial,
summed over final polarizations

We now list explicitly the complete MSSM results fo
each subprocess. According to the rules given just above
easy to separate the pure SM and the additional SUSY p
We first consider the subprocesses involving only the an
hilation channel of Figs. 1~a! and 2 and write

ds1 loop

d cosu
5

dsBorn

d cosu
1

pas
2

18s
$~11cos2u!@S#12 cosu@D#%,

~2.13!

with

dsBorn~qq̄→q8q̄8!

d cosu
5

pas
2

9s
~11cos2u!. ~2.14!

For uū→bb̄,

Suūbb̄5
a

72psW
2 cW

2 ~54232sW
2 !F2 ln

s

MW
2 2 ln2

s

MW
2 G

2
a

4psW
2 F mt

2

MW
2 ~11cot2b!1

3mb
2

MW
2 ~11tan2b!G

3F ln
s

MW
2 G2

a~4sW
2 29!

18psW
2 cW

2 ln
12cosu

11cosu F ln
s

MW
2 G ,
~2.15!
11300
e

is
ts.
i-

Duūbb̄5
a

2psW
2 cW

2 ln
12cosu

11cosu F ln
s

MW
2 G . ~2.16!

For dd→̄bb̄,

Sdd̄bb̄5
a

72psW
2 cW

2 ~54244sW
2 !F2 ln

s

MW
2 2 ln2

s

MW
2 G

2
a

4psW
2 F mt

2

MW
2 ~11cot2b!1

3mb
2

MW
2 ~11tan2b!G

3F ln
s

MW
2 G1

a~8sW
2 29!

18psW
2 cW

2 ln
12cosu

11cosu F ln
s

MW
2 G ,
~2.17!

Ddd̄bb̄52
a

2psW
2 cW

2 ln
12cosu

11cosu F ln
s

MW
2 G . ~2.18!

For uū→t t̄ ,

Suūt t̄5
a

36psW
2 cW

2 ~27210sW
2 !F2 ln

s

MW
2 2 ln2

s

MW
2 G

2
a

4psW
2 F3mt

2

MW
2 ~11cot2b!1

mb
2

MW
2 ~11tan2b!G

3F ln
s

MW
2 G2

a~16sW
2 19!

18psW
2 cW

2 ln
12cosu

11cosu F ln
s

MW
2 G ,
~2.19!

Duūt t̄52
a

2psW
2 cW

2 ln
12cosu

11cosu F ln
s

MW
2 G . ~2.20!

For dd̄→t t̄ ,

Sdd̄t t̄5
a

36psW
2 cW

2 ~27216sW
2 !F2 ln

s

MW
2 2 ln2

s

MW
2 G

2
a

4psW
2 F3mt

2

MW
2 ~11cot2b!1

mb
2

MW
2 ~11tan2b!G

3F ln
s

MW
2 G2

a~4sW
2 29!

18psW
2 cW

2 ln
12cosu

11cosu F ln
s

MW
2 G ,
~2.21!

Ddd̄t t̄5
a

2psW
2 cW

2 ln
12cosu

11cosu F ln
s

MW
2 G . ~2.22!

For bb̄→t t̄ ,
4-4
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Sbb̄t t̄5
a

36psW
2 cW

2 ~27216sW
2 !F2 ln

s

MW
2 2 ln2

s

MW
2 G

2
a

4psW
2 F4mt

2

MW
2 ~11cot2b!1

4mb
2

MW
2 ~11tan2b!G

3F ln
s

MW
2 G2

a~4sW
2 29!

18psW
2 cW

2 ln
12cosu

11cosu F ln
s

MW
2 G ,
~2.23!
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Dbb̄t t̄5
a

2psW
2 cW

2 ln
12cosu

11cosu F ln
s

MW
2 G . ~2.24!

In the special case ofbb̄→bb̄ we have to add the annihila
tion amplitude of Figs. 1~a! and 2, and the scattering ampl
tude of Fig. 1~b! and of thes→t crossed diagrams of Fig. 2
This leads to the result
ds1 loop~bb̄→bb̄!

d cosu
5

dsBorn~bb̄→bb̄!

d cosu H 11
a

72psW
2 cW

2 ~27222sW
2 !F2 ln

s

MW
2 2 ln2

s

MW
2 G2

a

4psW
2 F mt

2

MW
2 ~11cot2b!

1
3mb

2

MW
2 ~11tan2b!GF ln

s

MW
2 G J 2

as
2a

18s F ln
s

MW
2 G H S 1828sW

2

9sW
2 cW

2 D S Fu2

s22
u2

3stG ln 12cosu

11cosu

2Fu2

t2 2
u2

3stG ln 11cosu

2 D1
27222sW

2

9sW
2 cW

2 Fu21s2

t2 2
u2

3stG ln 12cosu

2

2S 4sW
2

9sW
2 cW

2 D S 2t2

s2 ln
12cosu

11cosu
2

2s2

t2 ln
11cosu

2 D J ~2.25!
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dsBorn~bb̄→bb̄!

d cosu
5

2pas
2

9s Fu21t2

s2 1
u21s2

t2 2
2u2

3stG .
~2.26!

In the expression~2.25!, the first part~which factorizes the
Born term! is the universal effect including the gauge ter
and the double Yukawa effect, whereas the second part is
angular dependent effect froms and fromt channels~one can
check, restricting to the 1/s2 terms, that one recovers th
previousdd̄→bb̄ case!; the s→t crossing relation betwee
annihilation and scattering contributions is also clearly sa
fied. Having completed the discussion of the electrowe
SUSY effect, we now move in the following section to th
discussion of the strong~QCD! SUSY correction.

B. QCD SUSY correction

A preliminary statement to be made before entering
discussion of the QCD SUSY corrections is that we sh
treat this effect under the same assumptions that we ado
for the electroweak sector in Sec. II A. In other words, w
shall still concentrate our analysis on c.m. energy value
the 1 TeV region, assuming the previously considered ‘‘r
sonably’’ light SUSY scenario. This will allow us to use th
same kind of simple logarithmic expansion that was
ploited in the electroweak case, at the one-loop level.

For what concerns the expected validity of a one-lo
perturbative expansion, the situation is now, though, dra
cally different from that of Sec. II A, and requires a preci
he

-
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in
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p
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subtle choice of strategy. It is actually well known@12# that,
in the SM domain, the one-loop QCD correction is not a
curate enough and higher order terms seem to be fundam
tal. This is understandable in an extremely simplified fash
as a consequence of the small scale which enters the
running ofas . In this qualitative picture, one would expe
that the corresponding SUSY effects do not share this d
matic problem, owing to the much larger mass scale
volved. This would justify the expectation that, for the r
stricted subset of SUSY QCD corrections, a one-lo
calculation can be sufficient.

Another essential difference between the SM QCD a
the SUSY QCD corrections is that in the SM part the infrar
logarithms arising from virtual gluon contributions canc
against those occurring in soft real gluon emission, leav
only ‘‘constant’’ terms. In the SUSY case, large logarithms
virtual origin and scaled by the average SUSY mass w
remain. A practical attitude seems to be therefore that
isolating the SM higher order QCD effects, considering th
as a ‘‘known’’ quantity, much in analogy with what is don
for the canonical QED corrections, and to factorize an
plicit one-loop term containing the genuine SUSY QCD co
rection, to be added in the usual one-loop philosophy to
electroweak one. This is the approach that we shall follow
the rest of the paper, which is, as we said, only intereste
the evaluation of thegenuineoverall SUSY effect.

Having made this preliminary statement, we move now
the evaluation of the QCD SUSY effects at one loop. The
are represented schematically in Fig. 3, and can be class
in two quite different sectors, respectively, of the vertex ki
and of RG origin. The first ones are essentially similar
4-5
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analogous electroweak vertices of Sudakov kind, with
simple replacement of gauginos by gluinos. They produce
the adopted ‘‘Sudakov regime,’’ the following effect on th
amplitude for each externalqq̄ pair:

cL,R
qq̄ SUSY QCD52

as

3p
ln

s

M2 , ~2.27!

which leads to an additional coefficient in the series eq
tions ~2.4! and ~2.5! equal to twice this value for aqq̄

→q8q̄8 annihilation amplitude or for aqq̄→qq̄ scattering
amplitude, i.e., Eq.~2.4! is replaced by

ABornF11cew2
2as

3p
ln

s

M2G . ~2.28!

From Eq.~2.28! a rather important~in our opinion! feature
can be stressed. Numerically, one sees that for ‘‘reasona
values of the squark and gluino masses, the QCD SU
vertex effect has a numerical value of approximately 5 p
cent at 1 TeV c.m. energy. This supports our assumption
higher order terms can be neglected, as we shall do in
paper. Note also that the size of the effect is smaller than
of the analogous electroweak component, particularly

FIG. 3. Diagrams for SUSY QCD corrections to theqq̄

→q8q̄8 annihilation amplitude~a!, ~b!, ~c!, ~d!, in which the inter-
nal solid lines are gluinos and the dashed lines are squarks,
diagram for gluon self-energy diagrams~e!.
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large tanb values in the Yukawa couplings. In other word
at the one-loop level, electroweak SUSY corrections app
to be ‘‘stronger’’ than the corresponding QCD ones, in fu
analogy with a similar feature first stressed in the electr
positron case@13#.

From a practical point of view, the very welcome featu
that characterizes the QCD SUSY vertex is the fact that
sign of the one-loop effect isthe same~negative! as that of
the corresponding electroweak one. As a consequence of
rewarding concurrence, the overall SUSY vertex effect
one loop gets an enhancement that will improve the poss
ity of experimental detection, and we shall return to th
point in the final discussion.

The next term to be computed corresponds to the
diagram of Fig. 3~e!. Following our previous discussion, w
shall only consider the genuine SUSY effect on the interm
diate gluon bubble. This is given at one loop from stand
formulas@12#. In a supersimplified assumption of conside
ing the relevant c.m. energy beyondall SUSY scales, it
would lead to the following modification:

das
SUSY~s!5as~M2!F2BSUSY

as~M2!

2p
ln

s

M2G .
~2.29!

The SUSY contribution arising in the MSSM fors.M2 is
obtained usingBSUSY522. This leads effectively to one
more additional coefficient in the series of corrections~2.4!
and ~2.5! to the annihilation amplitude

cRG
qq̄,SUSY QCD52BSUSY

as~M2!

2p
ln

s

M2 ~2.30!

and a similar correction to the scattering amplitude w
ln(s/M2) replaced by ln(2t/M2).

Note that, in a less optimistic situation of larger SUS
masses, the effect would be reduced and should be comp
more carefully. But, independently of this, we notice a le
pleasant feature of Eq.~2.30! compared to Eq.~2.28!, i.e.,
the fact that it produces an effect of opposite sign with
spect to that of the electroweak one, thus reducing the ove
SUSY correction:

A1 loop SUSY5ABorn@cSUSY ew1cSUSY QCD# ~2.31!

with

cSUSY QCD.2
2as

3p
ln

s

M21
as

p
ln

s

M2 5
as

3p
ln

s

M2 .

~2.32!

From this point of view, theqq̄ initial state exhibits a ‘‘dis-
turbing’’ feature for the detection of SUSY effects. This fe
ture will not affect the determination of the SUSY correctio
for the initial gluon state at high c.m. energies, as we sh
show in Sec. III, which will be devoted to the study of th
process.

nd
4-6
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III. INITIAL gg STATE

The amplitude for the processgigj→q8q̄8 ~wherei , j de-
note the gluon color states! is obtained by summing the tw
diagrams of Figs. 4~a!, 4~b! and the crossed diagram of Fig
4~b!:

As
Born52 i

gs
2

s
f i j l ~e i .e j !F ū~q8!

l l

2
gm~ki2kj !mv~ q̄8!G ,

~3.1!

At
Born52

gs
2

t F ū~q8!
l il j

4
~gmem

i !~gr~ki2pq8!r!

3~gnen
j !v~ q̄8!G , ~3.2!

Au
Born52

gs
2

u F ū~q8!
l jl i

4
~gmem

j !@gr~ki2pq̄8!r#

3~gnen
i !v~ q̄8!G , ~3.3!

where s5(ki1kj )25(pq81pq̄8)2, t5(ki2pq8)2, u5(ki

2pq̄8)2, and (e i ,ki), (e j ,kj ) are the polarization vectors an
four-momenta of the gluons.

It is important to notice the gauge cancellations occurr
at high energies. From the above expressions one can im
diately compute the helicity amplitudesF(t i ,t j ,lq8,l q̄8)
with t i561, t j561, lq8561/2, l q̄8561/2 being the
gluons and quark helicities. At high energy, neglecting qu
masses, one obtains only chirality-conserving terms w
lq852l q̄8[l561/2. The contribution to the amplitude
with t i52t j[t561 arises fromt andu channel terms:

FBorn~t,2t,l,2l!5gs
2S l il j

4 D2l cosu1t

12cosu
sinu

1gs
2S l jl i

4 D 2l cosu1t

11cosu
sinu,

~3.4!

FIG. 4. Born diagrams forgg→q8q̄8, s-channel gluon exchang
~a! and t-, u-channel quark exchanges~b!.
11300
g
e-

k
h

whereas thet i5t j[t561 amplitudes get contribution
from s, t, andu channel terms:

FBorn~t,t,l,2l!52 igs
2f i jk

lk

2
~2l!sinu1gs

2S l il j

4 D
3~2l!sinu2gs

2S l jl i

4 D ~2l!sinu

~3.5!

and totally cancel asl il j /42l jl i /45 i f i jklk/2. So, at high
energy, we are only left with contributions toFBorn(t,
2t,l,2l) arising from thet andu channel quark exchang
diagrams,l561/2 corresponding toR,L chiralities respec-
tively.

The electroweak corrections are then extremely simple
first order no electroweak correction arises for gluons. O
the universal gauge and Yukawa terms appear for the finb

or t quark pair:cf in, gauge L,R
q8q̄8 andcf in,Yuk L,R

q8q̄8 from Eq. ~2.5!.
The SUSY QCD corrections turn out to be also extrem

simple. Because of the gauge cancellation of thes channel
term, at first order we can ignore the SUSY QCD correctio
to this part and only consider thet and u channel quark
exchange diagrams, Figs. 1~b! and 5. There is no SUSY
QCD correction to the external gluon lines because of
cancellation between the gluon splitting function and t
gluon coupling parameter renormalization~this fact is similar
to the one occurring for electroweak gauge bosons as not
in Refs.@14,15#!. Only the universal SUSY QCD correctio

to the external quark lines appear, given bycL,R
q8q̄8 SUSY QCDof

Eq. ~2.27!.

FIG. 5. Diagrams for SUSY QCD corrections togg→q8q̄8 in
the t, u channels~a!, ~b! @one should add similar diagrams to~a!, ~b!
with down triangles# and in thes channel~c!, ~d!; in ~a!, ~c! the
triangles contains squark~dashed! and gluino~solid! lines; in ~b!,
~d! they contains quarks~solid! and SUSY Higgs bosons~dashed!
lines.
4-7
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FIG. 6. Effect of the combined electrowea
and SUSY QCD corrections in the cross secti
for final bottom or top pairs at LHC. The variou
parameters areAS514 TeV, MSUSY5350 GeV
and pT,min510 GeV. We show the results ob
tained with two values of the MSSM paramete
tanb.
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The angular distributions averaged over initialgg and
summed over finalb,b̄ or t, t̄ polarizations are then given b

ds1 loop~gg→bb̄!

d cosu

5
dsBorn~gg→bb̄!

d cosu H 11
a

144psW
2 cW

2 ~27222sW
2 !

3F2 ln
s

MW
2 2 ln2

s

MW
2 G2

a

8psW
2 F mt

2

MW
2 ~11cot2b!

1
3mb

2

MW
2 ~11tan2b!GF ln

s

MW
2 G2

2as

3p F ln
s

M2G J ,

~3.6!

ds1 loop~gg→t t̄ !

d cosu

5
dsBorn~gg→t t̄ !

d cosu H 11
a

144psW
2 cW

2 ~27210sW
2 !

3F2 ln
s

MW
2 2 ln2

s

MW
2 G2

a

8psW
2 F3mt

2

MW
2 ~11cot2b!

1
mb

2

MW
2 ~11tan2b!GF ln

s

MW
2 G2

2as

3p F ln
s

M2G J . ~3.7!

In the above expression we have written the comp
MSSM electroweak correction and the SUSY QCD corr
tion. In the MSSM electroweak part one can easily sepa
the pure SM and the SUSY components using the rules
ready stated in the preceding section. In particular, the SU
modification of the universal terms consist of replacing
linear SM.3 ln term by 2 ln, thus leading to a negative2ln
11300
e
-
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effect, while the Yukawa term produces a substantial ne
tive contribution due to the tanb parameter. The Born par
for q85b or t is given by

dsBorn~gg→q8q̄8!

d cosu
5

pas
2

4s Fu21t2

3ut
2

3~u21t2!

4s2 G
~3.8!

and in a complete computation the SM QCD corrections w
have to be added.

As one sees from Eqs.~3.6! and ~3.7!, as a ‘‘technical’’
consequence of thet,u channel diagram dominance in th
chosen configuration, the SUSY electroweak and QCD
fects combine at their~expectedly accurate! one-loop level to
produce an overall negative effect that can be sizable,
ticularly for large tanb values where it could reach a relativ
twenty percent size, as we shall show in detail in the follo
ing section. In this sense, and within the special scenario
large c.m. energies and reasonably light SUSY masses
we have fixed in this simplified preliminary analysis, th
chances of detecting a virtual SUSY effect in heavy qu
production appear thus to be more promising for an exp
mental situation such that the considered initial gluon-glu
state gives~via its t and u channel diagrams! the dominant
contributions to the cross section. From the available@16#
luminosity pictures, we deduce that this request indicates
LHC experiments. Therefore, from now on we shall conce
trate our investigation on this special machine, keeping
mind that for a different scenario, whose analysis might
performed in a less simple way, the role of Tevatron might
relevant, or dominant, as well.

As a final comment to this section, we would like to no
that the overallrelative ‘‘genuine’’ SUSY correction at one
loop, in the chosen LHC scenario, is almost identical to t
one would find, for the same heavy quark pair production
the identical c.m. energy and SUSY scenario, at a lep
collider. Without writing additional explicit formulas, we ca
4-8
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SUPERSYMMETRIC VIRTUAL EFFECTS IN HEAVY . . . PHYSICAL REVIEW D69, 113004 ~2004!
simply explain this statement with the observation that,
the relevant gluon-gluon initiated process, the surviv
SUSY effect is of purely universal~i.e., process independen!
kind and due to the heavy quark final state, both for
electroweak and for the QCD SUSY components, the la
ones being entirely of vertex kind owing to the previous
shown renormalization group~RG! suppression. These con
tributions factorize in the same way and therefore prod
the same relative SUSY effect for initial gluon-gluon a
electron-positron state, even if the relative standard mo
corrections may be different for the two cases, e.g., w
nonuniversal angular dependent terms appear. The
~small! differences are due to the universal~non-Yukawa!
SUSY contribution@i.e., the2 ln(s/M2) term# arising from
the initial e1e2 state.

Our analysis of the simple partonic processes is thus c
pleted. The next step is now that of considering to wh
amount the features that we have discussed will survive
the real process of production from a proton-proton sta
This will be done in the forthcoming section.

IV. CROSS SECTION FOR HEAVY QUARK PAIR
PRODUCTION IN PP COLLISIONS

We now consider proton-proton collisions with inclusiv
production of a pair of heavy quarksPP→q8q̄81•••. In
this preliminary analysis we just want to show the role of t
SUSY corrections on both quark-antiquark and gluon-glu
subprocesses. With this purpose we will concentrate our
tention on the invariant mass distributions of finalbb̄ or t t̄
quarks. Future works may consider other types of distri
tions ~such aspT distributions of the quarks or of their deca
products! using the subprocess amplitudes that we have
tablished in Secs. II and III, and the corresponding par
model kinematical tools.

For a total c.m. squared energyS, the q8q̄8 squared in-
variant mass~s! distribution is given by

ds~PP→q8q̄81••• !

ds

5
1

SEcosumin

cosumax
d cosuF(

i j
L i j ~t,cosu!

ds i j →q8q̄8
d cosu

~s!G ,
~4.1!

wheret5s/S, and (i j ) represent all initialqq̄ pairs withq
5u,d,s,c,b and the initialgg pairs, with the corresponding
luminosities

Li j ~t,cosu!5
1

11d i j
E

ȳmin

ȳmax
dȳF i ~x! j S t

xD1 j ~x!i S t

xD G ,
~4.2!

i (x) being the distributions of the partoni inside the proton
with a momentum fraction,x5As/Seȳ, related to the rapid-
ity ȳ of theq8q̄8 system. The limits of integrations forȳ can
be written
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ȳmax5maxH0,minH Y2
1

2
ln x, Y1

1

2
ln x, 2 ln~At!J J,

ȳmin52 ȳmax, ~4.3!

where the maximal rapidity isY52, the quantityx is related
to the scattering angle in theq8q̄8 c.m.:

x5
11cosu

12cosu
~4.4!

and

cosumin,max57A12
4pT,min

2

s
, ~4.5!

expressed in terms of the chosen value forpT,min .
We have evaluated numerically the expression of the

ferential cross section above in the LHC case withAS
514 TeV, a fixed SUSY mass scaleMSUSY5350 GeV, and
an angular cut corresponding topT,min510 GeV. Concern-
ing the parton distributions, we must stress that in princi
we should consider their evolution up to the desired ene
scaleAs in the framework of SUSY QCD. However, th
supersymmetric corrections to the evolution should be n
ligible in a first approximate treatment if the masses of
supersymmetric particles are large enough, still not spoil
the applicability of the Sudakov expansion. With these
marks in mind, we have used the 2003 next-to-next-
leading order ~NNLO! Martin-Roberts-Stirling-Thorne
~MRST! set of evolved parton distribution functions ava
able in Ref.@16#.

A summary of our numerical analysis is shown in Fig
6–8. In Fig. 6, we show the percent effect on the cross s
tions for production of final bottom or top quarks at tw
representative values tanb510,40 in the c.m. energy rang
0.7–1 TeV~the lower limit corresponds, qualitatively, to
values54MSUSY

2 where we can still hope from our exper
ence in the H1H2 study@11# that our logarithmic expansion
is ‘‘reasonable’’!. For the higher value, the effect reaches t
remarkable 20% level. An analysis of the relative weights
the various subprocesses contributing to the total cross
tion shows that the dominant subprocess is thegg one. This
is due to the low values of the ratios/S at the LHC in the
considered range for the final state invariant mass. Indee
low s/S the fractionx is also typically small and the rapid
rise of the gluon distribution function overwhelms the role
the other subprocesses; see, for example, the illustration
gg and qq̄ luminosities given in Ref.@12#. To give some
numerical examples one can check that forAs51 TeV the
contribution of the gg subprocess represents about 80
~88%! of the total Born cross section for the final botto
~top! quark. At the smallerAs5700 GeV, the effect is even
larger with thegg subprocess being now 85%~92%! for the
final bottom~top! quark. Since the process is dominated
thegg subprocess, the features of Figs. 6–8 can be expla
in terms of Eqs.~3.6! and ~3.7!. In particular, at the specia
value tanb540 the two Yukawa combinations proportion
4-9
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FIG. 7. Comparison of the full effect in the
standard model and in the MSSM. We show t
correction to the cross section for final bottom
top pairs at LHC in the standard model and in t
MSSM with tanb540. The other parameters ar
as in Fig. 6: AS514 TeV, MSUSY5350 GeV,
andpT,min510 GeV.
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2 appearing in Eqs.~3.6! and~3.7! happen to be
equal explaining the almost superposed lines in the plot.1

In Fig. 7, we show the comparison between the effects
the standard model and those that we find in the MSSM
tanb540, a value that has the ‘‘advantage’’ of providing
large correction due to the Yukawa terms. Indeed, it is p
cisely this kind of contribution that is responsible for th
significant enhancement of the effect compared with
standard model case. The reason is the amplification of
coefficient of themt

2 term by more than a factor 2 due to th
replacementmt

2→2mt
2(11cot2b) as well as the additiona

large correction tan2b introduced by the analogous replac
mentmb

2→2mb
2(11tan2b). As a comment about the nume

ics we note that in the standard model the Yukawa effect
the final top quark is larger than that in the case of fi
bottom quark by the factor (3mt

21mb
2)/(mt

21mb
2).3, ex-

plaining why the standard model full effect is larger for t
final top quark. In the MSSM at tanb.40 we already dis-
cussed the equivalence of the Yukawa effect for the final
or bottom quark.

Finally, in Fig. 8, we show the relative weights of th
genuine SUSY contributions that are not present in the s
dard model. They are three, i.e.,~i! the SUSY component o
the QCD correction~we already mentioned the genuine sta
dard model QCD correction and we simply note that
shared by both the standard model and the MSSM!, ~ii ! the
SUSY gauge electroweak Sudakov~linear! logarithmic term,
and ~iii ! the additional tanb dependent Yukawa terms. Th
dominant effects are the Yukawa and the SUSY QCD corr
tion, the first one being, as anticipated in the Introducti
the largest. In agreement with Fig. 7, the Yukawa part of
difference ‘‘MSSM2SM’’ is larger for the final bottom
quark~at tanb540). Indeed, as we noted, we have MSSM

1We used in this preliminary analysis the fixed valuesmt

5173.8 GeV,mb54.25 GeV, rather than~energy dependent! run-
ning values. In so doing, we ignored a higher order effect con
tently with the philosophy of our paper.
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~top! . MSSM~bottom! and SM~top! . SM~bottom! lead-
ing to MSSM2SM(top),MSSM2SM(bottom). Notice
also that minor numerical differences between the curves
final bottom or top quark must be traced back to the fact t
for the final bottom quark the cross section contains a sm

but non-negligible, component from the subprocessbb̄

→bb̄ whose Born angular dependence is totally differe

than the counterpartbb̄→t t̄ in the case of final top.
Figures 6–8 show the main result of our paper. One s

that the relative overall SUSY effect could be large, varyi
from approximately ten percent to approximately twenty p
cent in the range tanb510–40. This effect is definitely
larger than the corresponding SM one, as shown by Fig. 7
particular, one notices that the enhancement is less due t
SUSY QCD contribution, and is mostly coming from th
SUSY Yukawa term, which would be absent in the case
light quark production. For an experimental and theoreti
precision at the few percent level~i.e., summing statistics
detection efficiencies, and uncertainties in quark and glu
distributions!, the presence of such a SUSY correction re
resents therefore, in our opinion, a feature of the process
cannot be ignored, and could provide a rather stringent
of the supersymmetric model to be investigated. In t
sense, the production of heavy quark pairs at the LHC
pears to us to be particularly interesting.

V. CONCLUSIONS

A number of realistic statements must be made wh
drawing some possible conclusions from this paper. O
analysis has undoubtedly been specific, since it has assu
a combination of events, i.e., a previous discovery of sup
symmetric particles and a ‘‘reasonably light’’ nature of th
SUSY scenario. In this particular case, we have shown
in the production of heavy quark pairs at c.m. energies in
1 TeV range, where quite reasonably a one-loop logarith
Sudakov expansion should provide an accurate descriptio
-

4-10
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FIG. 8. Separate SUSY effects. We show t
three extra SUSY effects that are present in t
MSSM with respect to the standard model. Th
are the SUSY component of the QCD correctio
the universal SUSY electroweak terms, and t
tanb dependent SUSY Yukawa terms comput
at tanb540. We recall that these genuine SUS
contributions grow like logs. The other param-
eters areAS514 TeV, MSUSY5350 GeV, and
pT,min510 GeV.
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the virtual SUSY MSSM correction, the latter could rea
values in the twenty percent range for large tanb and might
be therefore detectable at proton colliders, in particular at
LHC. This collider seems to be, for the specific c.m. ene
configuration that we have chosen, the more suitable
chine. Of the relevant logarithmic expansions we have co
puted the leading~quadratic! and next-to-leading~linear!
term, the SUSY genuine effect being simply of the line
kind. We have performed this computation leaving unde
mined a possible next-to-next-to-leading term, in practic
constant one. In a complete treatment, the latter term sh
be computed or at least estimated. This is not trivial since
this quantity a large number of parameters of the supers
metric model will generally appear, and several extra
sumptions should be made concerning their values that
we believe, beyond the realistic purposes of this first preli
nary analysis.2 With this premise, it seems to us that a re
evant feature that emerges is that the relative size of
genuine SUSY correction could be large, definitely larg

2In particular, given the fact that all the logarithmic SUSY effec
at one loop are of linear order, possible SUSY massesMi larger
thanMSUSY~e.g., masses of heavy gluinos! are automatically reab
sorbed by constant terms;a log Mi /MSUSY that should, though,
remain tolerably small, given the absence of the ‘‘Yukawa enhan
ment.’’
o
d

g
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than that in the SM case, mostly owing to the role of t
Yukawa correction.

Another comment is related to the possibility that t
SUSY scenario is not as ‘‘reasonably’’ light as we assum
In the case for which the relevant masses are not huge
feel, though, that the SUSY virtual effect, to be computed
a less simple way, i.e., without logarithmic expansion
should still be numerically similar to the one that we com
puted, i.e., should not depend dramatically on the values
the SUSY masses of the process and should still be com
able in a one-loop approximation, and we will devote a
ture investigation to this special~negative! situation.

Regarding a comparison with other similar work, we no
that our conclusions concerning a large virtual effect in
MSSM are in line~but with SUSY enhanced contributions!
with those of an analysis ofWWproduction in the standard
model framework@17,18#. It should also be recalled tha
again within the standard model framework, the product
of b pairs appears to be promising for the detection of virt
effects in precision measurements@4#. In this sense, we be
lieve to have shown that this conclusion could still be va
~and even more spectacular! for a more general class of fina
pairs, in a~hopefully valid! supersymmetric picture.
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