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We consider the production of heawy,{) 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(cseinant in the chosen
situation at energies reached at the CERN L@ 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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[. INTRODUCTION oughly illustrated in the following sections. In this prelimi-
nary analysis, we studied the electroweak and the SUSY

One of the main goals of the future experiments at hadroCD contributions to the subprocess initiatedqﬂand gg
colliders will be undoubtedly the search for supersymmetrigpartons and we limited our application to the invariant mass

particles. In the specific theoretical framework of the mini- gistribution ofpp_>qa+ ... at LHC using standard quark
mal supersymmetric standard mo@eISSM), a vast amount  and gluon structure functions. The rewarding result was find-
of literature already exists showing the expected experimening that the SUSY electroweak and the SUSY QCD terms
tal goals for the different supersymmetric spectroscopies angoncur to produce an overall effect that can be as large as a
parameters, both for the Fermilab Tevatidd and for the relative twenty percent in the assumed light SUSY scenario.
CERN Large Hadron CollidefLHC) [2] cases. For what This effect is due more to the electroweak component than to
concerns the possibility of direct production, nothing has tothe QCD component, essentially owing to the final heavy
be addedin our opinion to the existing studies, leading to quark Yukawa contribution(proportional to the quark
the conclusion that, if any supersymmetric particle existssquared magsThe picture at one loop is in fact, surprisingly
with not too large a mass, it will not escape direct detectiono us, practically the same that one would find in the case of
and identification. electron-positron annihilation at lepton collidgtC) [6], as
Anice and special feature of the present and future hadrofe shall briefly discuss in this paper for the sake of compari-
colliders is the fact that, in addition to direct supersymmetryson. At the possible few percent experimental accuracy level
(SUSY) production, a complementary precision test of the[5], this effect should not escape a dedicated measurement,
involved modelassuminga preliminary discovenyis alsoin  and could provide an important test of tt@ssumed—and
principle possible. This implies the study of virtual SUSY hopefully discoveredsupersymmetric scenario.
effects in the production of suitabl@ot necessarily super-  Technically speaking, this paper is organized as follows:
symmetrig final states, in full analogy with the previous Section Il will be devoted to a description of the one-loop
memorable+analys§s performed to test the standard model Qﬁalysis for an initiaqastate; in Sec. Ill, the same descrip-
the CERNe"e" collider LEP, SLAC Large DetectdSLC), o will be given for an initialgg state and a brief comment
and LEP2[3]. Regarding the realistic experimental accuracyyijj pe given on the analogy of the results with those ob-
requested by a similar search, one expgdtS] a possible  ained for an initial electron-positron state; in Sec. IV, a nu-
relative few percent level. In this spirit, the existence of Vir- arical analysis of the possibly visible effects on the realistic

tual SUSY effects as large as a relative ten percent or morg;oon_proton initiated process will be shown and a few con-
should be carefully examined and investigated. clusions will finally appear in Sec. V.

The aim of this preliminary paper is actually to show that
the production of a final heavyb(t) quark pair at the LHC
could be particularly convenient for the search of virtual —
S . II. INITIAL STATE
SUSY effects. This is due to a number of technical features ad
(cancellations of disturbing contributions at high energies, We begin our analysis at the partonic level considering as
not negligible final quark masses, etthat will be thor- initial states the light quark components of the proton
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FIG. 1. Born diagrams fog—q’q’ annihilation (a) and qq
—qq scattering(b).

cluding the bottom component but ignoring the top quark
ong. At lowest o order the scattering amplitude is given by
the Born terms schematically represented in Fig. 1. $he

channel diagram of Fig. (&) applies to all initialqa pair
annihilation and leads to

_ Ny
u(a) 5"

Pjv@)},
(2.1

Born Born s| ——Ny*
As :%‘4 ajj U(Q)TPiU(Q)

whereas the-channel diagram will only apply tbb—bb

scattering(because we shall neglect thiett contribution
and is written

— A
U(a) =52 Pyu(a)
(2.2

Born Born t __MYM PN
A :izi aij | v(@)——P(a)

wherei,j refer toR or L quark chiralities withPr, =(1
++°)/2; | is the intermediate gluon color state and

FIG. 2. Diagrams for electroweak corrections to the annihilation
amplitudeqg—q’q’; standard moddja), (b), (c), where solid lines
represent quarks, ifa), (b) dashed lines represent gauge or Higgs
bosons and iric) the wavy line is a photon or &, SUSY diagrams
(d), (e), (f), where in(d), (e) the internal solid line is a gaugino and
the dashed line is a squark, and(fi solid lines represent quarks
and the dashed line is a SUSY Higgs boson.

A. Electroweak corrections

To the first order one-loop level the electroweak correc-
tions will typically correspond to the diagrams schematically
represented in Fig. 2. Note that we considered in the elec-
troweak sector both the SM components and the genuinely
supersymmetric ones, which will be often denoted for sim-
plicity with a SUSY index. In our analysis, we shall not
consider higher ordefe.g., two loops electroweak correc-
tions. This(pragmatig attitude is, at least, supported by the

fact (as we showed in a previous pap@f) that such terms at
lepton colliders(LC) are only requested if the available cen-
ter of mass(c.m, energy of the process is beyond, roughly,
the 1 TeV range. In our investigation of proton colliders, the
At the Born level, electroweak contributions only contribute structure of the leading electroweak corrections is essentially
to the Drell-Yan procesg§q— vy, Z—q'q’ but the effect in  similar to the LC ongwith straightforward modifications of
the cross section will be reduced by a facidf «2=0.01 as  the initial vertex contributions To reproduce the benefit of
compared to the QCD one and will be neglected at the exthe absence of hard resummation computations, we shall
pected LHC accuracy. therefore be limited to c.m. energy values not beyond the 1
Our starting assumption, as already stated in the Introducl€Y limit.
tion, will be the discovery ofat least somesupersymmetric Having fixed the considered energy range, a numerical
particles. In this spirit, we shall examine the possibility of €valuation at one loop can now be performed ifreason-
performing a precision test of the candidate model by lookably) straightforward way. A great simplification can none-
ing at its higher order virtual effects in the considered heavytheless be achieved under the assumption that the c.m. en-
quark production at hadron colliders, starting from the deterergy is sufficiently larger than all the masses of treal and
mination of these effects at the partonic level. As a first casirtual) particles involved in the process. In this case, a loga-
to be examined, we shall restrict our study to the MSSMrlthmlC eXpanSion of the so-called Sudakov kind can be
framework. For what concerns the higher order diagrams t@dopted. All the details of such an approach for the specific
be retained, we must at this point make our Strategy ComMSSM model have been already eXhaUStively discussed in
pletely clear. In general, the higher order corrections to th@revious references for an initial electron-positron stae],
considered processes will be of electroweak and of stron§ut the results are essentially identical if the initial state is a
nature. We shall begin our analysis with the detailed study ofjq pair (as we said, one must only modify in a straightfor-
the electroweak components given in the following section.ward way the initial vertex contributionTo avoid loss of

Ao da
a"t=— =, At = (2.3
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space and time, we defer the reader to R&¥Q] for details. ity. The SM contributions areu represents both up and
The only relevant point that we want to make is the fact thatharmed quarks, andlboth down and strange quajks
the “canonical” logarithmic expansion is given to next-to-

leading order, i.e., retaining the double and the linear loga- Cpi SM :Ct;_SM
rithmic terms, and ignoring possible extta.g., constant n. gauge L ™fin, gauge L
contributions. To this level, the remarkable simplification for a(1+26c\2,v) S , S
the considered heavy quark final state is that only two SUSY = Taan2c, 3Ingz —In"r
parameters appear in the expansion. One parameter f& tan w w w
contained in the coefficient of the linear natural logarithm of — —
Yukawa origin; the second one is(@ommon SUSY mass Cin' Shuge &= Chin gauge R
scaleM, to be understood as an “average” supersymmetric
mass involved in the process. . ' = -3 |niz_|n2_2} (2.6)
Given the fact that the supersymmetric masses might be 9wy Mw Mw
not particularly small(the existing limits for squark and
gluino masses are at the moment consistent with a lower cddsM — chbsm
bound of approximately 300 GeY1,10)) and taking into in, gauge L~ ™fin, gauge L
account the qualitative 1 TeV upper bound on the ¢c.m. en- a(1+26C\2N) s S
ergy requested for the validity of a one-loop expansion, we T 1447sicl In—7 —In’—/|,
L C . . TS\ Cy My My
shall adopt in this preliminary analysis a reasonable working
compromise. In other words, we shall consider energy values _ _
in the 1 TeV range, and a SUSY scenario “reasonably” light, o S uge F=Chn hauge R
i.e., one in which all the relevant SUSY masses of the pro-
cess are smaller than, approximately, 350—400 GeV. This R B e S 2.7
will encourage us to trust a conventional Sudakov expansion, 367-rcW2 W\, W\, ' '
supported by previous detailed numerical analyses given for
electron-positron acceleratorl]. cbb SM — cltSM
The previous discussion was related to the SUSY elec- in.fin, Yuk L= ™in, fin, Yuk L
troweak effects. Our attitude will be in conclusion that of a [m m] s
considering both the SM and the SUSY components at the = T len2 Mzt mz InW ,
same one-loop level. Strictly speaking, since we are only SwlMw w W
interested in the SUSY effect, we could even ignore the SM - )
contribution. The reason why we retain it is simply that it is bb SM B a | My S
easy to estimate it and interesting to show the “SUSY en- Cinfin, Yuk R™ ~ 8ms2| M2, InM_\ZN : (2.8
hancement” in the MSSM overall correction. ) ’
After this long but, we hope, sufficiently clear discussion, B " m2 s
we are now ready to illustrate the one-loop numerical details. citeM % T‘ In—|,
With this aim, we shall start from the electroweak diagrams Ty 87sy M| M)
of Fig. 2 and write, using our previous notatigns-9|, the
following. @adsm @ 1—cosd géigle_
o . . Cang i - In 8QQy+t25 5
1. Electroweak logarithmic corrections on the amplitudes 4m| 1+cosd SwCw
For eachqgq—q’'q’ amplitude we can write, following S
Ref. [9]: X an\/ . (2.9

1 loop ew_ pBorn, e . L
A A1+, (2.4 This last angular dependent term refers to chirality states

(ij)=(LL,LR,RL,RR) and involves the quark charg€,
and the Zqq couplings g% =13 (2-4|Qqls%). dir
= —2QqSy-

The additional SUSY contributions affect only the univer-
(2.9 sal parts:

wherec;, refers to the universdi.e., process independent

with

ew_
C™"=Cjp, gauge+cin, Yuk+Cfingauge+Cfin, Yuk+Cangr

corrections due to the initiidﬁ pgir, Csin to the universal Crrlﬂggusgve = thisg;\j(ge =- “(1+226C\Zv) |ni2 ,
corrections due to the findlb or tt pair, andc,,g is a pro- ' ' 1447syCyy M

cess and angular dependent correction typical of epgh

—q’q’ case. The Yukawa contributions are sizable only for cuu SUSY _ ttSUSY @ In S

g (or q’) beingb or t quarks. The coefficients®" receive in, gauge R ™~fin, gauge R m M2’

SM and SUSY contributions, depending on the quark chiral- (2.10
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dd SUSY bosusy _  @(1+26cy) S N 1—cosé S

Cin. sauge 1= Ctin."gause =~ Tazrezcz | ") Pubn=5 262 "1+ coss| " M7, (218

dd SUSY bb SUSY @ S Fordd—bb

Ci c =———|In— orad—Dob,

in, gauge R “fin, gauge R — 367TCW MZ ’

, (2.11 s

cbbsSusy  _ ttsusy @ ﬂ(l Sddbb™= 7272, 2(54 44s3,) 2|n—W—In M2,

in,fin, Yuk L= in,fin, Yuk L= 167TS\2N M\ZN

) a [m? 3m3
m2 s Iz W(1+co€ﬂ)+—2—M (1+tarfB)
+2 COFB)"‘ M—2(1+2tanzﬁ) |I’1W , TSy [ Mw w
W
(2.12 sy a(8s3,—9) 1-cosd[ s
2 n_ 2 2 n n_ y
— o s M2 18msy,c 1+cosf| M
Chvfin. Yuk F= 8wsa M 2 (1+2tarfB) ||| " Sl V\(/Z 17
My .

L (04 [ m2 S l 0

tt SUSY t o —COos S
clts =— 1+ 2 cot In —

in,fin, Yuk R WWWV( B) M2 Ddabp=— Zws\zl\lc\zlvlnl—{—cosa nM_\ZN . (2.18

One can seéas emphasized in R€®]) that the total MSSM _

gauge correction is quite simply obtained by replacing theFor uu—tt,
logarithmic  SM  factor [3In(g@M3)—In¥(s/M3)] by

[2 In(¥M3)—In?(gM3)] and the total MSSM Yukawa cor- o
rection2 by replacing the SNh? by 2m2(1+ cofB) and m? SuUtTZW
by 2mp(1+tar?g).

(27—10s3)

S
21n —In?
M2, Mz}

o
2. Results for angular distributions, averaged over initial, T 2a | M2 (1+CO[2,3)+ _(1+tar\2,3)}
- ot 7Sy Miy
summed over final polarizations
We now list explicitly the complete MSSM results for Ini _ a(16s,+9) qLocostl S
each subprocess. According to the rules given just above it is 'Vlw 18775\2/\/0\2/\/ 1+ cosé M\ZN '
easy to separate the pure SM and the additional SUSY parts. 5
We first consider the subprocesses involving only the anni- (2.19
hilation channel of Figs. (B) and 2 and write
1—cosé S
dolloop  §Born 7Ta2 Dyut=— Y. In 17 coso nW— . (2.20
Scoss = deoss {(1+co§0)[S]+2 cost[ D1}, TSwCw w
(2.13 .
Fordd—tt,
with
- a s
doB°™M(qg—q'q’) ma? Sddtt= 2 2(27 16s3)| 2 In——In _}
_ 36msy, M3
= + . . M w
T cos o5 (1 cog ) (2.149 2
a | 3m; m:
_ — ——|—>(1+cofB)+ — (1+tarf }
For uu—bb, Amsy, M\"}V( A MSV( A
N S S oS a(4s5,—9) n1—cos¢9 S
—_—— _ 2 - - a0 | T T2 1
Suubb= T2l (54-32sy)| 2 lnMW In? MW} M3,| 18msich  1+cosf| My,
am (2.21
— (1+cot2ﬁ)+ —(1+tanzﬂ)}
 4Amsy, mSey| M3
D= e N0 S (2.22
sl a(4s5,—9) 1-coso[ s ddt ™2 ms2,cs, 1+cosd| M2 '
MZ,| 18msica,  1+cosd| MZ|
(2.19  Forbb—tt,
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e (27-162)| 2 In— — NP — Do — IS0 S 2.2
Sbbtt_36775\,\,CW( w) nMW : MZ, PO D s e, N1+ coso nMW ' (224
a 4mt2 4mﬁ
— —— | —(1+colB)+ —(1+
ppy M\ZN( cotB) |\/|\2N(1 tar’8)
s| a(4s3-9) 1-cosd[ s In the special case dfb—bb we have to add the annihila-
X I - . . . . .
In M\ZN 18 S\ZNC\ZN n 1+ cosd n Mw} tion amplitude of Figs. (&) and 2, and the scattering ampli

tude of Fig. 1b) and of thes—t crossed diagrams of Fig. 2.
(2.23 This leads to the result

dot '°°P(bb—bb) do®°"(bb—bb) P N P I a [m? L+ cof
dcosé  dcosd 72722, w| 2Nz —Inge = 4 n e iz (L eoth)

3m? N 20 oS 18-8s3\([u?2 u?] 1-cosé

+—(1+ — I | = || | == ==|In——
mz, (EHRmB) g (= Tes | "z || | eszez, || |92 3st) " T+ coso
uz  u? I 1+cosf| 27-2255[u+s?  u? I 1—cos6
2 3st" 2 9s3c2, | 2 3st" 2

4sf, \[2t2 1-cosf 2s® 1-+cosé

| o || S I — - I —— (2.25

9sucw/ \ s° l+cosfd t 2
|
with subtle choice of strategy. It is actually well knoyt2] that,

in the SM domain, the one-loop QCD correction is not ac-
curate enough and higher order terms seem to be fundamen-
: tal. This is understandable in an extremely simplified fashion
as a consequence of the small scale which enters the SM
(2.26 running of ag. In this qualitative picture, one would expect
In the expressiori2.25), the first part(which factorizes the that the corresponding SUSY effects do not share this dra-
Born term is the universal effect including the gauge term matic problem, owing to the much larger mass scale in-
and the double Yukawa effect, whereas the second part is th@lved. This would justify the expectation that, for the re-
angular dependent effect fromand fromt channelfone can  stricted subset of SUSY QCD corrections, a one-loop
check, restricting to the 47 terms, that one recovers the calculation can be sufficient.
previousdd—bb casg; the s—t crossing relation between  Another essential difference between the SM QCD and
annihilation and scattering contributions is also clearly satisth® SUSY QCD corrections is that in the SM part the infrared
fied. Having completed the discussion of the electroweatko9arithms arising from virtual gluon contributions cancel
SUSY effect, we now move in the following section to the against those occurring in soft real gluon emission, leaving

discussion of the strongQCD) SUSY correction. only “constant” terms. In the SUSY case, large logarithms of
virtual origin and scaled by the average SUSY mass will

remain. A practical attitude seems to be therefore that of
isolating the SM higher order QCD effects, considering them
A preliminary statement to be made before entering theas a “known” quantity, much in analogy with what is done
discussion of the QCD SUSY corrections is that we shalffor the canonical QED corrections, and to factorize an ex-
treat this effect under the same assumptions that we adoptgicit one-loop term containing the genuine SUSY QCD cor-
for the electroweak sector in Sec. Il A. In other words, werection, to be added in the usual one-loop philosophy to the
shall still concentrate our analysis on c.m. energy values irlectroweak one. This is the approach that we shall follow in
the 1 TeV region, assuming the previously considered “reathe rest of the paper, which is, as we said, only interested in
sonably” light SUSY scenario. This will allow us to use the the evaluation of thg@enuineoverall SUSY effect.
same kind of simple logarithmic expansion that was ex- Having made this preliminary statement, we move now to
ploited in the electroweak case, at the one-loop level. the evaluation of the QCD SUSY effects at one loop. These
For what concerns the expected validity of a one-loopare represented schematically in Fig. 3, and can be classified
perturbative expansion, the situation is now, though, drastiin two quite different sectors, respectively, of the vertex kind
cally different from that of Sec. Il A, and requires a preciseand of RG origin. The first ones are essentially similar to

u+t2  u?+s? 202

do®°™(bb—bb) B 2ma?
- g T 38t

dcosé 9s

B. QCD SUSY correction
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large tanB values in the Yukawa couplings. In other words,
at the one-loop level, electroweak SUSY corrections appear
i \, to be “stronger” than the corresponding QCD ones, in full
P analogy with a similar feature first stressed in the electron-
positron cas¢13].
From a practical point of view, the very welcome feature
that characterizes the QCD SUSY vertex is the fact that the
(@) (b) sign of the one-loop effect ithe samegnegative as that of
the corresponding electroweak one. As a consequence of this
rewarding concurrence, the overall SUSY vertex effect at

one loop gets an enhancement that will improve the possibil-
ity of experimental detection, and we shall return to this

! yd point in the final discussion.

? Y The next term to be computed corresponds to the RG
diagram of Fig. 8). Following our previous discussion, we
shall only consider the genuine SUSY effect on the interme-

(c) (d)

diate gluon bubble. This is given at one loop from standard
formulas[12]. In a supersimplified assumption of consider-
ing the relevant c.m. energy beyoradl SUSY scales, it
would lead to the following modification:

ag(M?) s
50[?USY(S):Q’S(M2) _BSUSYSZ—'JTIHW .

(2.29

The SUSY contribution arising in the MSSM fe>M? is
obtained usingBs,sy= —2. This leads effectively to one
(e) more additional coefficient in the series of correctid@sl)

. _ — and(2.5 to the annihilation amplitude
FIG. 3. Diagrams for SUSY QCD corrections to thgq

Hq’a’ annihilation amplitudg€a), (b), (c), (d), in which the inter- . o (M2)
nal solid lines are gluinos and the dashed lines are squarks, and cagSUSY Qe —Bsusvsz—mw (2.30
diagram for gluon self-energy diagrar(e. m

analogous electroweak vertices of Sudakov kind, with aand a similar correction to the scattering amplitude with
simple replacement of gauginos by gluinos. They produce, itn(¥M?) replaced by In¢t/M?).
the adopted “Sudakov regime,” the following effect on the  Note that, in a less optimistic situation of larger SUSY

amplitude for each externgjq pair: masses, the effect would be reduced and should be computed
more carefully. But, independently of this, we notice a less
— as S pleasant feature of Eq2.30 compared to Eq(2.28), i.e.,
CE?RSUSY QR — ﬁan’ (227 the fact that it produces an effect of opposite sign with re-

spect to that of the electroweak one, thus reducing the overall

which leads to an additional coefficient in the series equaSYSY correction:

tions_(2.4) and (2.5 equal to twice thii val_ue for aﬁ
—q'q’ annihilation amplitude or for @g—qq scattering
amplitude, i.e., Eq(2.4) is replaced by

AL loop SUSY_ ABorn[CSUSY ewy ~SUSY QCDJ (2.31)

with
ABOMI 1 4+ cewW— %Iniz . (2.28 2a s «a s o« s
3m M eSUSYQCO— — “|n it ln—p=_—"1In—.
37 M? @ M? 37 M?
From EqQ.(2.28 a rather importantin our opinion feature (2.32

can be stressed. Numerically, one sees that for “reasonable” o

values of the squark and gluino masses, the QCD SUSY¥rom this point of view, theyq initial state exhibits a “dis-
vertex effect has a numerical value of approximately 5 perturbing” feature for the detection of SUSY effects. This fea-
cent at 1 TeV c.m. energy. This supports our assumption thatire will not affect the determination of the SUSY correction
higher order terms can be neglected, as we shall do in thifor the initial gluon state at high c.m. energies, as we shall
paper. Note also that the size of the effect is smaller than thaghow in Sec. Ill, which will be devoted to the study of that
of the analogous electroweak component, particularly folprocess.
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(a) (b)

FIG. 4. Born diagrams fogg—q’q’, s-channel gluon exchange

(a) andt-, u-channel quark exchangés).

Il INITIAL  gg STATE

The amplitude for the procespgi—q’q’ (wherei,j de-

note the gluon color states obtained by summing the two
diagrams of Figs. @), 4(b) and the crossed diagram of Fig.

4(b):
g2 . [— A S
ASe=—j ?f"'(e'-fj) U(Q’)g)f"(k'—kj)ﬂv(Q')},
(3.1
Born gg TNt i)\j i i !
APT=— U 5 (e (Y (K =p?),)
><<y”eL>v<E’>} 3.2
Born gg T )\j)\i o Y q'
APT=— 2 u(A) - (e[ Y(K = pT), ]
><<y”eL)v<E’>} (3.3

where s=(ki+ki)2=(p +p%)2, t=(ki-p?)2 u=(K

—p9)2, and (€',k'), (€,k) are the polarization vectors and

four-momenta of the gluons.

PHYSICAL REVIEW D59, 113004 (2004

(a) (b)

7N\
o/
- =

(c) (d)

FIG. 5. Diagrams for SUSY QCD corrections g@—q'q’ in
thet, u channelqa), (b) [one should add similar diagrams(@®, (b)
with down triangle$ and in thes channel(c), (d); in (a), (c) the
triangles contains squarkiashed and gluino(solid) lines; in (b),
(d) they contains quarkésolid) and SUSY Higgs boson&ashed
lines.

whereas ther'=7=7=+1 amplitudes get contributions
from s, t, andu channel terms:

A

T

(2N)sing

N
Feom(r, 7\, — )= —igZf* =-(2))sin 0+ g

N

4

x(zx)sine—gg(

(3.5

and totally cancel aa'\//4—\I\'/4=if*\X/2. So, at high
energy, we are only left with contributions tB68°™(r,
—7,\,—\) arising from thet andu channel quark exchange
diagrams\ = *=1/2 corresponding t&®,L chiralities respec-
tively.

It is important to notice the gauge cancellations occurring  The electroweak corrections are then extremely simple. At
at high energies. From the above expressions one can imm#Bst order no electroweak correction arises for gluons. Only

diately compute the helicity amplitgdelé(r‘,rj,xq',)\a')

the universal gauge and Yukawa terms appear for the ffinal

with #=%1, F==1, N ==1/2, N9 ==1/2 being the OF t quark pairctyl gayge Lr ANACH Ay uk L& from Eq.(2.5.
gluons and quark helicities. At high energy, neglecting quark ~ The SUSY QCD corrections turn out to be also extremely
masses, one obtains only chirality-conserving terms wittffimple. Because of the gauge cancellation of stehannel

A9 =—\9"=\==+1/2. The contribution to the amplitudes

with 7= —7/=7==+1 arises fronmt andu channel terms:

FBOM(7,— 7.\, —\)=0?

< sing

AN\ 2\ cosé+ 7
4 1-—cosé

+g?

S

NAT 2N coso+ 7 )
4 1+cosé sing,

(3.9

term, at first order we can ignore the SUSY QCD corrections
to this part and only consider theand u channel quark
exchange diagrams, Figs(bl and 5. There is no SUSY
QCD correction to the external gluon lines because of the
cancellation between the gluon splitting function and the
gluon coupling parameter renormalizatighis fact is similar

to the one occurring for electroweak gauge bosons as noticed
in Refs.[14,15). Only the universal SUSY QCD correction

to the external quark lines appear, givendjy§ SUS" 2<Pof
Eq. (2.27).
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The angular distributions averaged over initgd and effect, while the Yukawa term produces a substantial nega-
summed over fina,b or t,t polarizations are then given by five contribution due to the tg8 parameter. The Born part
for g’=b ortis given by

do '°°P(gg—bb)

d cosg doB°™M(gg—q'q’) mai[uZ+t2 3(u2+t?)
daB°™"(gg—bb) ) d cosé ~ 4s | 3ut 4s?
B d cosé 144ws\2,vc\2,\,(27 225w) (3.9
S s m?
X|2 |nM—2— |n2M—2 iy M—2(1+00t2,6’) and in a complete computation the SM QCD corrections will
w w 7Swl Mw have to be added.
3mk2) s 2a S As one sees from Eq$3.6) and (3.7), as a “technical”
+ M—2(1+tar|2,8)} In M—z}— 3. InW J consequence of thgu channel diagram dominance in the
w w chosen configuration, the SUSY electroweak and QCD ef-
(3.6)  fects combine at theilexpectedly accurat@ne-loop level to
produce an overall negative effect that can be sizable, par-
dot .00p(gg_>tt—) ticularly for Iarge_tarﬁ values where it c_ould re_a(_:h a relative
twenty percent size, as we shall show in detail in the follow-
dcosé ing section. In this sense, and within the special scenario of
large c.m. energies and reasonably light SUSY masses that
doBo(gg—tt) o . we have fixed in this simplified preliminary analysis, the
= dcoso [ 1A 22 (27— 10sy,) chances of detecting a virtual SUSY effect in heavy quark
Swlw production appear thus to be more promising for an experi-
s s o 3mt2 mental situation such that the considered initial gluon-gluon
X|2IN—5 —IN*—|— —| —5(1+cofpB) state giveg\via its t andu channel diagramsthe dominant
My Mw| 8msy| My contributions to the cross section. From the availdlilé]
m2 luminosity pictures, we deduce that this request indicates the
b S ag .
+ —2—(1+tan2/3)} |”—T} ——In— ] (3.7 LHC experiments. Therefore, from now on we shall concen-
Mw My 37 M trate our investigation on this special machine, keeping in

mind that for a different scenario, whose analysis might be
performed in a less simple way, the role of Tevatron might be
In the above expression we have written the completeelevant, or dominant, as well.

MSSM electroweak correction and the SUSY QCD correc- As a final comment to this section, we would like to note
tion. In the MSSM electroweak part one can easily separatthat the overallrelative “genuine” SUSY correction at one
the pure SM and the SUSY components using the rules aloop, in the chosen LHC scenario, is almost identical to that
ready stated in the preceding section. In particular, the SUS%ne would find, for the same heavy quark pair production in
modification of the universal terms consist of replacing thethe identical c.m. energy and SUSY scenario, at a lepton
linear SM=3 In term by 2 In, thus leading to a negativén  collider. Without writing additional explicit formulas, we can
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simply explain this statement with the observation that, in __ 1 1

the relevant gluon-gluon initiated process, the surviving Ymax=ma><{0,mi"{Y—§|nX7 Y+5Inx, —In(\/;)”,
SUSY effect is of purely universdl.e., process independent

kind and due to the heavy quark final state, both for the — = —
electroweak and for the QCD SUSY components, the latter Ymin= = Ymax:
ones being entirely of vertex kind owing to the previously
shown renormalization groufRG) suppression. These con-
tributions factorize in the same way and therefore produc
the same relative SUSY effect for initial gluon-gluon and
electron-positron state, even if the relative standard model
corrections may be different for the two cases, e.g., when
nonuniversal angular dependent terms appear. The onlé(nd
(small) differences are due to the univerdalon-Yukawa

SUSY contribution[i.e., the —In(sM?) term] arising from 402
the initiale“e” state. _ . COSOminmar=F [1— M (4.5
Our analysis of the simple partonic processes is thus com- S

pleted. The next step is now that of considering to which i

amount the features that we have discussed will survive igXPressed in terms of the chosen value g@fin . _

the real process of production from a proton-proton state, W€ have evaluated numerically the expression of the dif-

This will be done in the forthcoming section. ferential cross section above in the LHC case wifB
=14 TeV, a fixed SUSY mass scalés,sy=350 GeV, and

an angular cut corresponding & mi,=10 GeV. Concern-
ing the parton distributions, we must stress that in principle
we should consider their evolution up to the desired energy
We now consider proton-proton collisions with inclusive scale s in the framework of SUSY QCD. However, the
production of a pair of heavy quarH%P—>q’a’+ o In supersymmetric corrections to the evolution should be neg-

this preliminary analysis we just want to show the role of theligible in a first approximate treatment if the masses of the
SUSY corrections on both quark-antiquark and gluon-gluorpUP€rsymmetric particles are large enough, still not spoiling
subprocesses. With this purpose we will concentrate our athe applicability of the Sudakov expansion. With these re-

tention on the invariant mass distributions of fil or tt ~ M&/KS in mind, we have used the 2003 next-to-next-to-

quarks. Future works may consider other types of distripu:€2ding  order (NNLO) Martin-Roberts-Stirling-Thome

tions (such ag+ distributions of the quarks or of their decay ;I\t/)lllzsi:l’)Rseeft[;);]evolved parton distribution functions avail-

product$ using the subprocess amplitudes that we have es- A summary of our numerical analysis is shown in Figs.

tablished in Secs. Il and lll, and the corresponding partorh_& In Fig. 6, we show the percent effect on the cross sec-

model kinematical tools. = ) tions for production of final bottom or top quarks at two
For a total c.m. squared energ@y theq’q’ squared in- representative values t@+ 10,40 in the c.m. energy range

4.3

where the maximal rapidity i¥ =2, the quantityy is related
do the scattering angle in thgfq’ c.m.:

1+cosé

X~ 1—cos6 4

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

variant masgs) distribution is given by 0.7—1 TeV(the lower limit corresponds, qualitatively, to a
— values=4M?2 s, where we can still hope from our experi-
do(PP—q'q'+---) ence in the HH™ study[11] that our logarithmic expansion
ds is “reasonable’). For the higher value, the effect reaches the
remarkable 20% level. An analysis of the relative weights of
_ Efcosﬂmaxd coso| S L.:(r.cosh) dUiJ—»q’E’( ) the various subprocesses contributing to the total cross sec-
SJ costmin T d cosé ’ tion shows that the dominant subprocess isgg@ne. This

is due to the low values of the rat&}S at the LHC in the
considered range for the final state invariant mass. Indeed, at
low s/S the fractionx is also typically small and the rapid
rise of the gluon distribution function overwhelms the role of
the other subprocesses; see, for example, the illustrations for
gg and qq luminosities given in Ref[12]. To give some
numerical examples one can check that {&=1 TeV the
contribution of thegg subprocess represents about 80%
(88%) of the total Born cross section for the final bottom
(4.2) (top) quark. At the smaller\/§= 700 GeV, the effect is even

. . o L larger with th subprocess being now 85082%) for the

i(x) being the distributions of the partdrinside the proton fingl bottom(t?)%? qua?k. Since thegprocess eis do)minated by
with a momentum fractionx= y/s/S¢e, related to the rapid- thegg subprocess, the features of Figs. 6—8 can be explained
ity y of theq’q’ system. The limits of integrations fgrcan  in terms of Eqs(3.6) and(3.7). In particular, at the special

be written value tan3=40 the two Yukawa combinations proportional

4.9

wherer=s/S, and () represent all initiaqapairs withq
=u,d,s,c,b and the initialgg pairs, with the corresponding
luminosities

l ;ma)( . .
Lij(7,cos6)= 1+5.‘J; dﬁmxu " mit
ij

Ymin

T T
+j(><)i(—)
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to mt2 and mﬁ appearing in Eq93.6) and(3.7) happen to be (top) = MSSM(bottom) and SMtop) > SM(bottom lead-
equal explaining the almost superposed lines in thelplot. ing to MSSM-SM(top)<MSSM—SM(bottom). Notice

In Fig. 7, we show the comparison between the effects iralso that minor numerical differences between the curves for
the standard model and those that we find in the MSSM afinal bottom or top quark must be traced back to the fact that
tang=40, a value that has the “advantage” of providing a for the final bottom quark the cross section contains a small,
large correction due to the Yukawa terms. Indeed, it is prey ¢ non-negligible, component from the subprocé:ﬂ;

cisely this kind of contribution that is responsible for the bb wh 5 lar d d . v diff
significant enhancement of the effect compared with the *PP WNOSE€ born angular dependence 1s totally different

standard model case. The reason is the amplification of th#an the counterpatib—tt in the case of final top.

coefficient of them? term by more than a factor 2 due to the ~ Figures 6—8 show the main result of our paper. One sees
replacemenmtz—>2mt2(1+ cofB) as well as the additional that the relative overall SUSY effect could be large, varying
large correction taig introduced by the analogous replace- from approximately ten percent to approximately twenty per-
mentmZ— 2mZ(1+tar?8). As a comment about the numer- cent in the range tafi=10-40. This effect is definitely

ics we note that in the standard model the Yukawa effect fotarger than the corresponding SM one, as shown by Fig. 7. In
the final top quark is larger than that in the case of finalparticular, one notices that the enhancement is less due to the

bottom quark by the factor (82+mg)/(mZ+m2)=3, ex- SUSY QCD contribution, and is mostly coming from the
plaining why the standard model full effect is larger for the SUSY Yukawa term, which would be absent in the case of
final top quark. In the MSSM at tgB=40 we already dis- light quark production. For an experimental and theoretical
cussed the equivalence of the Yukawa effect for the final togprecision at the few percent levéle., summing statistics,
or bottom quark. detection efficiencies, and uncertainties in quark and gluon
Finally, in Fig. 8, we show the relative weights of the distributions, the presence of such a SUSY correction rep-
genuine SUSY contributions that are not present in the stanesents therefore, in our opinion, a feature of the process that
dard model. They are three, i.¢)) the SUSY component of cannot be ignored, and could provide a rather stringent test
the QCD correctiorjwe already mentioned the genuine stan-of the supersymmetric model to be investigated. In this
dard model QCD correction and we simply note that issense, the production of heavy quark pairs at the LHC ap-

shared by both the standard model and the MESN) the  pears to us to be particularly interesting.

SUSY gauge electroweak Sudak@wear logarithmic term,

and (iii ) the additional ta® dependent Yukawa terms. The

QOminant _effects are Fhe Yukawa_ a_lnd the_SUSY QCD correc- V. CONCLUSIONS

tion, the first one being, as anticipated in the Introduction,

the largest. In agreement with Fig. 7, the Yukawa part of the A number of realistic statements must be made when

difference “MSSM-SM” is larger for the final bottom drawing some possible conclusions from this paper. Our

quark (at tang=40). Indeed, as we noted, we have MSSM- analysis has undoubtedly been specific, since it has assumed
a combination of events, i.e., a previous discovery of super-

symmetric particles and a “reasonably light” nature of the
We used in this preliminary analysis the fixed values SUSY scenario. In this particular case, we have shown that
=173.8 GeV,m,=4.25 GeV, rather thatenergy dependentun- in the production of heavy quark pairs at c.m. energies in the
ning values. In so doing, we ignored a higher order effect consisl TeV range, where quite reasonably a one-loop logarithmic
tently with the philosophy of our paper. Sudakov expansion should provide an accurate description of
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the virtual SUSY MSSM correction, the latter could reachthan that in the SM case, mostly owing to the role of the
values in the twenty percent range for large gaand might ~ Yukawa correction.

be therefore detectable at proton colliders, in particular at the Another comment is related to the possibility that the
LHC. This collider seems to be, for the specific c.m. energySUSY scenario is not as “reasonably” light as we assumed.
configuration that we have chosen, the more suitable mdn the case for which the relevant masses are not huge, we
chine. Of the relevant logarithmic expansions we have comfeel, though, that the SUSY virtual effect, to be computed in
puted the leadingquadrati¢ and next-to-leadinglinean @ less simple way, i.e., without logarithmic expansions,
term, the SUSY genuine effect being simply of the linearshould still be numerically similar to the one that we com-
kind. We have performed this computation leaving undeterPuted. i-e., should not depend dramatically on the values of
mined a possible next-to-next-to-leading term, in practice &€ SUSY masses of the process and should still be comput-

constant one. In a complete treatment, the latter term shouf§2!€ !N @ one-loop approximation, and we will devote a fu-
ture investigation to this speciahegative situation.

be computed or at least estimated. This is not trivial since in Regarding a comparison with other similar work, we note
this quantity a Ia_rge number of parameters of the SUPETSYMpat our conclusions concerning a large virtual effect in the
metric model will generally appear, and ;everal extra aspssm are in line(but with SUSY enhanced contributions
sumptl_ons should be made_ concerning their \{aIL_Jes that. aryith those of an analysis aVW production in the standard
we believe, beyond the realistic purposes of this first prel|m|-model framework{17,18. It should also be recalled that
hary ta?alyt/s@. ﬁ'trt‘ this preml_se,thn ts?ﬁms tlot_us th_at a :ce,l['hagain within the standard model framework, the production
evant Teaturé that emerges Is that the refative siz€ o 8fbpairs appears to be promising for the detection of virtual
genuine SUSY correction could be large, definitely Iargereﬁec,[S in precision measuremei. In this sense, we be-
lieve to have shown that this conclusion could still be valid
(and even more spectaculdor a more general class of final

2 . . . .
In particular, given the fact that all the logarithmic SUSY effects pairs, in a(hopefully valid supersymmetric picture.

at one loop are of linear order, possible SUSY maddedarger

thanMgsy(e.g., masses of heavy gluinaae automatically reab- ACKNOWLEDGMENT
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